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ABSTRACT 

There is increasing interest in limiting quantities of applied phosphorus fertilizer both 

for economic reasons and for environmental protection purposes and in facilitating the 

release of normally unavailable phosphorus for plant growth. The work presented in 

this thesis seeks to identify and understand some of the chemical reactions that occur 

between phosphate, calcium and soil humic acids. In addition, a novel electrospray 

ionisation mass spectrometric (ESI-MS) analytical method, which measures both highly 

enriched and natural abundance levels of oxygen isotopes in orthophosphate-soil 

systems, was developed and validated. The significance of this novel method is in its 

capability to provide an accurate, simple and sensitive means of tracing the sources and 

sinks of phosphate in soils as well as enabling an effective way to follow chemical 

reactions and their mechanisms. 

In soils, most of the phosphorus from fertilizers, if not washed away in runoff water, is 

converted to insoluble compounds, including calcium phosphates. Soil organic acids 

such as humic and fulvic acids may play an important role in influencing inorganic 

phosphate availability to plants by inhibiting the formation of thermodynamically stable 

calcium phosphates. Therefore, this work examines the formation of calcium phosphate 

phases in the presence of humic and fulvic acids extracted from soil sourced from the 

Sydney Basin in NSW, Australia. The combined techniques of pH-stat autotitration, 

Fourier transform infrared and laser Raman spectroscopy, as well as x-ray diffraction 

and elemental analyses facilitated this study. 

At 25°C under conditions of high supersaturation and a pH of 7.4 humic materials were 

found to delay calcium phosphate phase transformation processes. Under these 

conditions there was a delayed transformation of unstable amorphous calcium phosphate 

(ACP) to thermodynamically more stable octacalcium phosphate (OCP) and thence to 

an apatitic phase resembling poorly crystalline hydroxyapatite (HAp). Investigations at 

the lower pH of 5.7, and in the presence of humic acids, revealed that ACP was also 

precipitated initially, however humic-free solutions at this pH produced the metastable 

phase, dicalcium phosphate dihydrate (DCPD). ACP produced in the presence of humic 

materials persisted longer than DCPD in their absence, before ultimately hydrolyzing to 
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OCP. Thus these results confirm that humic materials are geologically relevant 

inhibitors of calcium phosphate transformations and modify the availability of 

phosphate in soils by changing crystallisation behaviour from solution. 

The work presented here also aimed to study phosphate reactions in soil environments 

with the use of stable oxygen isotope labelling ct 80) to monitor the change in 

orthophosphate oxygen isotopic distributions under acidic soil conditions. Current 

methods for determining oxygen isotope analysis in phosphate involve either lengthy 

procedures for conversion of the phosphate to carbon monoxide/dioxide, are insensitive, 

or are not amenable to rapid automated analyses. The ESI-MS analytical method 

developed in this thesis is rapid and can be readily applied to calcium phosphate 

materials, which are normally not amenable to this type of analysis. 

Humic-induced oxygen exc.hange was not detectable in 180 enriched calcium phosphate 

products that had been precipitated at pH 5.7 from solutions at 25 oc or 80 °C. Furnace 

temperatures of 600 °C caused the solid-state de labelling of calcium phosphate products 

in the absence of soil humic material, however, delabelling was accentuated in its 

presence. The furnace-induced delabelling was also evident when KH2P04 (solid) was 

subjected to the same conditions. The implications of these results are discussed in 

terms of the importance of considering extreme heat conditions, for example in the case 

of forest or bush fires or volcanic conditions, when assessing oxygen exchange 

processes that occur in terrestrial environments. 
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Chapter 1 G ENERAL INTRODUCTION 

This thesis explores the chemistry of phosphates, in particular calcium phosphates, 

which play a key role in the cycling of phosphorus in the geosphere. The manner in 

which their spontaneous precipitation from solution is affected by soil organic matter 

has been investigated. Current practices involved in tracing phosphate in the 

environment through the monitoring of stable oxygen isotopes of orthophosphate are 

reviewed. This thesis reports the development and validation of a novel method of 

analysis for the determination of orthophosphates enriched with rare stable oxygen 

isotopes for use in soil systems. To demonstrate its applicability to the analysis of 

environmental samples, the method was used to detect induced oxygen isotope 

exchange in calcium phosphate samples containing soil organic matter. This chapter 

introduces the relevant subject areas of phosphates and explains the importance in 

1mderstanding their impact on the geosphere. 

1.1 PHOSPHORUS AND ITS ROLE IN NATURE 

Phosphorus is essential to all living organisms. Without it, neither proteins nor 

carbohydrate polymers can be produced. The nucleic acids, DNA and RNA, that store 

and replicate all genetic information, consist of long chains of mononucleotide units 

linked by phosphodiester bonds. The energy released, when the phosphate bond 

reversibly moves between adenosine diphosphate (ADP) and adenosine triphosphate 

(A TP), is used in the synthesis of complex molecules of living organisms [ 1]. 

Phosphorus is relatively abundant in vertebrates. The main constituent in bones and 

teeth is hydroxyapatite, Ca10(P04)6(0H)2 (HAp), which contains 18.5% P and makes up 

almost 60% of bone and 70% of teeth [2]. Phosphorus is therefore a key nutrient for 

human consumption and its largest dietary sources are dairy foods, meat and cereals. 

The production of food for increasingly growing populations and the commencement of 

commercial manufacture of inorganic fertilizers just before the middle of the nineteenth 

century has led to an unprecedented rise in the mobilisation of phosphorus in the 

environment [2]. As a result, there have been undesirable environmental consequences 
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because phosphorus makes its way into waterways from fertilizer applied in fields and 

from inadequately treated sewage [2] where even relatively small concentrations of 

phosphorus contribute to the acceleration of eutrophication. Blooms of cyanobacteria, 

siliceous algae, scum-forming algae and potentially toxic algae mark advanced 

eutrophication and the eventual decomposition of this phytomass create hypotoxic or 

anoxic conditions near the bottom of the water body. With time, remnants of organic 

life and other sediment accumulate and eventually, the water level becomes so shallow 

from the build up of sediment that it becomes marshland, swamp or even dry land [2, 3]. 

1.2 PHOSPHORUS FERTILIZERS 

The application of inorganic fertilizers has been a maJor contributor to the global 

increase in the mobilisation of phosphorus and the annual global application of 

phosphorus has been estimated to be 15 million tons [2]. "Ordinary Superphosphate" 

(OSP) is a widely used fertilizer produced from the reaction between sulfuric acid and 

phosphate rock. The active constituent is principally monocalcium phosphate (MCP), 

which also exists as the monohydrate, Ca(H2P04)2.H20. Depending on the treated 

mineral used to manufacture OSP, it supplies 7-10 % of available phosphorus, which is 

an order of magnitude more than that available from recycled phosphorus-rich manures. 

A higher grade of fertilizer is "triple superphosphate" (TSP) forn1ed by the action of 

phosphoric acid on phosphate rock and it contains 20 % phosphorus [2]. Other major 

phosphate fertilizers are shown in Table 1.1. 

Following application to the soil of the commonly encountered fertilizers OSP and TSP, 

the common constituent MCP, hydrolyses to dicalcium phosphate dihydrate (DCPD) 

according to Equation 1.1. Under certain conditions, DCPD reacts further and forms 

other calcium phosphates as described in Section 1.4.1. 

Equation 1.1 
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Table 1.1 Major phosphate fertilizers (adapted from [2]) 

Compound Acronyms Formulas Nutrient content (% P) 

Monocalcium phosphate MCP Ca (H2P04)2 7-10 
(ordinary superphosphate) (OSP) as above as above 

Dicalcium phosphate DCP CaHP04.H20 17 

Triple superphosphate TSP Ca(H2P04)2 19-20 

Monoammonium phosphate MAP NH4H2P04 21-24 

Diammonium phosphate DAP (NH4)2HP04 20-23 

Monopotassium phosphate or MKP KH2P04 17 
potassium dihydrogen 
phosphate 

1.3 PHOSPHORUS IN SOILS 

Phosphorus is involved in many complex reactions in soils that remove it from solution 

and into less soluble, labile and stable compounds as shown in Figure 1.1. 

stable 
inorganic 

p 

inorganic 
p 

plants 

dissolved P 

labile 
organic 

p 

Figure 1.1 Phosphorus cycle in soil 

dead phytomass 

stable 
organic 

p 
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In soils up to as much as 85 % of phosphorus from fertilizers becomes irrecoverable 

because of phosphorus fixation, which involves both adsorption and precipitation 

reactions [ 4]. Most of the phosphorus is converted to insoluble compounds, including 

calcium phosphates (Section 1.4.1) and very little is leached or lost by drainage [ 5]. It is 

for this reason that excess fertilizer is added to crops and an accumulation of unavailable 

phosphorus occurs. 

Inorganic phosphate 1n soils is present mainly in the form of poorly soluble iron, 

aluminium and calcium compounds [ 5]. Acidic clay soils with high iron and aluminium 

content generally have the highest fixation capacity whereas sandy soils, and soils with 

near neutral pH, have little fixation [2]. Phosphorus must be in a soluble form to be 

taken up by plants and in order for insoluble phosphates in soil to become bioavailable 

they are solubilised by microorganisms, which are also responsible for the conversion of 

organic phosphorus compounds into inorganic phosphates (mineralisation) [5]. The 

concentrations of soluble phosphorus in soils are generally lo\\' with as little as 0.1 % of 

the total soil phosphorus found in the soil solution identified as the free orthophosphate 

anion [ 6]. This thesis focuses on the chemistry and analysis of orthophosphate, due to 

its importance in soil science, and therefore some of its relevant chemistry is detailed in 

Section 1.4. 

1.4 THE CHEMISTRY OF PHOSPHATES 

In nature phosphorus is most commonly encountered in the +5 oxidation state [ 5]. 

Compounds, which contain a phosphorus atom surrounded by four oxygen atoms 

arranged in a tetrahedron, are called phosphates. With regard to nomenclature, 

orthophosphates are compounds that contain the simple P04 tetrahedron or monomer 

unit. Polyphosphates are compounds that contain simple P-0-P chains, 

metaphosphates are compounds that contain the P atom in a ring, and ultraphosphates 

contain branched polymer systems of interconnected P04 tetrahedra. When the word 

phosphate is used without a prefix, it usually means orthophosphate [7]. 

The form of orthophosphate depends on soil pH and the pKa values give an indication of 

the species present at particular pH values. The pKa values at 25°C for the protonation 

steps of tribasic phosphate [8] are given in Equations 1.2 to 1.4. Under acidic soil 
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conditions, H2P04- predominates and at pH 4.66 (midway between pKa1 and pKa2) it is 

the main species present. Whilst under neutral or basic soil conditions, HPO/-

dominates, which is also the form present in plant cells (at a concentration of 

approximately 1 o-3 M) [9]. Phosphate does not change its oxidation state nor its basic 

unit (P04) throughout biological transformations [9]. 

pKa = 2.12 
I Equation 1.2 

Equation 1.3 

Equation 1.4 

Phosphates tend to readily react with multiply charged positive ions to give precipitates, 

many of which are crystalline but a large proportion are amorphous. The Ostwald-Gay-

Lussac step rule states that an unstable form is usually produced before the stable form 

appears, hence phosphates precipitate from solution as a mass of material which slowly 

converts to one or more stable crystalline phases [1 0]. The amorphous precipitates 

generally have extremely complicated structures and are usually difficult to characterise, 

but they play an important role in soil solution chemistry [ 1 0] . Of particular interest to 

soil scientists are the reactions involved with calcium phosphates since they are the 

main component of phosphorus fertilizers and they are also found naturally in 

sediments. 

1.4.1 CALCIUM PHOSPHATES 

The literature on calcium phosphates is vast, evident in the number of reviews and 

monographs that exist in multiple disciplines ranging from geology to dentistry [ 11-16]. 

Depending on pH and other conditions such as supersaturation level, a number of 

calcium phosphate phases are possible. The phase diagram for the Ca(OH)2-H3P04-

H20 system (shown in Figure 1.2) show the thermodynamically stable phases at varying 

pH, however, the actual phases that form are often dictated by kinetic, rather than 

thermodynamic considerations [ 11]. 

Con1monly encountered calcium phosphates are shown in Table 1.2 [5, 11]. With the 

exception of monocalcium phosphate (MCP) all the salts shown in Table 1.2 are very 
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insoluble. Their solubilities are pH dependent and in neutral or alkaline solutions the 

order of increasing solubility of the most commonly encountered compounds is: HAp < 

~-TCP < OCP < DCP < DCPD < MCP. When the pH drops below 4.8, DCP and 

DCPD are the most stable and most insoluble phases [ 5] . 

10 

= -
:; ... -.. -
0 10 e DCPD 

DCP 
·- OCP .!! Ca1H2tP04l6 · 5H20 .. 
u 

-
25

1 
C ~-TCP 101 

Solability I sat her at 3-Co 3CP04}
2 -; 10 s ...... 

pH 

Figure 1.2 Phase diagram showing concentrations of saturated solutions as a function of pH for several 

calcium phosphates at 25°C in the ternary system, Ca(OH)2-H3P0 4-H20 (17]. Note that the formula for 

HAp given on the graph is the general formula comprising half the atoms in the unit cell. 
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Table 1.2 Calcium phosphate compounds 

Mineral or Chemical Name Abbreviation Formula Ca!P 

Monocalcium phosphate or MCPor Ca(H2P04)2 0.50 
Monocalcium phosphate MCPA 

anhydrous 

Monocalcium phosphate MCPM Ca(H2P04h H20 0.50 
monohydrate 

Monetite ( dicalcium DCPor CaHP04 1.00 
phosphate or dicalcium DCPA 
phosphate anhydrous 

Dicalcium phosphate CaHP04. YzH20 1.00 
hemihydrate 

Brushite (dicalcium DCPD CaHP04.2H20 1.00 
phosphate dihydrate) 

Octacalcium phosphate OCP Ca8(P04)4(HP04)z.5H20 or also written 1.33 
as CasH2(P04)6.5H20 

a - tricalcium phosphate a-TCP a-Ca3(P04)z 1.50 

whitlockite or~ - tricalcium ~-TCP ~- Ca3(P04)z 1.50 
phosphate 

Amorphous calcium ACP Ca3(P04)t .s7(HP04)o2·xH20 1.45 
phosphate or or 

Ca9(P04)6 1.50 

Hydroxyapatite HAp Cato(P04)6(0H)2 1.67 

Hydroxyspodiosite Ca2P04(0H).2H20 2.00 

Tetracalcium phosphate TetCP Ca3(P04)2 CaO or also written 2.00 
Ca4(P04)zO 

Apatite Ap (Ca,Na,M)10 (P04 , C03 , 1.21-1.64 
HP04)6(0H,F,Cl)z 
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Discussion of calcium phosphates in this chapter is restricted to the phases that were 

encountered in this work as presented in the subsequent sections. 

APATITE (AP) AND HYDROXYAPATITE (HAP) 

The calcium phosphate compounds that have structures which belong to the hexagonal 

system and have a P6 / m space group are known as apatites. Apatites tend to 

incorporate numerous impurities in their structures to form highly non-stoichiometric 

compounds [ 18]. The word "apatite" is derived from the Greek word "a pat" which 

signifies deceit [19] , hence its naming is appropriate. The major sources of natural 

primary minerals are apatites and the most common substitutions in sedimentary apatites 

are C03
2
- and F-. Therefore, the most commonly encountered apatite mineral 1s 

carbonated fluorapatite (francolite) with a formula ofCaiO[(P04)6-x(C03)x]F2+x [20]. 

Hydroxyapatite is encountered as a reaction product of MCPM or DCPD in calcareous 

soils [ 11]. It crystallises directly from solution when the degree of supersaturation is 

low and at high supersaturation levels, it forms via either amorphous calcium phosphate 

(ACP), dicalcium phosphate dihydrate (DCPD) or octacalcium phosphate (OCP) [21]. 

HAp is rarely found naturally in its stoichiometric form (Ca10(P04)6(0H)2). There are 

two types of calcimn atoms in the unit cell of HAp. Out of ten calcium ions, six are 

surrounded by six oxygen atoms belonging to phosphate groups and an OH group, while 

the other four calcium ions are surrounded octahedrally by six oxygen atoms from 

phosphate groups only [22]. Figure 1.3 shows the structure ofHAp. 
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Figure 1.3 Structure of the hexagonal apatite unit cell, showing the position of the hydroxy (or fluoride) 

anions in the c-direction into the plane of the paper [0 =red, Ca =green, P =yellow, F(OH) =pale blue] 

[23] 

The lattice parameters of stoichiometric HAp are a= b = 9.4176 and c = 6.8814 A [11, 

12]. As substitutions occur the structure becomes distorted and these parameters 

change, thus forming substituted apatites. For example, when C03
2

- substitutes for OH-

(Type A carbonated apatite), the a-axis expands and the c-axis contracts with increasing 

substitution. The opposite effect is observed when CO/- substitutes P043
- (Type B 

carbonated apatite) [ 12]. 

0CTACALCIUM PHOSPHATE (OCP) 

Octacalcium phosphate is structurally related to HAp and has been shown to be an 

inte1mediate during the hydrolysis of DCPD [ 5]. It consists of an alternating "apatite 

layer" and a "hydrated layer" [12]. The "apatite" layer consists of alternating sheets of 

phosphate ions interspersed with Ca2+. The "water" layers consist of more widely 

spaced phosphate and Ca2
+ with a slightly variable nmnber of water molecules between 

them. Six of the Ca2
+ and two of the phosphate ions lie at the junction of the "water" 

and "apatite" layers. The phosphate ion in the "water" layer and one at the junction 

between the layers are protonated [ 11]. The lattice is triclinic with a P 1 space group 

and its unit cell parameters are: a = 19.692, b = 9.532 and c = 6.835 A; a = 90.15, P = 

92.54 andy= 108.65 °. The asymmetric unit, that is, the largest structural unit in which 
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none of the atoms are related by symmetry, is Ca8H2(P04)6.5H20 , with two asymmetric 

units per unit cell as shown in Figure 1.4 [11] . 

Figure 1.4 One unit cell ofOCP along a axis [17] 

DICALCIUM PHOSPHATE DIHYDRATE (DCPD) 

DCPD usually precipitates at pH values between 4 and 6 [12] and it is known to be an 

intermediate in apatitic mineralisation and dissolution processes. DCPD is monoclinic 

with space group fa. Its lattice parameters are: a= 5.812, b = 15.18, c = 6.239 A and p 
= 116°. The asymmetric unit, CaHP04.2H20, is repeated in the unit cell four times. 

None of its five hydrogen atoms are related by symmetry. The structure contains 

columns of alternating Ca2
+ and HPol- and the columns are joined together to form 

corrugated sheets which have a composition of CaHP04. These sheets are linked 
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together by water molecules. Figure 1.5 shows the view down the b-axis of one of the 

corrugated sheets, showing four · ··Ca HP04 Ca HP04 Ca HP04 · · · chains with directions 

marked by arrows with the bonds in one chain dotted for emphasis. The sheets are 

parallel to ( 1 00) and are linked together by water molecules. The protons on the 

phosphate ions are not shown for clarity. The structure is closely related to that of 

gypsum CaS04.2H20 [11]. 

• Caleium 

0 Phosphorus 

0 O.xygen 

b into plane 

Figure 1.5 View down the b-axis of one of the corrugated sheets of composition CaHP04 that occur in 

DCPD [11]. 

AMORPHOUS CALCIUM PHOSPHATE (ACP) 

It was not until the mid-1960s that the formation and structure of ACP was investigated 

in detail. The interest in ACP lies in that it often occurs as a transient phase during the 

formation of calcium phosphates, particularly non-stoichiometric hydroxyapatites [11]. 

ACP formed in the presence of principally calcium and phosphate ions has been 

reported to readily transform to apatite via OCP or OCP-like phases, but DCPD has 

been reported as the transformation product in the presence of Mg2+ at near neutral or 
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higher pH values. The incorporation of ions such as for instance CO/-, has been known 

to stabilise the ACP phase by inhibiting its transformation to apatite [12]. 

Crystals of ACP are so small that they are characterised as amorphous, consequently 

their crystal structure is not easily obtained. Evidence from electron microscopy and 31 P 

NMR suggest that the basic structural unit of ACP is a 9.5 A diameter, roughly 

spherical, cluster of ions consisting of Ca9(P04) 6• IR evidence also suggests that at least 

some of the P04
3
- in ACP compounds synthesised under neutral conditions are 

protonated and 31 P NMR studies suggest that a fraction of the P04 
3
- may be weakly 

bound to protons [ 11]. 

1.5 SOIL ORGANIC MATTER 

Soil organic matter refers to the substances in soil that contain organic carbon, and these 

substances can generally be divided into two groups: non-humic substances, and humic 

substances. The non-humic substances in soils incorporate the classes of organic 

compounds that are not unique to the soil. These include, for example, polysaccharides 

and simple carbohydrates, amino sugars, proteins and amino acids, fats and waxes, 

lignin, resins, pigments, nucleic acids, hormones, and a variety of organic acids. Most 

of these substances are easily degradable and can be utilised by soil n1icroorganisms, 

thus they have a transient existence in the soil. On the contrary, however, humic 

substances are distinct to and synthesised in the soil and are relatively resistant to 

chemical degradation and microbial attack [24] . 

1.5.1 HUMIC SUBSTANCES 

Humic substances occur as the major constituent of soil organic matter (up to 80 %) and 

are formed during the decay process and transformation of biomolecules from dead 

organisms and microbes (humification). They are comprised of a "physically and 

chemically heterogenous mixture of naturally occurring, biogenic, relatively high 

molecular weight, yellow to black coloured, amorphous, colloidal, polydispersed 

organic polyelectrolytes of mixed aliphatic and aromatic nature" [24]. 

Complex organic colloids, such as humic substances are the least understood 

components of soils. Chemical, molecular and structural characterisation of humic 
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substances relies on their selective chemical separation from soil. This is often not 

straightforward due to the complexity of the soil components and the fact that a 

significant portion is associated with mineral colloids, charge-neutralising cations, and 

other organic compounds. Humic substances can be extracted from soil components 

and further separated into fractions depending on their solubility over varying pH 

(shown in Table 1.3). It should be noted that these terms are operationally defined and 

do not refer to definite, chemically identifiable compounds [24]. 

Fraction 

Humic acid (HA) 

Fulvic acid (FA) 

Humin 

Hymatomelanic acid 

Table 1.3 Fractions of humic substances 

Description 

soluble in dilute alkaline solution and precipitates upon 
acidification at pH 2 

soluble at any pH value, even below pH 2 

insoluble at all pH values 

alcohol-soluble portion ofHA 

On the basis of available compositional, structural and behavioural data, "typical" tnodel 

structures of soil humic and fulvic acids have been proposed as shown in Figures 1.6 

and 1. 7, respectively [24]. The macromolecular structure contains aromatic, phenolic, 

quinonic, and heterocyclic units that are randomly linked by aliphatic, oxygen, nitrogen, 

and sulfur bridges [24]. It contains aliphatic, glucidic, amino acidic, and lipidic chains 

and functional groups which give the polymer its acidic nature (mainly carboxylic, but 

also phenolic, and alcoholic hydroxyls and carbonyls, for example) [24]. 
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Figure 1.6 "Typical" model structure of soil humic acid [24] 

Figure 1. 7 "Typical" model structure of soil fulvic acid [24] 
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Although these two "typical" structures g1ve chemical and functional properties of 

humic and fulvic acids, they neglect other properties. Figure 1.8 shows a two-

dimensional structural model of humic acid that takes into account geochemical, wet 

chemical, biochemical, spectroscopic, agricultural and ecological studies, as well as 

analytical determinations by pyrolysis, 13C NMR, oxidative and reductive degradation, 

and electron microscopy. This model is proposed to trap 1 0% carbohydrates and 1 0% 

1-14 



Chapter 1 Genera/Introduction 

proteinaceous materials within its voids, giving an increased 0 and N content relative to 

C [24]. This type of "host-guest" or entrapment behaviour, where smaller molecules are 

held within micropores or void spaces of the larger macromolecular structure, is 

supported by other authors [25, 26]. 

Fi2ure 1.8 Two-dimensional model structure of soil humic acid [24] 

pH and the ionic strength of solutions can change the micro-molecular structure of 

humic substances, both in size and shape, for example, as pH and ionic strength 

increase, fulvic acid unwinds and disperses in solution. The concentration of the humic 

substance is also a major factor controlling the structural shape in solution [25]. 

There are two main recognised hypotheses describing the structure of humic substances. 

One hypothesis is a "random coil" model, which describes humic acid in solution as a 

long strand with charged and hydrated functional groups distributed along its length. 

The strand may coil randomly with respect to time and space. At medium to high 

molecular weights, a roughly spherical shape results, with the greatest density at the 

centre of the sphere. Although spherical, the macromolecule is neither rigid nor 

condensed, and may be tightly or loosely packed, depending on factors such as the 
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nature of the solvent, extent of solvent penetration, charge density of the 

macromolecule, the identity of the counter ion, or the surrounding pH [27]. The "self-

associating aggregation" model for humic acids, in contrast, states that larger humic 

molecules consist of self-aggregating groups of smaller molecules predominantly bound 

(loosely) by intermolecular hydrophobic interactions [28]. 

]SOLATION FROM SOIL 

Humic substances may be extracted from soil using alkaline solvents, salt solutions, 

organic solvents, or chelating agents [24]. Isolation processes unavoidably alter the 

chemistry of humic substances somewhat by disrupting interactions with metal ions and 

by co-extracting tightly bound inorganic and non-humified organic materials [24]. 

Generally, an extractant is selected which is able to isolate the maximum amount of less 

altered humic substances and following extraction, fractionation procedures are used to 

decrease heterogeneity. Sodium hydroxide (aqueous) is a widely used extractant 

because it gives a high yield of humic substances, however, it tends to co-extract silica 

and non-humic organic constituents. It also causes the uptake of more oxygen causing 

auto-oxidation and modifies the humic macromolecule by breaking it down and causing 

an1ino-carbonyl condensation. These effects, however, can be minimised to an extent 

by using lower concentrations and shorter extraction times [24]. 

Extracted humic substances can be further fractionated by using various methods based 

on differences in solubility, molecular size, charge density, adsorption characteristics 

and reactivity with metal ions. Table 1.3 shows fractions of humic substances that differ 

in solubility in alkaline and alcoholic solutions. Humic substances are commonly 

separated into molecular size fractions using dialysis membranes, gel chromatography, 

ultrafiltration or ultracentrifugation [24, 29, 30]. Electrophoresis and ion exchange 

fractionate humic substances based on charge and adsorption on resins, and have been 

used to purify humic fractions by separation from non-humic impurities (e.g. 

polysaccharides) [24]. 

CHARACTERISATION OF HUMIC SUBSTANCES 

Elemental analyses (C, H, N, 0 and S) give general compositional information and can 

assist in distinguishing different classes of humic substances. For example, fulvic aids 
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tend to contain more 0 and S but less C, H and N than humic acids [24]. Atomic ratios 

(0/C and H/C) give information on relative amounts of oxygenated or aliphatic/aromatic 

nature of the functional groups present in humic substances [24]. Functional group 

content can also be determined using various spectroscopic techniques including 

infrared, 13C and 1H NMR, UV-Vis, fluorescence, and electron spin (or paramagnetic) 

resonance (ESR or EPR). The functional groups that have been reported in humic 

substances include COOH, phenolic OH, enolic OH, quinone, hydroxyquinone, lactone, 

ether and alcoholic OH [31]. To assist in the identification of the structural units that 

constitute humic macromolecules, degradative methods have been incorporated, 

including hydrolysis, reduction, oxidation and thermal degradation [24]. 

BINDING OF METAL IONS 

Humic and fulvic materials are extremely important in the mobility of metal ions in the 

environment. They may migrate long distances or precipitate, carrying bound cations 

with them due to their change in size, which occurs by conformational rearrangement 

and aggregation/dissociation mechanisms arising from intermolecular hydrogen 

bonding. It is primarily the carboxylate groups that are responsible for binding metal 

ions under most conditions and due to the polyelectrolytic nature of humic ligands, 

modelling the binding of metal ion is complex. [32]. Other functional groups such as 

phenolic OH, and C=O, amino or imino groups may also provide possible chelating 

sites for metal ions [31]. 

HUMIC SUBSTANCES AND PHOSPHATES 

The effectiveness of soil fertilization practices is dependent on the presence of natural 

organic compounds, such as soil humic and fulvic acids, in the soil environment [33]. 

The mechanism by which this occurs is not certain, however it is thought that they act 

through solubilisation (by their acidic and/or complexing nature) and adsorption onto 

solid substrates [33]. Dissolution of sorbed phosphorus compounds is thought to take 

place at the metal-oxide surface [34]. Soluble humic molecules and low molecular 

weight organic acids can adsorb to aluminium and iron oxide surfaces, thus block 

phosphorus adsorption sites and consequently improve the availability of phosphorus 

[35]. The carboxyl and hydroxyl functional groups of organic acids may also be 
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involved with forming complexes with aluminium, iron and calcium ions, thus 

increasing phosphorus availability [34] . An understanding of the behaviour of humic 

and fulvic acids is important in assessing their potential to mobilise phosphorus in soils 

and is discussed in this thesis. 

1.6 THESIS STRUCTURE 

Two aspects of environmental phosphate chemistry are addressed in this thesis. Firstly, 

experimental results of calcium phosphate precipitation and the influence that soil 

organic matter has on speciation are presented in Chapter 2. Secondly, the introductory 

literature on oxygen isotope studies of orthophosphate, is discussed in Chapter 3. The 

development of a novel analytical method to allow the analysis of oxygen isotopes of 

orthophosphate is presented in Chapter 4, and its validation in Chapter 5. The two 

studied aspects of phosphates are combined in Chapter 6, whereby oxygen exchange 

was quantified in calcium phosphates using the newly developed analytical procedures. 

Finally, Chapter 7 presents the major conclusions drawn, the impact of the results 

obtained and the proposal of future work that can be undertaken in light of the outcomes 

of the current work. 
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Chapter 2 SOIL HUMIC AND FULVIC MATERIALS AFFECTING 
CALCIUM PHOSPHATE CRYSTALLISATION PROCESSES 

2.1 INTRODUCTION 

In calcareous soil systems the application of phosphate fertilizers results in the 

adsorption of phosphate and the precipitation of many phosphate solid phases, including 

several calcium phosphate phases. Consequently, the concentration of available or 

extractable orthophosphate decreases over time and hence fertilization efficiency is 

generally low [36]. The concentrations of calcium and phosphate ions (Ca2+ and PO 4 
3-) 

determine the phases formed. When precipitated from aqueous solutions of low 

saturation, small crystals of hydroxyapatite (Ca10(PO 4) 6(0H)2; HAp; Ca!P =1.67) can 

form. Dicalcium phosphate anhydrous (CaHPO 4 ; DCPA; Ca/P=1.00), its dihydrate 

(CaHP04.2H20; DCPD - also called brushite) or defect apatites, (Ca10_x (P04\_x 
(HPO 4)x (OH)2_x O<x<2; Ca/P=(1 0-x)/6) can form in slightly acidic conditions. 

Octacalcium phosphate (Ca8HlPO 4) 6.5H20; OCP; Ca/P=1 .33) may also form at pH 5-6 

and under certain conditions, the formation of a1norphous calcium phosphate, 

(CalPO 4) 6.nH20; ACP· Ca!P=l.50) is also possible [37]. 

The kinetics of precipitation reactions generally depend very much on the rate at which 

ions can arrange into a therrnodynamically favourable lattice. Thetmodynamically less 

favourable structures will form when solutions are highly supersaturated because the 

energy savings in precipitation greatly outweigh those of lattice ordering. The 

crystallisation of many poorly soluble salts involves the formation of amorphous or 

crystalline metastable precursors that subsequently dissolve and rearrange when lattice 

effects come into play. Unstable ACP is formed when calcium phosphate is precipitated 

from highly supersaturated solutions, but will rearrange to crystalline phases given time. 

Thus in soils, metastable DCPD may convert to OCP or to HAp and OCP may convert 

to HAp [38-41]. However, it is not clear why the behaviour differs between soils. 
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It has been demonstrated that fertilizer granules are less effective than fluid fertilizers at 

releasing phosphorus in calcareous soils due to phosphorus having a higher diffusion, 

solubility and potential bioavailability in the fluid form [36]. Hence, inhibition of the 

precipitation of insoluble calcium phosphates in soils would be desired. Various 

substances can inhibit precipitation and therefore affect precipitation rates of different 

phases. These include amino acids, proteins and simple organic acids. However, the 

role that soluble organic materials found in soils have on the precipitation of calcium 

phosphates is not well understood. It has been shown that DCPD is converted to OCP 

by soil organic matter [ 40]. Manure and sludge also appear to affect phosphate 

concentrations in solution [39, 42, 43]. The role of organic acids, such as humic, fulvic, 

tannic and citric acids, in controlling phosphate activity and availability in phosphorus-

fertilized soils has been investigated [44, 45]. These studies have shown that the 

presence of soluble organic acids inhibits the precipitation of HAp and DCPD at pH 7.4 

and 5.7 respectively, and that precipitation rates are related to the surface area of 

phosphate seed crystals and solution concentration. In addition, these studies estimated 

rate constants for phosphate precipitation with and without organic acids, and related 

adsorption characteristics of the acids to functional group content and size. 

The current work contrasts that of Inskeep and Silvertooth [44] and Grossi and Inskeep 

[ 45] by identifying the calcium phosphate phases formed in systems where seed crystals 

were not added and precipitation was spontaneous. The effect of humic material 

(combined humic and fulvic fractions) derived from a black earthy clay soil 1n 

Menangle, New South Wales, Australia on calcium phosphate formation was studied. A 

variety of techniques for analysis were used, including pH-stat autotitration, Fourier 

transform infrared and laser Raman spectroscopy, x-ray diffraction and elemental ratios 

ofCa/P. 

The selection of soil humic and fulvic material for this study over International Humic 

Substances Society (IHSS) Standards and model compounds was made for practical 

significance. The soil used was under investigation by NSW Agriculture in order to trial 

phosphorus fertilizer effects on dairy production. In the work presented here, the 

extracted humic and fulvic materials were separated and recombined prior to 

lyophilisation (freeze drying) to represent total humic material. Some inorganic 
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material, primarily aluminosilicates, may be contained in the humic material. The 

bonding of this material is uncertain, however popular belief is through 0-Si and 0-Al 

bonds [ 46]. An alternative explanation is that of host guest complexes [26, 4 7], where 

the inorganic material is physically entrapped. For studies where elucidation of 

molecular structure is desired, removal of inorganic substances in humic materials by 

treatment with hydrofluoric acid (HF) is often employed [31 , 48] . In doing so, however, 

the resultant humic material is chemically modified [24] and does not interact as it 

would in real systems. Subsequently, although the soil used in this study contains 

substantial amounts of mineral matter (approximately 30% ), HF treatment was avoided 

to preserve the humic substances in as near natural condition as possible. 

2.2 MATERIALS AND METHODS 

2.2.1 SOIL PROFILE AND SAMPLING 

The black earthy clay (light loam) soil was sampled (February 1999) at a depth of 0 to 

15 em near a creek bed at Elizabeth Macarthur Agricultural Institute in Menangle, 

south-west of Sydney, Australia latitude 34°S, longitude 150°E). It contained a 

relatively low amount of total phosphorus (0.460 g/kg), as determined by CSIRO Land 

and Water who performed mineralogical and chemical analyses. The soil was chosen 

for study because it had been free from phosphorus fertilizer application for over a 

decade and hence, minimal contribution from fertilizer phosphate was expected. 

The soil was acidic in nature (pH = 6.7, pHc CI = 5.8) and contained relatively high water a 2 

clay ( 455 g/kg) and organic matter (57 g/kg) content. The soil sample was air dried, 

milled to less than 1.2 mm and stored in the dark in polyethylene containers at room 

temperature. 

2.2.2 H UMIC E XTRACTION 

Soil humic and fulvic materials were doubly extracted from the soil using nitrogen-

purged 0.5 M sodium hydroxide (NaOH) solution with a soil:extractant ratio of 1 :4 

g/mL [24, 4 7]. Samples were extracted overnight in an end-over-end shaker in 30 mL 

polyethylene centrifuge tubes and then again for 3-4 hours with fresh NaOI-I solution. 
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Following the shaking procedures 3-5 mL of saturated sodium chloride (NaCl) solution 

was added to assist in flocculating the fine clay and colloidal material [24] . The 

suspensions were centrifuged to separate the solids from the supernatant containing 

dissolved humic and fulvic material. Following centrifuging, the supernatant was 

filtered and acidified to pH 1.5 [ 47] at which pH only the fulvic material is soluble. The 

precipitated humic acid was then allowed to settle. At this point, humic and fulvic acids 

were treated separately by vacuum-siphoning the fulvic-containing supernatant. The 

two fractions were recombined later as described below. Supernatant fulvic acid 

solution was loaded onto a pre-washed and acidified Amberlite XAD-7 resin column 

(60 x 2 em, 200 g of resin). The adsorbed fulvic acid was washed with 0.1 M HCl to 

leach inorganic impurities, followed by several washes with ultrapure water (18.2 

Mncm, MilliQ), until the outlet solution did not contain chloride (negative silver 

chloride test). Finally, the column contents were eluted with 0.1 M KOH and passed 

through a pre-washed (ultrapure water) protonated Amberlite 120 cation exchange resin 

column (60 x 2 em, 200 g of resin). 

The humic acids, which had been precipitated earlier, were centrifuged and washed 

several times with 0.1 M HCl followed by washings with ultrapure water. Humic 

material was redissolved using 0.1 M KOH and passed through the cation exchange 

resin column as described above. The humic and fulvic acid solutions were combined at 

this point and lyophilised (freeze dried). Note that for the purposes of discussion in this 

thesis, the combined extracts will be henceforth referred to as "humic material". The 

yield of humic material extracted from the soil was 9.1 g/kg. 

2.2.3 HUMIC CHARACTERISATION 

The ratio of the major elemental constituents (Si:Al:O) was obtained by integration of 

the corresponding peak areas in the energy dispersive x-ray analysis (EDXA) spectrum 

of humic material. The spectrum was obtained using a Philips XL30 environmental 

scanning electron microscope (ESEM) with a 30 kV accelerating voltage at a pressure of 

0.3 Torr. The sample was prepared by mounting on adhesive carbon tape on a brass 

stub. 
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Carbon, hydrogen and nitrogen compositions of the humic material were determined in 

duplicate using a Carlo Erba elemental analyzer model 11 06 (performed by Australian 

National University, Microanalysis Unit). This analysis involves combustion of the 

sample in the presence of oxygen, followed by separation of nitrogen, carbon dioxide 

and water by gas chromatography. These substances are measured using a thermal 

conductivity detector. 

In order to determine the ash content, humic material (150 mg) was accurately weighed 

into a porcelain crucible that had previously been heated and dried to constant weight in 

a dessicator. The humic material was charred with a hot bunsen flame and then heated 

in a muffle furnace at 650°C overnight. The ashing was performed in duplicate and 

yielded a reproducible result of 28.35 ± 0.05% ash. 

A solution 1 H NMR spectrum of the extracted humic material was recorded using 

parameters as given previously [47] using a Bruk.er DRX 300 MHz instrument operating 

at 300 MHz for 1 H nuclei. Water suppression was accomplished using the 

WATERGATE sequence developed for humic material [49]. Tetramethylsilane (TMS) 

was used as an external reference. The fraction of total protons that were aromatic was 

determined by integration of signals between 6 and 9 ppm in the 1 H NMR spectrum as 

described by Wilson et a!. (1999) [ 4 7]. 

Humic materials were also characterised by cross polarisation 13C NMR spectroscopy 

with magic angle spinning using a Bruk.er DPX 200W 200 MHz instrument operating at 

50.3 MHz for 13C nuclei. A pulse width of 3.20 ~s was used, with a 2.00 s recycle 

delay, a 0.02 s acquisition time and a contact time of 1.00 ms. The spectrum was 

Fourier transformed with a line broadening factor of 50 Hz and the sample 

(approximately 200 mg) was spun at 8 kHz. Adamantane was used as an external 

reference and chemical shifts were corrected with respect to TMS. The percentage of 

carbon assigned to different functional groups was estimated by integration of 

appropriate areas of the spectrum shown in Figure 2.2, as indicated in Table 2.1. 

Fourier transform infrared (FTIR) spectra for all samples were recorded from 4000- 400 

cm-1 using a Nicolet Magna-IR 760 spectrometer with 64 scans and a resolution of 4 

cm-1
• Samples were prepared as KBr pellets with diameters of 13 mm (2 mg 
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sample/200 mg KBr) or 16 mm (2 mg sample/250 mg KBr). Since the humic materials 

were to be used in titration experiments at pH values of 5.7 and 7.4, FTIR spectra of 

humic material titrated to these pH's were also recorded. 

X-ray diffraction (XRD) analyses of both humic material and calcium phosphate 

samples were obtained with a Siemens D5000 diffractometer using Cu-K radiation a 

generated at 40 k V and 40 rnA. The instrument was calibrated with silica as a standard. 

Diffraction patterns were recorded from 20 to 60° (29) in step scan mode using a 0.02° 

step size and 5.00 s/step. A receiving slit of 0.2 mm was used. All samples were 

dispersed on low background quartz plates using ethanol (analytical reagent grade). 

Spectra were baseline subtracted and filtered by a Fourier smoothing factor using EVA 

software (version 5.0.1.8). 

2.2.4 CALCIUM PHOSPHATE REFERENCE MATERIALS 

HAp was prepared according to the solid state method of Nelson and Williamson [50]. 

OCP was prepared according to the method of LeGeros [51]. DCPD was prepared using 

the method outlined in LeGeros [12], except that the pH was maintained at 4.5 and the 

temperature at 70 °C. 

2.2.5 CALCIUM PHOSPHATE PRECIPITATION (PH-STAT) EXPERIMENTS 

To monitor the precipitation of calcium phosphate in the absence and presence of humic 

material, and under conditions which tnimicked acidic and neutral soil conditions, a 

Mettler Toledo DL50 autotitrator operating in pH-stat mode was used. A 25 mL aliquot 

of 0.072 M potassium dihydrogen orthophosphate (KH2PO 4) was added to an equal 

volume of 0.12 M calcium nitrate tetrahydrate (Ca(N03) 2.4H20) solution (with or 

without 100 mg humic material) and rapidly titrated to either pH 7.4 or pH 5.7 with 0.4 

M potassium hydroxide (KOH). After reaching the set point (designated as zero 

seconds), the extent of reaction was monitored by following the consumption of base 

added to maintain constant pH. For each experiment, the reaction was monitored for a 

total of three hours. A temperature of 25°C was maintained by an external water bath 

circulating water into a double-walled glass reaction vessel and carbon dioxide was 

avoided by performing the reaction under a blanket of high purity nitrogen gas (BOC 
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gases). All solutions were prepared from boiled, nitrogen-purged ultrapure water and 

stored under a nitrogen atmosphere to avoid atmospheric carbon dioxide. KOH was 

prepared and standardised weekly against potassium hydrogen phthalate. The pH of the 

solutions was measured with a Mettler Toledo combined pH electrode and the 

temperature monitored using a Mettler Toledo DT120 Pt1 00 Class B temperature 

sensor. 

For insights into the mechanism of reaction, the experiments were quenched at 

characteristic periods before, after and around the rapid increase in base consumption. 

These corresponded to 0, 300, 900, 1500, 2100 and 10 800 s for the pH 7.4 system 

(arrowed in Figure 2.3) and at 0, 30, 60, 90, 120, 150 and 10 800 s for the pH 5.7 system 

(Figure 2.4). Upon termination of each experiment, the reaction mixture was quickly 

poured into a large round-bottomed flask, frozen in liquid nitrogen and lyophilised. The 

dry sample thus obtained was washed free of salts with ultrapure water, filtered through 

a 0.45 ~m teflon membrane (Millipore) and vacuum-dried overnight. As a measure of 

reproducibility, the 10 800 s experiments at pH 7.4 (with and without humic material) 

were performed in duplicate (titration curves gave almost identical responses). Solid 

products were characterised by infrared, laser Raman, x-ray diffraction and some were 

chemically assayed for calcium and phosphorus content. 

Due to the relatively high ash content of the humic material, the possible effect of the 

co-extracted mineral matter on the titration of base was investigated. Titration results 

indicated that, following pyrolysis at 650°C overnight, the mineral content of the humic 

material was neutralised by only 0.06 mL of 0.05 M KOH. This volume is very small in 

comparison to that consumed by the unpyrolysed material (0.75 mL), which in tum is 

very small compared to that required for the pH -stat titration experiments which utilised 

0.4 M NaOH solution. Thus, it may be assumed that pH-stat titrations were scarcely 

affected by humic material and its mineral component. 

2.2.6 MONITORING/CHARACTERISATION OF CALCIUM PHOSPHATE PRECIPITATES 

FTIR spectra and XRD analyses of powdered samples were recorded as given above for 

characterisation of humic materials (Section 2.2.3). 

2-7 



Chapter 2 Soil Humic and Fulvic Materials Affecting Calcium Phosphate Crystallisation Processes 

For laser Raman spectroscopy, the calcium phosphate precipitates were analysed using a 

Renishaw Raman System 2000 equipped with a CCD detector using 180 degrees back-

scattering geometry. The excitation wavelength of 64 7 -nm was obtained from a krypton 

ion laser (Beamlok 2060). Samples were tightly packed into a sample cup and analysed 

microscopically by focusing the laser beam on the sample surface. Spectra were 

recorded in static grating mode centred at 1 000 em -I using a 60 second exposure time 

and accumulating 10 scans. Laser powers measured at the sample ranged from 0.9 to 

1.6 m W. The instrument was calibrated using silicon reference material and the 

resolution (5 cm- 1) calculated from the width at half height of the silicon band. Laser 

Raman spectra for samples containing humic material could not be recorded due to the 

common problem of fluorescence emissions encountered when analysing certain organic 

compounds. Possible contributors to the fluorescence of humic substances include the 

many different fluorophors present in the molecule, semiquinone free radicals, the 

influence of hydroxicumarin-like structures and variously substituted phenolic units 

originating from lignin [52]. Attempts to overcome this problem by using excitation 

wavelengths of 488, 514, 752 and 1064 nm were unsuccessful. 

The Ca!P ratios of the precipitates were determined using in-house methods at the 

Australian National University Microanalysis Unit. These involved atomic absorption 

(Ca) and colorimetric techniques (P). 

2.3 RESULTS 

2.3.1 HUMIC CHARACTERISATION 

1H and 13C NMR spectral results are shown in Figures 2.1 and 2.2, respectively. The 

results (summarised in Table 2.1) for characterisation of the extracted humic material 

show elemental compositions which are typical for humic or fulvic substances extracted 

from soils [53, 54]. There was a significant amount of mineral component co-extracted 

with the humic material as shown by the ash content and the presence of Si and Al by 

EDXA. This is not surprising for a soil with high clay content (455 g/kg). The 

percentage of carbon assigned to carboxyl groups was 13.8%, which gives an indication 
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of the proportion of sites available for complexation with calcium following 

deprotonation. 
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Figure 2.1 1H NMR spectrum of soil humic material showing tetramethylsilane (TMS) and water peak 

assignments. 
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Fie;ure 2.2 13C CP-MAS NMR spectrum of soil humic material 
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Property 

% oa (by difference) 

%Ash 

0/C (mole ratio) 

H/C (mole ratio) 

Table 2.1 Characterisation of humic material 

Energy dispersive x-ray analysis (EDXA) spectrum elemental 
ratios 

Integral, 13C NMR chemical shift 0-50 ppm, C-alkyl 

Integral, 13C NMR chemical shift 50-100 ppm, C-0 alkyl 

Integral, 13C NMR chemical shift 100-160 ppm, acetal, aromatic, 
(1 OOfa) 

Integral, 13C NMR chemical shift 160-190 ppm, carboxyl 

Integral, 13C NMR chemical shift 190-220 ppm, carbonyl 

Integral, 1 H NMR chemical shift 6-9 ppm, (HAr) 

HAr/fa 

a Expressed as weight% on an ash-free basis 

Amount 

47.76 ± 0.20 

5.79 ± 0.09 

4.44 ± 0.06 

42.01 ± 0.35 

28.35 ± 0.05 

0.66 ± 0.01 

1.44 ± 0.06 

Si:Al:O (2:1:1) 
trace K, S, Cl, P 

and Fe 

26.5 ± 1.6% 

30.9 ± 0.3 o/o 

28.8 ± 1.6% 

13.8 ± 0.4% 

trace 

0.17 ± 0.01 

0.59 ± 0.07 

Errors were calculated using standard deviations of replicate analyses, except for NMR results where 

standard deviations are based on replicate integral calculations using up to 4 different line-broadening 

factors. 

The FTIR spectra of humic material and of humic material titrated to pH 7.4 and 5.7 are 

presented together with those for the calcium phosphate materials in Figures 2.6 and 2.8, 

respectively. For humic materials, assignments are identical to those recorded in the 

literature [31]. The main absorption bands to note occurred at 3400-3300 cm-1 (0-H 

stretch, N-H stretch), 2935 and 2850 cm- 1 (aliphatic C-H stretch), 1720 cm-1 (carbonyl 
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C=O stretching mode ofCOOH and ketones), 1650-1630 cm-1 (C=O stretching mode of 

amide group, quinone and/or C=O of H-bonded conjugated ketones), 1620-1600 cm- 1 

(aromatic C=C stretch), 1460-1450 cm-1 (aliphatic C-H stretch), 1280-1200 cm- 1 (C-0 

stretching and OH deformation of COOH, C-0 stretching of aryl ethers) and at 1170-

950 cm-1 (C-0 stretching of polysaccharide or polysaccharide-like substances). Bands 

due to the remains of soil inorganic materials were also apparent, most notably at 3695 

and 3620 cm- 1 (kaolinitic OH vibrations), 1030 cm-1 (Si-0 of silicate impurities) and at 

915 and 695 cm-1 (Al-OH stretching mode of aluminosilicate impurities) [32, 48, 55, 

56]. The spectra of humic material titrated to pH 7.4 and 5.7 (labelled "humic salt" in 

Figures 2.6 and 2.8) do not differ from one another greatly, but differ from the non-

titrated humic material. Once titrated, the humic material no longer displayed the 

carboxylic C=O stretch band at 1720 cm-1
• However, new bands were apparent at 1600 

and 1385 cm- 1 (COO- asymmetric stretch and symmetric stretch, respectively), 

consistent with the acid-base titration of carboxylic acid groups to form carboxylate salt 

groups [57]. 

The XRD pattern of extracted humic material and of humic material titrated to pH 7.4 

and 5. 7 are presented together with the patterns for calcium phosphate materials in 

Figures 2.10 and 2.12, respectively. The XRD pattern of humic material showed strong 

signals at 12.3, 24.9, and 26.6° and smaller signals at 8.2 and 35.0° all arising from 

inorganic crystalline material. These can be assigned to a mixture of silicates and 

aluminosilicates, such as quartz and kaolinite, found in this predominantly clay soil. 

Titration of the humic material to pH 7.4 or pH 5.7 (Figures 2.10 and 2.12) did not 

affect the appearance of the XRD pattern. In addition, it can also be seen from these 

figures that the presence of humic material does not interfere with the calcium 

phosphate diffraction patterns. 

2.3.2 TITRATION CURVES 

Figure 2.3 shows representative titration curves in the presence and absence of humic 

material at pH 7 .4. In the absence of humic material, the curve followed well 

established literature paths. There was an initial delay period in which little hydroxide 

ion was needed to maintain pH (first region), then there was linear uptake of base 
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(second region), followed by an exponential period which then tailed off slowly (third 

region). These regions have been generally assumed to correspond to: initial deposit of 

precursor phase(s), subsequent transformation step and lastly, crystal growth processes 

[58]. Other authors have attributed the three stages in certain crystal systems to reflect 

an induction period including overgrowth of inhibitory molecules, rapid crystal growth 

of the same crystal phase and then crystal maturation [45, 59]. In the work presented 

here, characterisation of material at certain key points along the titration curves was 

made as described below. The results always showed differences between the initial and 

final phase deposited, thus supporting the first given hypothesis. 

3.5E-04 

3.0E-04 

:I: 2.5E-04 
0 
~ 

:2 2.0E-04 
'lilt 
c) 

1.5E-04 G) 

0 
E 1.0E-04 

5.0E-05 

O.OE+OO 
0 300 600 900 1200 1500 1800 21 00 2400 

time (seconds) 

Figure 2.3 Typical titration curves showing the moles of0.4 M KOH added to maintain pH 7.4 whilst 

calcium phosphate was precipitated in the (i) absence and (ii) presence of humic material. Error bars were 

calculated using the standard error of the mean of up to four replicate experiments and show the greatest 

variation during rapid base consumption 

In the presence of humic material the titration curve changed somewhat. The initial lag 

period was longer resulting in a delay of the second and third regions of the pH-stat 

titration curve. However, the two curves bisected each other at 1600 s. The titration 

curve then continued almost parallel with that observed in the absence of humic material 

up to 10 800 s (three hours). Clearly, the maximum rate of base uptake was lower in the 
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presence of humic material (7.0 x 10-7 molls) compared to its absence (8.7 x 10-7 

molls), indicating that the transformation of any precursor phase(s) was slower when 

humic materials were present. 

Figure 2.4 shows similar representative curves obtained at pH 5.7. Here the initial delay 

period both in the presence and absence of humic material was much shorter than that at 

the higher pH and of the order of 50 s in the absence of humic material. As at pH 7 .4, 

humic material caused a longer initiation period than occurred in its absence. 

Nevertheless both curves then showed a region of rapid base uptake which tapered off 

with time. Unlike the pH 7.4 case, at pH 5.7 the two curves did not bisect each other. 

This indicates that there is less product precipitated at pH 5. 7 when humic substances 

are present. Although not shown in the figures, a further inflection point just prior to a 

reaction time of three hours was observed for both pH 5. 7 samples. This is probably 

indicative of further hydrolysis to a more thermodynamically stable phase. The second 

inflection point was not observed at pH 7.4. Once again, the maximum rate of base 

uptake at pH 5.7 was lower in the presence of humic material (2.2 x 10-5 molls) 

COinpared to its absence (3.8 X 10-5 lllOl/s). 

Analysis of the products at each of the arrowed points in Figures 2.3 and 2.4 elucidates 

the crystallisation processes occurring at these times as follows. 
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Figure 2.4 Typical titration curves showing the moles of0.4 M KOH added to maintain pH 5.7 whilst 

calcium phosphate was precipitated in the (i) absence and (ii) presence of humic material. Error bars were 

calculated using the standard error ofthe mean of up to six replicate experiments and show the greatest 

variation during rapid base consumption 

2.3.3 FTIR CHARACTERISATION OF CALCIUM PHOSPHATE PRECIPITATES 

Infrared spectra for experiments performed at pH 7.4 are shown in Figure 2.5. At early 

times (0 - 300 s) broad absorption bands characteristic of ACP, were evident at 3365 

(H20), 1650 (H20), 1060 (P04 v3), 950 (P04 v1), 875 (HP04 v5) and 565 em - 1 (P04 

v 4). With increasing time (900 - 2100 s) an increase in crystallinity was apparent: the 

PO 4 v 1 band became sharper and shifted to 962 em - 1 while the PO 4 v 3 and v 4 bands each 

resolved into two bands at 1090 and 1045 cm-1 and at 605 and 565 cm-1
, respectively. 

By 10 800 s, the P04 v2 band was apparent at 470 cm-1
• In addition OH stretching and 

librational bands appeared at 3565 (sharp shoulder) and 630 cm-1 (emerging shoulder) 

respectively, suggestive of HAp. Despite nitrogen purging, it can be seen that a small 

amount of carbonate had become incorporated into the apatite structure, as evidenced by 

small bands at 1455 and 1420 cm-1 (v3). The C03 v2 band is superimposed on the HP04 
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band at 875 cm- 1
• The absence of a carbonate band in the region 720-700 cm- 1 rules out 

the presence of calcium carbonate as a separate phase [ 60]. 

zero 

300 s 

900 s 

1500 s 

2100 s 

10 800 s 

HAp 

3000 2000 1000 500 
wavenumber ( cm-1

) 

Fi~u re 2.5 Fourier transform infrared spectra of calcium phosphates precipitated at pH 7.4 in the absence 

of humic material at various times are shown together with OCP and stoichiometric high temperature HAp 

reference materials 
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It is inherently more difficult to follow these trends in the presence of humic material 

because of adsorptions due to humic functional groups, nevertheless at pH 7.4 (Figure 

2.6) the following features were observed. Resolution of broad ACP bands (in the 

regions described on page 2-14) was delayed until 1500 s as opposed to 900 s when 

compared to products isolated in the absence of humic material. 0-H librational and 

stretching vibrational bands were not apparent in the presence of humic material. 

Noteworthy in the spectrum obtained in the presence of humic material at 1500 s was an 

abrupt change in the resolution of the v 3 PO 4 bands, with the shape and relative intensity 

of these bands being highly suggestive ofOCP or an OCP-like phase. 

Initially at pH 5. 7, in the absence of humic material, there were distinct absorptions 

arising from DCPD in the 3600- 3000 cm-1 region at 3540, 3485, 3290 and 3165 cm-1 

[61] (Figure 2.7 zero, 30s). At later times these bands were not apparent and only a 

broad band due to surface adsorbed water was evident in this region. Absorptions 

arising from HP04 groups of DCPD were also present at early times at 1215, 1120, 

1065, 990, 875, 790, 575 and 530 em -1
• As shown at 60 - 150 s, these clearly 

diminished with time as broad absorptions dominate at 1105, 1035, 960, 600, 560 (all 

P-0 vibrations) and 880 cm- 1 (P-OH stretching vibration). By 10 800 s, these bands 

were further resolved with the appearance of bands at 1075, 915, 630, 578 and 530 cm- 1 

which are also present in OCP. 

At pH 5.7 in the presence of humic material (Figure 2.8) the early products did not 

exhibit any sharp DCPD bands as were seen without humic material, but showed broad, 

featureless ACP-like bands reminiscent of the products obtained in the earlier reactions 

at pH 7.4 with humic material. As time progressed, the bands resolved into an OCP-like 

spectrum except that this transformation was delayed to the later time of 90 s as opposed 

to 60 s in the humic-free case. 
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Figure 2.6 Fourier transform infrared spectra of calcium phosphates precipitated at pH 7.4 in the 

presence of humic material at various times are shown together with OCP and stoichiometric high 

temperature HAp reference materials, humic material and humic material titrated to pH 7.4 (humic salt) 
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Figure 2.7 Fourier transform infrared spectra of calcium phosphates precipitated at pH 5.7 in the absence 

of humic material at various times are shown together with DCPD, OCP and stoichiometric high 

temperature HAp reference materials. 
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Figure 2.8 Fourier transform infrared spectra of calcium phosphates precipitated at pH 5.7 in the 

presence of humic material at various times are shown together with OCP and stoichiometric high 

temperature HAp reference materials, humic material and humic material titrated to pH 5.7 (humic salt) 
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2.3.4 XRD CHARACTERISATION OF CALCIUM PHOSPHATE PRECIPITATES 

Figure 2.9 shows XRD patterns obtained for the products prepared without humic 

material at pH 7.4. The spectral window shown in Figure 2.9 ranges from 20 to 40° 28 

and the window from > 40 to 60° 28 has been omitted such that the main spectral 

features may be observed more clearly. At zero reaction time, only one broad signal 

was apparent, centred between 23 and 35° 28. This pattern is typical of an ACP 

material [12]. By 300 s the broad maximum had resolved into two broad lines at 26 and 

32°, respectively. A shoulder at 29.5° was then apparent as well as additional broad 

signals at 39.9, 46.6, 49.5 and 53.2°. By 10 800 s these had sharpened at 25.9, 28.8, 

32.0, 39.6, 46.6, 49.5 and 53.2° with a shoulder at 33.9°. This spectrum contains all the 

features of stoichiometric high temperature HAp except that the signals are broad. It is 

noted, in particular, that the spectra corresponding to reaction times of 300 - 1500 s, 

show that the 002 reflection lies close to that of the OCP standard, and that by 1 0 800 s, 

this peak shifted to a lower value very close to that of HAp. Although the FTIR and 

Raman results did not clearly show any OCP intermediate in this series of experiments, 

the Ca/P ratios were close to that of the stoichiometric value of 1.33 for OCP (Table 

2.2). 

As with the corresponding humic-free experiment at pH 7.4, a broad signal centred 

between 23 and 36° was initially observed in the presence of humic material (Figure 

2.10), indicative of ACP. However, the emergence of sharper peaks was delayed and 

did not appear until 1500 s rather than at 300 s, indicating a delay in the transformation 

of the first-formed phase to a more crystalline phase. A steady decrease in the 28 values 

for the 002 reflection was noted, corresponding to the transformation of OCP or an 

OCP-like phase to an apatitic phase. The emergence of the 002 refection at about 1500 

s, just after the midpoint of the titration curve, is in agreement with the FTIR results 

which showed a spectrum more like that of OCP than that of ACP or HAp (Figure 2.6). 

Thus it would appear that at pH 7.4, both in the presence and absence of humic material, 

the transformation of ACP to HAp is most likely via an OCP intermediate. 
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Figure 2.9 Expanded x-ray diffraction spectra of calcium phosphates precipitated at pH 7.4 in the 

absence of humic material at various times are shown together with OCP and stoichiometric high 

temperature HAp reference materials. Note the gradual decrease with time in the diffraction angle of the 

002 reflection, approaching that of HAp (shown by the dotted line) 
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Figure 2.10 Expanded x-ray diffraction spectra of calcium phosphates precipitated at pH 7.4 in the 

presence of humic material at various times are shown together with OCP and stoichiometric high 

temperature HAp reference materials, humic material and humic material titrated to pH 7.4 (humic salt). 

Note the gradual decrease with time in the diffraction angle of the 002 reflection, approaching that of HAp 

(shown by the dotted line) 
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At the lower pH of 5. 7, it is clear that DCPD was the first formed phase when humic 

material was absent (Figure 2.11 ). There was also evidence that some OCP was present, 

even at very low reaction times. Although not presented, the first three spectra (0, 30 

and 60 s) showed clear DCPD peaks in the lower angle range (11.7°). However, these 

peaks had disappeared by 90 s. The final diffraction pattern for this series of 

experiments has an 002 peak matching closely that of OCP, however the relative 

intensities of peaks at the higher angles in the 30 - 35° 28 range are highly suggestive of 

HAp. The final reaction mixture may therefore have been a mixture of these two phases. 

At pH 5. 7 with humic material, the initial product was amorphous (Figure 2.12) as 

shown by the very broad signal between 24.5 and 35.8°. Gradually the broad signal 

resolved into a pattern consistent with a poorly crystalline OCP or an OCP-like phase. 

The definition of signals then became gradually sharper indicating improvement in the 

crystallinity of the product. 
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Figure 2.11 Expanded x-ray diffraction spectra of calcium phosphates precipitated at pH 5.7 in the 

absence of humic material at various times are shown together with DCPD, OCP and stoichiometric high 

temperature HAp reference materials. Note that in all pH 5.7 products the diffraction angle ofthe 002 

reflection is offset from that of HAp (shown by the dotted line) and more closely matches that ofOCP 

(labelled as "0") 
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Figure 2.12 Expanded x-ray diffraction spectra of calcium phosphates precipitated at pH 5.7 in the 

presence of humic material at various times are shown together with OCP and stoichiometric high 

temperature HAp reference materials, humic material and humic material titrated to pH 5.7 (humic salt). 

Note that in all pH 5.7 products the diffraction angle of the 002 reflection is offset from that of HAp 

(shown by the dotted line) and more closely matches that ofOCP (labelled as "0") 
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2.3.5 LASER RAMAN SPECTROSCOPY OF CALCIUM PHOSPHATE PRECIPITATES 

Figures 2.13 and 2.14 show Raman spectra at pH 7.4 and 5.7, respectively. The position 

of the strong v 1 band in the range 985 - 950 cm- 1 gives information on the identity of 

the calcium phosphate phase, since that for HAp appears at close to 960 em -I , OCP at 

957 cm- 1, DCPD at 985 cm- 1 and ACP at 952 cm-1• At pH 7.4, the first formed 

precipitate showed a broad absorption band at the lower frequency of 950 cm-1 

indicating initial formation of ACP. At later times, two signals were observed. A 

strong band at approximately 960 cm- 1 continued to dominate the spectrum, however, 

weaker bands in the 1080-1030 cm- 1 range were also discernible. These bands are 

assigned to the v 1 and v 3 vibrational stretching modes of the phosphate tetrahedron, 

respectively [62]. The possibility ofC0 3 (v 1) bands superimposed on the P04 v3 bands 

at around 1070 and 1050 em - l cannot be excluded. It was noted that the width of the 

major band generally decreased with reaction time as the crystallinity of the product 

increased. 

At pH 5.7 (Figure 2. 14), different Raman spectra were obtained, compared to those at 

pH 7.4. Bands were observed again at approximately 960 and between 1080 and 1030 

em - 1• However, a second band at 986 em - 1 (attributable to DCPD) was also observed at 

zero seconds (indicative that DCPD exists in a mixture with either HAp or OCP), which 

then rapidly disappeared. At the end of reaction time (10 800 s), a weak broad band had 

emerged at 1009 cm- 1
, attributable to the v5 P- 0-H bending mode ofOCP [62] . 
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Figure 2.13 Laser Raman spectra of calcium phosphates precipitated at pH 7.4 in the absence of humic 

material at various times are shown together with OCP and stoichiometric high temperature HAp 

reference materials. The P04 v 1 stretching modes are labelled 
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Figure 2.14 Laser Raman spectra of calcium phosphates precipitated at pH 5.7 in the absence ofhumic 

material at various times are shown together with DCPD, OCP and stoichiometric high temperature HAp 

reference materials. The P04 v 1 stretching modes are labelled 

As indicated earlier in Section 2.2.6, the presence of humic material caused the samples 

to fluoresce so that Raman spectra of these samples could not be obtained. 
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2.3.6 CA/P RATIOS OF CALCIUM PHOSPHATE PRECIPITATES 

Table 2.2 shows Ca/P ratios of selected samples. In the absence of humic material at pH 

7 .4, the Ca/P dropped slightly matching more closely with that of OCP, then 

immediately following the commencement of the steep rise in the corresponding pH -stat 

curve at 900 s, the ratios increased with reaction time. A similar trend was observed in 

the presence of humic material at this pH, but the values were slightly lower throughout. 

Values for ACP given in the literature vary from 1.36 to 1.47 [12], reflecting the 

variability in the amount of HPO 4 
2
- either adsorbed or incorporated into the lattice 

structure. Final Ca/P values of 1.62 and 1.49 are indicative of calcium deficient apatitic 

structures. However, the interpretation of Ca/P values has been used cautiously 

throughout this work as values may be representative of mixed phases. Confirmation of 

the identity of products has been made following close examination and agreement with 

other physical methods. An initial Ca/P value of 1.16 for both samples at the lower pH 

vvould be suggestive of DCPD, however, while this is in agreement with spectral and 

diffraction data obtained in the absence of humic material, it is at odds with the FTIR 

results obtained in the presence of humic material. The possibility exists that some 

DCPD was present in these samples, and that the bands due to this phase were obscured 

by absorptions due to the humic acids. It has been estimated that humic acids would be 

incorporated into the final precipitate at approximately 1 0% and certainly no greater 

than 20% w/w. Final values of 1.32 for both pH 5.7 samples are suggestive of an OCP 

phase. 
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Table 2.2 Calcium to phosphorus ratios of selected products 

pH (Additive) Time (sec) Ca/Pa 

7.4 (none) 0 1.40 

300 1.34 

900 1.38 

10800 1.62 

7.4 (humic 0 1.37 
material) 

300 1.32 

900 1.32 

1500 1.45 

10800 1.49 

5.7 (none) 0 1.16 

30 1.17 

60 1.18 

10800 1.32 

5.7 (humic 0 1.16 
material) 

30 1.17 

120 1.29 

10800 1.32 

a The maximum error for the ratios was determined as ± 0.03 (calculated from the 

standard deviation of duplicate sample runs). 
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2.4 DISCUSSION 

The work presented shows multiple effects of humic acids on the precipitation and 

subsequent transformation of calcium phosphates in soils. At near neutral pH, soil 

humic acids delayed the transformation of initial amorphous calcium phosphate to more 

crystalline phases. At more acidic pH values, humic material affected the nature of the 

initial phase formed, delayed its subsequent transformation to other phases and 

ultimately affected the amount of calcium phosphate material thus formed. Hence 

humic acids are geologically and environmentally relevant inhibitors of calcium 

phosphate transformations as are tannic, phytic, mellitic and citric acids [44, 45, 63] . 

The results of the pH-stat autotitration work clearly demonstrated that humic material 

affects the crystallisation kinetics of calcium phosphate. At pH 7 .4, there was 

considerable delay in the transformation of the first-formed precursor phase to more 

crystalline phases in the presence of humic material. Both FTIR and XRD results 

showed clear evidence that the first formed phase at this pH will be ACP. The 

somewhat low Ca/P values obtained (1.40 for no humic material; 1.37 for humic 

material) have previously been attributed to adsorption of HPO 4 
2- ions onto ACP 

particles [ 64, 65]. Other hypotheses include the presence of multiple acid phosphate 

phases [66] or the presence of an interlayered OCP and HAp structure [67] . The latter 

can be identified in XRD patterns as "combination peaks" of the hOO reflections of OCP 

and HAp, \Vhich occur from phase interference between layers [ 68]. This was not 

evident in the work presented here, therefore leaving the first two hypotheses as 

plausible explanations for the low Ca/P's. 

The initial formation of an ACP phase for both samples at this pH is consistent with 

other studies which have shown that in highly supersaturated solutions such as those 

used in this study, ACP will form first whereas in solutions of low supersaturation HAp 

forms directly without precursor phases [ 69-71]. The lower Ca/P ratio for the first 

formed precipitate in the humic case may reflect difficulties in washing off the surface 

adsorbed HPO 4 
2

- ions from ACP particles. In such cases, it has been postulated that 

these large macromolecules cover the surface of the particles, effectively protecting 

them from the aqueous solution [44]. The laser Raman maximum of 950 cm-1 (much 
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lower than that of other calcium phosphate phases) observed in the current work is 

consistent with the initial formation of ACP. 

In the presence of humic material, the x-ray data showed the persistence of an 

amorphous phase until about 900 seconds, which is in agreement with the shape of the 

titration curve. In addition to this delay in the transformation process of the precursor 

phase, both humic and non-humic experiments produced poorly crystalline apatite 

material, possibly hydroxyapatite in the case of no humic material, since the FTIR 

spectrum showed evidence of an OH stretching vibration in the high wavenumber 

region. A Ca!P ratio less than the stoichiometric value of 1.67 for HAp would indicate 

the formation of a calcium-deficient apatite. There appears to be some evidence, both 

spectroscopic and crystallographic, for the formation of an OCP intermediate at this pH 

in the presence of humic material, however the evidence for the formation of an 

intermediate in the absence of humic material is less clear. The only evidence for the 

latter process was an apparent shift in the position of the 002 reflection in the XRD 

pattern. FTIR data suggests that some minor incorporation of carbonate ions has 

occurred in the transformation product in both cases, a reflection of the ease with which 

this ion substitutes into the crystal lattice. 

The ACP formed at pH 7.4 in the current work has been sho\\rn to persist for 

approximately three times longer with addition of humic materials. Since in both cases 

the precursor phase ultimately transformed to apatite, the humic substances may 

stabilise the normally unstable ACP, inhibiting its dissolution and reprecipitation as 

other calcium phosphate phases. For example, it has previously been suggested that 

inhibition of the transformation of ACP to HAp may be either because the lability of the 

ACP precursor has been reduced or that HAp crystal growth has been inhibited [72]. 

At pH 5.7 it can be seen that the initial delay period was much shorter than that at pH 

7.4 (compare Figures 2.4 and 2.3, respectively). Thus, although the period of rapid base 

uptake corresponding to the transformation of phases was greatly delayed at pH 5. 7 in 

the presence of humic substances compared to their absence, this delay period was still 

considerably shorter than that seen at the higher pH. 
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Interestingly, at pH 5. 7 different initial phases were formed. When no humic material 

was present there was clear spectroscopic and crystallographic evidence for the presence 

of DCPD. Some OCP seemed to have formed even at low reaction times, with the final 

precipitate appearing to be largely OCP. Note that the laser Raman spectrum clearly 

showed the presence of DCPD and another phase at the beginning of the reaction. Only 

DCPD gives an absorbance band at such high wavenumbers (~985 cm-1
). The other 

band at 957 cm-1 is probably indicative of OCP. The final Ca/P ratio of 1.32 is 

consistent with OCP being the dominant phase at the end of the reaction. It cannot be 

ruled out however, that HAp or an apatitic phase may be developing as a further 

inflection on the pH -stat curve inferred (data not shown). This is consistent with other 

data [73] which indicate that at this pH precipitation of HAp and OCP dissolution occur 

concomitantly. The XRD pattern at 3 hours shows that the relative intensities of the 

reflections between 30 and 35° 29 more closely resemble those of HAp than those of 

OCP, even though the 002 line matches that of OCP. 

In contrast, at pH 5.7 in the presence of humic material, ACP or an ACP-like phase was 

formed initially. It has been reported that ACP may form at unexpectedly low pl-I 

values (about 6) when cations of aluminium, magnesium or tin are present [12]. 

Incorporating any of these cations into ACP stabilises its structure, making it less easily 

hydrolysed to apatite. Considering the relatively high ash content of the extracted humic 

material, this could well be a factor in the work presented here. Although both reactions 

at this pH appeared to produce a final phase of OCP, the introduction of humic material 

into the reaction mixture resulted in a less crystalline material, either by disrupting the 

long-range order or by reducing the crystal size. Note that the presence of organics is 

also likely to contribute to the broadening of peaks in XRD patterns. 

The formation of DCPD at this pH, temperature and level of supersaturation is not 

unexpected. It has been reported that DCPD will form at 25°C at pH values between 4 

and 6 for various levels of saturation [12]. Bennani and Mikou [74] reported that at pH 

5, soluble monocalcium phosphate monohydrate (MCP, Ca(H2P04)rH20) will 

transform to DCPD. These authors have also studied the interaction of soil humic 

material with the developing calcium phosphate phases at this pH and found that the 

transformation of MCP to DCPD is inhibited by humic material. They postulated that 
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the inhibition is due either to the adsorption of humic material onto the active growth 

sites of the developing DCPD crystal or to a reduction in calcium ion activity, which 

moves the system out of the stable supersaturation zone of the solubility diagram and 

into a metastable domain. Both effects may come into play. These authors however, 

have not noted the initial formation of an ACP-like phase in the presence of humic 

material as has been found in the current work. 

Petrovic and Kastelan-Macan [75] have suggested two alternative humic-phosphate 

interaction mechanisms and both involve complex formation. The first involves the 

formation of a complex between metal humates and phosphate ions, bound by bridging 

metal ions. The second involves ligand exchange of humate for phosphate, ultimately 

forming an insoluble metal phosphate. Other interactions that can take place between 

humic material and minerals include hydrophobic effects, electrostatic interactions and 

hydrogen bonding between the non-ionised hydroxyl groups of the humic molecule and 

the oxygen shared with the metal in the mineral structure [76]. 

The results reported here generally support the hypothesis of inhibition drawn by Grossi 

and Inskeep [ 45] from their seeded growth studies of DCPD at the same pH and 

temperature. While seed crystals enable determination of growth rate of the developing 

phase by n1easuring the crystal surface area, the current work gives insights into the 

spontaneous precipitation and subsequent phase transformations occurring at different 

times in this system and the effects that a mixed humic/fulvic material can have on the 

precipitation chemistry. Rather than examining the effects of individual organic acid 

fractions, the interest of this study was to determine the bulk effects of the combined 

fractions on calcium phosphate precipitation, which is more representative of the 

conditions that calcium and phosphate ions from fertilizer may encounter in soil. In 

their studies, Grossi and Inskeep have suggested that the effect of lowering the free 

calcium ion concentration in solution by direct complexation with organic acids such as 

humic acids is small compared to the effect of adsorption onto DCPD growth sites. 

These authors have further suggested that surface geometry of the adsorbed molecule is 

important in retarding crystal growth, concluding that humic acids may well lie 

perpendicular to the crystal surface since the molecule is large with relatively few 

carboxylate groups available to bind to calcium on the DCPD surface. 

2-34 



Chapter 2 Soil Humic and Fulvic Materials Affecting Calcium Phosphate Crystallisation Processes 

An additional consideration is that both soluble and insoluble calcium-humate 

complexes can form, hence calcium can be essentially "tied up" and unavailable for 

calcium phosphate precipitation [75]. At lower pH values the calcium humates are 

more insoluble and hence may be less available to form calcium phosphates, thus 

reducing the product yield as inferred by the lower overall base consumption in the 

presence of humic material, particularly at pH 5. 7. 

Among the many metastable phosphates that exist 1n soils, DCPD and OCP are 

reasonably stable and may persist for long periods of time [ 41]. Various factors such as 

pH, temperature and organic matter will affect the fate of phosphate fertilizer in soils. 

The observation that humic acids promote the formation of more soluble phases, such as 

ACP at various pH values, may elucidate the fate of soluble phosphorus in these 

systems. 

2.5 CONCLUSIONS 

Under conditions of high supersaturation at 25°C humic material both delayed the onset 

of and decreased the transformation rates of precursor calcium phosphate phase to 

thermodynamically more stable phases. At pH 7.4, ACP fonned initially, and in the 

presence of humic material there was clear evidence showing that humic material 

directed the crystallisation process to form an OCP intermediate and thence on to form 

an apatitic phase. At pH 5. 7, humic material affected the nature of the initial phase 

formed (precipitating an ACP or ACP-like phase rather than DCPD) and reduced the 

quantity of material ultimately formed. In all cases the materials produced were poorly 

crystalline, especially those containing humic material. 

Of the various humic-phosphate interactions discussed, it appears likely that the humic 

material caused multiple effects. The carboxylate groups on the macromolecular 

humate structure provide ideal ligands to bind with calcium ions from solution. It is 

likely that the humic materials formed calcium humate complexes, which tended to 

precipitate out to some extent at the lower pH of 5. 7, thus explaining the lower base 

consumption and product yield. It is also highly likely that the humate ligand, 

containing up to 13.8% carboxylate groups, was in competition with the phosphate 
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ligand for binding to calcium ions. Ligand exchange between humate and phosphate 

may have occurred when conditions favoured the precipitation of calcium phosphate. 

When competition was strong, there may also have been binding between the oxygen 

atoms from both ligands with the calcium ion acting as a bridge. The predominant 

mode of binding cannot be deduced from these experiments. However, it is clear that 

humic material retarded the natural crystallisation process by either chemically bonding 

to or adsorbing onto (thus sterically blocking) the crystal growth sites. In addition, the 

decrease in the calcium ion activity caused by complexation with humic acids may have 

changed the saturation conditions to favour the formation of metastable calcium 

phosphate phases. Therefore humic materials may affect the fate of phosphate fertilizer 

in acidic and neutral soil conditions by influencing the precipitation of calcium 

phosphate phases. 
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Chapter 3 OXYGEN ISOTOPES OF PHOSPHATE: AN IMPORTANT 
TOOL IN GEOCHEMISTRY 

In this chapter, the focus of the thesis remains on phosphate, and its behaviour in 

geological systems, however, the ways in which it can be traced and identified in these 

systems is explored. The identification of sources and sinks of phosphate is important, 

thus the methodology implemented to gain such knowledge was sought. Literature that 

is relevant to the work presented in Chapters 4 to 6 are presented here, including 

previous work from which inspiration was drawn. 

3.1 TRACING PHOSPHATES IN THE ENVIRONMENT USING ISOTOPES 

Tracing rare isotopes of an element provides a key to understanding the processes that 

occur in natural systems as well as being an effective way to follow chemical reactions. 

Phosphorus is naturally mono isotopic (i.e. 100% abundance of the stable isotope 31 P) 

and therefore tracer studies require radioactive isotopes, such as 32P or 33P. There have 

been numerous tracer studie where phosphorus radioisotopes have been applied to soil 

or plants [77-83]. Techniques employing phosphorus radioisotopes to study cycling in 

agricultural and forest soils have been reviewed by Di et a!. [84]. The disadvantage of 

using radioactive isotopes is that long-term studies are not possible as the half-lives of 

the isotopes are 14.3 and 25.3 days, respectively [85] and the distribution of large 

amounts of these isotopes in the environment is problematic. An indirect method of 

tracing P cycling/movement/reactions is by tracing the oxygen isotopes bound to P in 

orthophosphate (P04
3
-). Oxygen has three stable isotopes and their natural abundances 

are 99.763% (160), 0.0375% ct 70) and 0.1995o/o ct 80) [86]. These values vary from 

compound to compound because of the isotope effects discussed in Section 3 .1.1 . 
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Studies into oxygen isotope ratios in phosphate have mainly focused on the following: 

1. Paleotemperature studies of teeth/bones, clays and soil minerals; 

2. Phosphate cycling in soils, plants and lakes; and 

3. Enzyme-induced exchange reactions involving organophosphorus compounds. 

These processes will be described in more depth later, however, it is first important to 

introduce the terminology and concepts encountered in this work. 

3.1.1 ISOTOPE EFFECTS 

Differences in physico-chen1ical behaviour occur between isotopes because the addition 

of a neutron can considerably change the rate of a chemical reaction primarily because it 

affects vibrational bond energy and hence zero-point energy. Mass differences 

consequently affect the shift of the lines in Raman and Fourier transform infrared 

(FTIR) spectra [86] and can cause a small shift in nuclear magnetic resonance (NMR) 

spectra due to the exertion of a different shielding effect on a bonded atom [87]. The 

differences in these physico-chemical properties, known as isotope effects, are more 

pronounced in the lighter elements and arise as a direct result of quantum mechanical 

effects, as discussed in more detail by Hoefs [86]. In general, chemical reactions 

involving molecules containing the lighter isotope react slightly more readily than 

molecules with the heavier isotope due to the weaker chemical bonds in the former. 

3.1.2 ISOTOPE FRACTIONATION AND OXYGEN ISOTOPIC SIGNATURES 

The partial separation of isotopes during physico-chemical processes is referred to as 

isotope fractionation. This can occur via kinetic processes when reaction rates vary 

between molecules with different isotopic composition (isotopomers) or isotope 

exchange reactions [86] . Isotope exchange reactions can be categorised into three types: 

1) absence of an overall chemical reaction, ie. chemically equilibrated systems; 2) 

irreversible chemical reactions ie. proceeding to completion; and 3) reversible chemical 

reactions. In the latter two, neither chemical nor isotopic equilibrium exists at the onset 

ofreaction [88]. 
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Variables that influence isotope fractionation include temperature, partial pressure, ionic 

strength, species concentration, pH and time. The presence of a mineral (or metal) 

catalytic surface can also affect isotopic compositions of solutions or gaseous species 

[88]. 

Isotope ratios are useful measurements for comparison between compounds. The 

isotope ratio 180/160 is the most commonly reported for oxygen due to the higher 

abundance of each isotope and greater mass difference between them [86]. Oxygen 

sources such as water, carbon dioxide and molecular oxygen have 180/160 ratios (or 

isotopic signatures) that vary considerably, therefore the signature of a compound can 

assist in the identification of the origin of its oxygen and possibly, the processes in 

which it was involved. Isotope ratios are not only reserved as useful measurements in 

environmental samples for the geochemist, they are used in the fields of biochemistry, 

anthropology, ecology, food chemistry and medical research [89]. 

A study of 180 isotope content in different minerals in nature has shown that the affinity 

towards concentrating 180 is associated with a crystal-chemical relationship [86] . The 

equilibrium isotope effect has a bond strength factor and a mass factor. 180-rich 

minerals were found to have the most strongly bonded oxygen and/or their oxygen was 

bound to cations with a high charge to size ratio. 

Isotope ratios are often reported in 8-notation, as %o (per mil): 

(
R - R J 8 = sample standard X l OOO 

R standard 

Equation 3.1 

where R sample is the isotope ratio, 180/160 of the sample, and Rstandard is the isotope ratio 

of a standard to which the measurement is referred. 
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FRACTIONATION FACTOR 

When a system is in isotopic equilibrium, the fractionation factor (a) is a descriptive 

notation sometimes used to describe the fractionation between compounds or phases 

[15]. The fractionation factor equation, where 180 fractionates between arbitrary 

compounds/phases A and B, is shown below in Equation 3 .2. 

Equation 3.2 

where 8180A and 8180 8 are the isotopic signatures of compound or phase A and B. 

STANDARDS 

Standards (or better termed, reference materials) for oxygen isotope measurements have 

been introduced for two general types of studies. For those requiring a water standard, a 

hypothetical standard was introduced as the Standard Mean Ocean Water (SMOW) with 

an 180/160 value of 1.993 x 10-3 [13]. In 1995 the International Atomic Energy Agency 

(IAEA) in Vienna, Austria artificially prepared, distributed and redefined the SMOW 

scale such that data are now repotied relative to Vienna SMOW (V -SMOW) [90] with a 

value of 2.005 x 10-3 [15]. Another water standard distributed by the IAEA is Vienna 

Standard Light Antarctic Precipitation (V -SLAP). It was introduced to allow 

measurement of a broader range of samples, since a wide range of 8180 values exists in 

the water cycle. The V-SMOW and V-SLAP standards differ in 8180 value by 55.5%o, a 

reflection of the large variability in 8180 values encountered in natural geological 

systems [91]. 

For paleotemperature determinations (see Section 3.1.3), a carbonate standard 

(Cretaceous belemnite) derived from the Pee Dee formation of South Carolina in the 

United States was defined (Pee Dee belemnite, PDB). When its supply was exhausted 

new standards were distributed by the National Bureau of Standards -NBS (now known 

as the National Institute of Standards and Technology -NIST). A commonly used 

phosphate standard which was distributed by the NBS was a sedimentary phosphate 

called NBS 120c. Further information on standards is available elsewhere [15, 86, 91]. 
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Researchers have expressed concerns recently for the need to develop standards that 

cover a wider range of 8 180 values [91, 92]. The following concerns with the current 

standards exist: 

1. Absolute 8180 values of the standards are not adequately known. 

2. The isotopic compositions of water standards are not stable with time. 

3. Mineral standards are not homogenous and can contain sources of oxygen other than 

that being measured ( eg. phosphate standards can contain hydroxyl and carbonate 

ions, and organic and silicate matter). The mineral standards need to be extracted 

for measurement and depending on the extraction procedure, the oxygen impurities 

may interfere. 

Another pressing issue is the comparison of 8180 values between different chemical 

species or phases ( eg. water 8180 values being compared to those of phosphate or 

carbonate) [91]. In order to express samples with conventional notation using 

differential measurements (as shown in Equation 3.1) there is a requirement to convert 

the oxygen in the sample to a simple gas for mass spectrometric analysis (see Section 

3.3). Variations in the conversion methods introduce uncertainty in measurements and 

possible systematic inter-laboratory variation. An absolute ratio measurement scheme 

was thus proposed where oxygen isotope ratios of different samples are calibrated using 

an accredited primary standard of oxygen in air. 

There are other cases where commercial standards are not available for comparison, 

including studies of samples containing highly enriched proportions of 180, much higher 

than those cotnpared on the per mil scale. In these cases, samples are analysed by 

alternate methods such as NMR (see Section 3.3). Data can also be expressed 

differently, for example, frequency distributions (see Section 3.2) and %180 enrichments 

(see Chapter 4). 

3-5 



Chapter 3 Oxvqen Isotopes of Phosphate: An Important Tool in Geochemistrv 

3.1.3 OXYGEN ISOTOPE EXCHANGE REACTIONS B ETWEEN P HOSPHATE AND W ATER 

Numerous studies have utilised 180 as a tracer to quantify rates of oxygen exchange 

between oxo-anions (XOn)z- and H20 (where X represents C, S, Se, Nand P) [88]. The 

quantitative information that can be obtained from such studies include: 

1. the number of positions occupied by water, hydroxide and oxide ions around the 

central X atom, 

2. kinetic properties of oxo-anions in aqueous solutions, and 

3. the mechanisms by which these exchanges occur. 

This thesis focuses on the oxygen exchange of the orthophosphate oxo-anion, Pol-. 
There are generally two pathways in which the oxygen of phosphate may have an 

opportunity to exchange with the oxygen of water: 

• Firstly, a very rapid biochemical process following the uptake of orthophosphate 

(P04) by living organisms. Oxygen in P04 is rapidly exchanged (requiring only 

minutes) and presumably equilibrated with internal fluids by multiple enzyme-

catalysed metabolic reactions [93] . There is little understanding of the processes and 

reactions controlling isotopic ratios of biogenic phosphate or isotopic exchange 

between phosphate and natural fluids during the biogeochemical cycling of 

phosphorus. This is largely because the reactions are almost completely under 

biological control [94] . 

• The second type of oxygen exchange reaction is a very slow inorganic reaction 

occurring between dissolved phosphate and water in the absence of microorganisms. 

Quantification of the rate of this reaction has proven difficult and some 

inconsistencies have appeared in the literature. The complexity resides in that at 

ambient temperatures the reaction is so slow that its rate cannot be measured. Many 

researchers who have attempted this task have found that virtually no exchange 

occurs over 6 months at pH values ranging from 4-9 [95] . By contrast, however, 

Blumenthal and Herbert [96] claimed to have observed exchange at room 

temperature in less than 3 hours. Subsequently, the need to take extreme 

precautions to exclude microorganisms from such experiments became apparent. 
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In order to obtain a quantitative estimate of the rate of exchange in this second type of 

process, researchers have accelerated the reaction using elevated temperatures and 

extrapolated the results. Varied results have been obtained under different conditions. 

These range from half-equilibrium being attained at 139°C in 6 months [95] to 11 hours 

at 135°C at pH 5 [97]. In experiments at pH 5 from 50°C to 135°C, extrapolation 

indicated that equilibration at 20°C would occur between 103 and 104 years [88, 97]. 

Cole and Chakraborty [88] have suggested that the rate of exchange varies with pH, 

which may explain some of the differences in reported values. 

It is the combination of these phenomena that form the basis of paleoenvironmental and 

paleotemperature studies. The biological formation of apatites (calcium phosphates in 

teeth and bones, for example) involves adenosine triphosphate (A TP) and its hydrolytic 

products. During the formation of biological apatites there is a rapid exchange of 

oxygen between environmental water and phosphate, and it is believed that after the 

death of the organism, the isotope ratio record is preserved. To the extent that this 

assumption is correct, biogenic apatites are ideal geochemical recorders [93] because 

their oxygen isotopic ratios can reveal past climate and its rate of change over relatively 

long periods of time [98]. More recently, authors have shown that enamel is more 

suitable than bone for paleoenvironmental studies since enamel crystallites are more 

resistant to isotopic alteration during early diagenesis [99]. 

The uniformity in isotopic composition of phosphorites (apatitic sedimentary rocks with 

high P20 5 content) collected from the same geographical region strongly suggests that 

precipitated orthophosphate compounds resist oxygen exchange during diagenetic 

dissolution-reprecipitation processes [86]. The lack of oxygen exchange during the 

several dissolution and reprecipitation steps involved in the chemical analysis procedure 

of solid phosphate samples (see Section 3.3) is further evidence of this behaviour [100]. 

3.1.4 MECHANISM OF OXYGEN EXCHANGE 

The mechanism by which oxygen in the orthophosphate moiety (P04) exchanges with 

that of solvent water is uncertain. The phosphorus-oxygen bond length is shorter (and 

therefore stronger) in P-0- than P-OH and it has been found that over a pH range 1-9, 

the maximum rate of oxygen exchange occurs at approximately pH 5, where the major 
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species is H2P04- [5, 101]. It is therefore well established that bonded protons can 

increase the rate of exchange. From this observation, the following mechanism of 

dissociation was proposed [ 1 01]: 

dihydrogen 
orthophosphate anion 

I 
p 

~"' 0 0 

+ 

metaphosphate anion 

H 
/ 

0 

"' H 

Figure 3.1 Proposed mechanism of oxygen exchange between orthophosphate and water (taken from 

[101]) 

At higher temperatures, pyrophosphate is known to exist in acidic rather than alkaline 

solutions. To explain the faster rates of oxygen exchange in acidic solutions at 

temperatures up to 180 °C, O'Neil et a!. [102] proposed the following two pathways 

involving pyrophosphate: 

Equation 3.3 

Equation 3.4 

It is also well established that the four oxygen atoms bonded to the phosphorus atom in 

the orthophosphate anion are essentially equivalent. The ion contains a double system 

of 1t bonds, equally distributed and stabilised by resonance, as shown in the trivalent 

anion in Figure 3.2 [5]. Once the oxygen atoms are replaced with the heavier isotope, 

the nature of the bonding is essentially different due to the isotopic effects mentioned 

earlier. 
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Figure 3.2 Structure of trivalent orthophosphate anion showing resonance 

3.2 STUDIES OF OXYGEN ISOTOPE RATIOS OF PHOSPHATE 

The work carried out in this thesis was inspired by studies in which oxygen isotope 

ratios were utilised to gain insights into the biogeochemical cycling of phosphate in the 

environment. Of particular interest were studies tracing phosphate transport in soil, 

plant and lake systems. For example, Markel and coworkers measured the 8180 in 

phosphate and the distribution of phosphate concentrations from matter collected in 

Lake Kinneret, northern Israel [103, 104]. These authors were able to trace the sources 

and cycling of inorganic phosphate entering the lake. They found that most of the 

phosphorus in sediments was linked to calcium, either as apatite or complexed on the 

surface of calcite crystals, with a minor amount adsorbed on clays and iron hydroxides. 

The determination of the transport of phosphate in lakes through the aid of isotope 

measurements has equal application to assessing the mobility of phosphate from 

fertilizer in soils and hence, the interest in these methods. 

Commencing around 1988 and continuing into the 1990's, a group of Danish 

researchers carried out soil pot experiments involving the application of dual labelled 

phosphate (with 180 and 32P) to quantify the oxygen exchange reactions that are 

mediated by soil biochemical processes [95, 105-1 08]. They concluded that the loss of 
180 might be used as a measure of the biological activity in soil. In order to quantify the 

bioactivity it was essential to correct for simple isotopic dilution, that is, quantify the 

amount of "native" soil phosphate that mixed with the applied, labelled phosphate. 

They also concluded from their observations that 180 enriched phosphate could not be 

used to practically trace phosphate in soil and plant systems because over long term 

experiments, the 180 label was greatly diluted with 160 through exchange reactions and 

therefore difficult to quantify. This highlighted the need for an improved, sensitive 
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method of analysing oxygen isotopes of phosphate such that field tracer studies could be 

effected. Such a method has been developed and validated in this thesis (see Chapters 4 

to 6). 

Monitoring phosphate cycling by oxygen isotopes in the environment has been 

significantly less reported than paleotemperature studies presumably due to the dilution 

problems cited above. As mentioned in Section 3.1.3, the latter reveals an estimation of 

past climate using the oxygen isotope analysis of apatites in the teeth and bones of 

mammals [98, 109-112], fish [93] as well as in phosphorites [100]. These types of 

isotopic studies can also be extended to clays. Clays typically form in isotopic 

equilibrium with the environment, hence they have isotopic compositions that reflect the 

temperature of formation and the isotopic composition of the ambient water at the time 

of formation [90]. Further discussion of the basic principles and theoretical 

considerations behind the application of stable isotopic methods to soil clay minerals 

and soil waters is contained in a review by Savin and Hsieh [90]. 

Much isotope work has also concentrated on biochemical aspects of oxygen exchange 

on phosphate. Significant exchange of oxygen isotopes between phosphate and water 

accompanies the hydrolytic cleavage of organically bound phosphate [94]. Many 

studies have investigated numerous aspects of oxygen exchange within this area. These 

include rates of exchange, temperature dependence, the nature of exchange (random 

versus non-random oxygen replacement), statistical model predictions and whether 

metaphosphate anion is an intermediate [ 113-125]. 

The biochemistry of phosphate is important in plant systems. A TP serves as an energy 

intermediate in phosphorylation reactions during photosynthesis. Most of the studies in 

these areas (as well as the work performed in this thesis) apply highly 180 enriched 

compounds, and therefore rarely report values in 8-notation as the scale is very different 

to the natural abundance levels for which 8-notation is more commonly used. 

Isotopically enriched compounds can be analysed directly by 31 P NMR (see Section 3.3) 

or derivatised into volatile phosphorus compounds and analysed by GC-MS. These 

techniques can reveal the five possible 180 labelled orthophosphate species, that is, the 

isotopomers or isotopomeric anions as shown in Figure 3.3. A frequency distribution 
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can be calculated, which has advantages over composite 180/160 ratios, as discussed in 

subsequent chapters. 

[ p 16 0 18 0 3 ] 3-

Figure 3.3 Isotopomers (or isotopomeric anions) of orthophosphate 

3.3 MEASURING OXYGEN ISOTOPE RATIOS 

As stated earlier, there is a need for improved analytical methods for the measurement 

of oxygen isotopic ratios in phosphates derived from various sources and ranging in rare 

isotope content from highly enriched to natural abundance levels. Recently, several 

reviews have appeared in the literature comparing analytical techniques [92, 126]. 

However, these techniques have been advancing as quickly as the fields of application 

of stable oxygen isotope analysis. Therefore, this section reviews some of the analytical 

procedures that have been employed to analyse stable oxygen isotopes and their 

continued developments. 

Oxygen isotopes of phosphates have been measured by a large variety of different 

techniques. Early methods involved lengthy sample preparations with relatively large 

sample amounts required. Most methods chemically purify the phosphate prior to 

analysis by dissolution of the sample and reprecipitation as either MgNH4P04.6H20 

[108], BiP04 [127] or Ag3P04 [92, 128, 129]. Silver phosphate is the preferred 

compound as it is the easiest to prepare, it precipitates from solution in simple 

stoichiometry and it is not hygroscopic. The oxygen of the purified phosphate 

compound is then liberated through either fluorination [127], high temperature heating 

with graphite [89, 128], or reaction with bromine [130]. Following the fluorination 

procedure, the released oxygen may be analysed directly, however, with the other 

procedures mentioned above, the oxygen is reacted with carbon to form carbon dioxide 
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[128] or carbon monoxide [108]. The 180, 170 and 160 in the gases are then determined 

by emission spectroscopy [108] or more commonly, by mass spectrometry. 

Alternative methods of analysis are being explored. Holmden and coworkers have 

presented a direct loading negative thermal ion mass spectrometric (NTIMS) technique, 

which does not require the conversion of phosphate to carbon dioxide [ 131]. However, 

it still requires relatively laborious pre-purification steps and tedious sample mounting 

procedures. This technique gives good sensitivity but is not amenable to rapid 

automated analyses of large numbers of samples. Komexl and coworkers have 

presented an on-line method that converts inorganic and organic samples to carbon 

monoxide using pyrolysis decomposition in the presence of nickelized graphite [89]. 

The CO product is then directly analysed by continuous flow mass spectrometry. This 

technique has the advantage of being rapid and requiring only small amounts of sample. 

Laser techniques have also recently been utilised in this area. The benefits in using laser 

technology have been the reduction in sample size required and minimisation of sample 

preparation to isolate phosphate. Laser fluorination [126, 132] and ablation [133] have 

been effectively used to analyse tooth enamel, however the limitation remains that 

interfering oxygen sources, such as hydroxyl and carbonate groups found in apatite, pose 

some difficulties in interpretation of results, requiring conection factors. 

31 P NMR can be a useful method of analysis of phosphate with different isotopic 

distributions since different isotopically substituted phosphorus nuclei resonate at 

different chemical shifts [ 122, 124]. In addition, 17 0 NMR has been employed in the 

study of biochemical reactions [87, 134]. However, although a direct analysis is 

obtained, NMR is notoriously insensitive and unsuitable at the parts per million (ppm) 

level and lower. 

As it stands, these methods are far from ideal. Efforts continue to be made to further 

improve the techniques such that they are more reliable, precise, relatively inexpensive 

to operate and versatile, requiring minimal sample quantities and purification. One of 

the aims of this thesis was to develop a new analytical method that would allow the 

possibility of tracing oxygen isotopic exchange in soil systems. The analytical 

procedure would ideally allow the analysis of both highly enriched and natural 
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abundance levels of oxygen isotopes, as well as reveal the abundances of the 

isotopomers of orthophosphate (shown 1n Figure 3.3). In principle, electrospray 

ionisation mass spectrometry (ESI-MS) could be used to analyse phosphate directly and 

rapidly and will be discussed in the following chapter. 
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Chapter 4 DEVELOPMENT OF AN ELECTROSPRAY IONISATION 
MASS SPECTROMETRIC METHOD TO ANALYSE 180 

LABELLED ORTHOPHOSPHATE 

4.1 INTRODUCTION 

The preliminary stage in developing methodology for the purpose of tracing phosphate in 

the environment via the measurement of stable oxygen isotopes was to assess the response 

of electrospray ionisation mass spectrometry (ESI-MS) with a soluble phosphate 

compound. Potassium orthophosphate, highly enriched with 180 was selected as a 

suitable compound and the results of its analysis by ESI-MS are presented. 

This chapter briefly introduces the technique ofESI-MS and reviews previous work on the 

analysis of orthophosphate by mass spectrometry. It outlines the experimental procedures 

used to develop a novel ESI-MS method to analyse oxygen isotope distributions in 

orthophosphate with the use of stable 180 labelling. It discusses in depth, the behaviour of 

orthophosphate in the mass spectrometer and the implications of this behaviour on 

accurately measuring the %180 enrichment in orthophosphate. Precision and limits of 

detection and quantitation are presented. A demonstration of accuracy is also presented 

by comparison with results from analyses of higher orthophosphate concentrations 

analysed by the technique of 31 P NMR. 

4.1.1 ELECTROSPRA Y IONISATION MASS SPECTROMETRY (ESI-MS) 

Electrospray ionisation (ESI) allows ions to be transferred from solution to the gas phase. 

Subsequently, the gaseous ions are analysed by mass spectrometry (MS). Dole et a/. 

developed electrospray in the late 1960s, however it was Yamashita and Fenn [135, 136] 

concurrently with Aleksandrov eta/. [137, 138] who in 1984 combined the technique with 

mass spectrometric detection. Since this pioneering work, ESI-MS has been applied to 

the analysis of large inorganic and organic ions, especially biomolecules. The impact on 

the scientific community has been so great that the "development of soft desorption 

ionisation methods for mass spectrometric analyses of biological macromolecules" earned 

John B. Fenn and Koichi Tanaka the Nobel Prize in Chemistry in 2002 [139]. 
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The strengths of the ESI-MS technique are that it allows effective analysis of 

macromolecules, highly polar ions and involatile or fragile compounds through its soft 

ion transfer mechanism. As shown in Figure 4.1, ion transfer involves the following 

major steps [138, 140] : 

1. Solution containing analyte is passed through a capillary held at high potential and 

atmospheric pressure generating a mist of charged droplets, 

2. In transit toward the analyser of the mass spectrometer the mist of charged droplets 

passes through a potential and pressure gradient. Solvent evaporation occurs 

causing shrinkage of charged droplets and repeated droplet disintegration (Coulomb 

explosions) caused by the high charge density, 

3. Ultimately, desolvation results in gas phase ion production fron1 the small highly 

charged droplets. 

IonSpray Inlet 

Nebuliser Gas 

Charged 

Droplet'\ t -
0--+ -

Ion Source 
(atmosphere) 

r~ -

Vacuum Interface 

Ions 

ToQ0 
-----IIJI-• (8 X 10-3 

Torr) 

Figure 4.1 The electrospray ionisation process (adapted from [1 41]) 
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4.1.2 DETERMINATION OF ORTHOPHOSPHATE AND M ETAPHOSPHATE ANIONS 

Many of the applications of ESI-MS have been concerned with organic and biological 

macromolecules and comparatively fewer with small inorganic ions. Orthophosphate 

(H2P04 -) and meta phosphate (P03 -) have been studied because of their biological 

significance and in particular, the intermediary role of P03- in phosphorylation and 

hydration of phosphate esters [142]. In Chapter 3 it was shown that metaphosphate is 

also a possible intermediate in the oxygen exchange process between orthophosphate 

and water (Figure 3.1 ). There is controversy as to the existence of P03- in pro tic 

solutions but its existence in the gas phase is generally uncontested [143]. In 1989, 

Keesee and Castleman [142] reported thermochemical data for the successive clustering 

of water molecules onto P03- using high-pressure mass spectrometry. They proposed 

that the third hydration involves isomerisation (i.e. a chemical transformation) of the 

ion-water cluster, P03-.2H20, into the dihydrate of the dihydrogen orthophosphate 

anion, H2P04 -.2H20 . The reactions are shown below: 

P03- + H20 6:=r P03 -.H20 Equation 4.1 

P03- .H20 + H20 6:=r P03- .2H20 Equation 4.2 

P03-.2H20 + H20 ~ I-hP04- .2H20 Equation 4.3 

In 1996, further investigation into the above equilibria was undertaken by Blades et al. 

[ 144] who proposed that if equilibrium was established, then performing gas phase 

dehydration of orthophosphate (H2P04-) should lead to the formation of metaphosphate 

by the reverse of Equation 4.3 . These authors also obtained thermodynamic values for 

the conversion of orthophosphate to metaphosphate. A large energy barrier was 

encountered, hence they needed collision induced decomposition (CID) experiments to 

produce metaphosphate from orthophosphate. Their results are in agreement with the 

theoretical predictions of Wu and Houk [ 145], who proposed that the equilibria do not 

involve the conversion to orthophosphate, but rather the formation of hydrates (e.g. 

These hydrates are indistinguishable from their corresponding 

orthophosphate isomer by conventional mass spectrometry because they have the same 

mass-to-charge ratio (m/z). For example, P03-.nH20 and H2P04-.(n-1)H20. The 
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implications of this work on the ESI-MS measurement of oxygen isotope distributions 

in orthophosphate is discussed later in this chapter. 

Orthophosphate has also been detected whilst quantitatively measurtng sulfate 

concentrations in biological fluids. Differentiation between HS04- and its isobaric 

interfering ion H2P04- (both occur at m/z 97) was performed successfully utilising 

neutral loss mode by ESI-MS/MS. This mode allows the monitoring of neutral 

fragments of a specified Dalton value (Da) or m/z such as H20 or ·OH [146]. These 

ions (HS04- and H2P04 -) are also typically produced in the mass spectrometer from 

collision-induced fragmentation of sulfomonoesters and phosphomonoesters, 

respectively [ 14 7]. Depending on the collision energy applied, both of the above ions 

may fragment further as shown below. 

m/z97 

mlz 97 

Po3-
mlz 79 

so3-. 
mlz 80 

P02- Equation 4.4 

mlz 63 

Equation 4.5 

In this chapter, ESI-MS is explored as a tool for analysing orthophosphate solutions. 

This work has been published [ 148] and is the first use of ESI-MS to estimate oxygen 

isotope distributions in orthophosphate. There are a number of considerations when 

predicting the mass spectra of orthophosphate solutions. Some have already been 

discussed, such as the gas phase formation of metaphosphate from orthophosphate and 

others include the following. First, phosphate can exist in equilibrium with its conjugate 

Br0nsted acid, giving rise to possible multiple species of phosphate (i.e. H3P04, H2P04 -, 

HPO/-, P043- ) and hence complications in quantitation may arise if there are changes in 

concentrations as equilibrium is established. In solution, this problem is easily 

overcome by buffering. Secondly, all stable isotopes must be considered for the various 

isotopically substituted phosphate anions (i.e. isotopomeric anions of phosphate). As 

mentioned in Chapter 3, phosphorus is monoisotopic e1P) and oxygen has three stable 
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isotopes (160, 170, 180). Hydrogen has two stable isotopes with natural abundances of 

99.9844% (1H) and 0.0156% eH) [85]. The abundances of all isotopes with the 

exceptions of 31 P, 1 H and 160 (or 180 for samples enriched in this isotope) are rather low 

for detection by the mass spectrometer used in this study and hence not expected to be 

observed by this technique. Table 4.1 lists some of the major isotopomeric anions 

predicted in the mass spectra of potassium dihydrogen orthophosphate solutions, along 

with their exact masses (m), charges (z) and m/z. 

Other complex considerations may also affect the measurements. Firstly, the relation 

between detector response and concentration might vary among the isotopomeric 

phosphate anions [140]. Secondly, different isotopically substituted species may charge 

differently. In addition, singly charged ions are normally observed as their hydrated 

species, i.e. water ligands are present and charged ions may lose one or more ligands 

resulting in different responses. Finally, and most importantly, it must be established 

that oxygen exchange does not occur to ligand species during this process, otherwise 

isotope distribution information is lost. The likelihood of this occurrence is 

investigated. 
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Table 4.1 Masses ofthe major ions predicted in the gas phase from potassium orthophosphate solutions 

Anion Mass (m) Charge (z) m/z 

[P 16o3r 78.96 -1 78.96 

[Pl6o2Isor 80.96 -1 80.96 

[Pl6otso2r 82.97 -1 82.97 

[P 18o3r 84.97 -1 84.97 

[Kt [HP160 4]2- 134.92 -1 134.92 

[H2P 160 4r 96.97 -1 96.97 

[H2P160 3180r 98.97 -1 98.97 

[H2P 160 2180 2r 100.98 -1 100.98 

[H2P160 180 3r 102.98 -1 102.98 

[H2P 180 4r 104.99 -1 104.99 

[HP1604]2-- 95 .96 -2 47.98 

[HP160 3180]2- 97.97 -2 48.98 

(HP I60 2l80 2]2- 99.97 -2 49.98 

[HPt6o ts0 3]2- 101.97 -2 50.99 

[HP I80 4]2- 103.98 -2 51.99 

[P l604]3- 94.95 -3 31.65 

[Pt60 3Is0] 3- 96.96 -3 32.32 

(PI6021802]3- 98.96 -3 32.99 

[Pt60 ls03]3- 100.97 -3 33.66 

[PI804]3- 102.97 -3 34.32 
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4.2 MATERIALS AND METHODS 

4.2.1 SYNTHESIS OF NATURAL ABUNDANCE AND 180 ENRICHED POTASSIUM 

DIHYDROGEN ORTHOPHOSPHATE 

The starting material, phosphorus oxychloride (POCb) (Ajax Chemicals), was purified 

by distillation under a dry nitrogen atmosphere. The glassware was flame-dried under a 

high vacuum and allowed to cool under a dry nitrogen atmosphere. Three fractions 

were collected. The first and third fractions, which distilled at temperatures below and 

above the boiling point of phosphorus oxychloride (103.5°C), were discarded. The 

second fraction was collected when the temperature had stabilised at 103.5°C. 31P NMR 

confirmed the purity of the POCb thus obtained. 

Both 180 enriched and natural abundance potassium dihydrogen orthophosphate 

(KH2P04) were prepared using a method based on that of Larsen et a/. with some 

modification [95, 1 06]. In the case of the labelled compound, 180 enriched water (94.5 

%, Novachem) was used in the hydrolysis step. The two reaction steps (hydrolysis 

followed by neutralisation) are: 

+ 3HC1 Equation 4.6 

+ H20 Equation 4. 7 

Whilst stirring and under positive nitrogen pressure, phosphorus oxychloride was added 

dropwise via a syringe, into a septum-sealed single-necked flask containing either 

natural abundance ultrapure water (18.2 Mncm, MilliQ), or 94.5% 180 enriched water. 

The flask was immersed in an ice bath and, once the violent reaction had subsided, the 

ice bath was removed and the flask allowed to come slowly to room temperature before 

heating to 80°C and maintaining this temperature for a period of two days to ensure 

complete reaction. During this time, a calcium chloride drying tube was placed over the 

end of the flask, both to allow HCl gas to escape and to prevent atmospheric water from 

entering the flask. After two days, the heat was withdrawn and any remaining HCl 

removed by rotary evaporation under vacuum at 90°C for 40 minutes. The phosphoric 
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acid product was diluted with ultrapure water, and titrated with 1.5 M KOH until a pH 

of 4.6 was reached (>99.4% phosphate present as H2P04 -). The KH2P04 solution was 

rotary evaporated until a slurry of crystals was visible. The product was recrystallised 

using a mixed solvent system of water and ethanol. The solid was collected by vacuum 

filtration using a 0.45 J..tm membrane (Millipore Teflon, Bradford, MA, USA) and dried 

at 11 0°C for 3 hours. 

4.2.2 ESI-MS OF 0RTHOPHOSPHATES 

A range of standard KH2P04 solutions was prepared from 1,000 ppm down to 0.1 ppm 

using both 180 enriched and natural abundance compounds. Sample volumes of 20 J..!L 

were injected into the electrospray chamber via the autosampler whilst 10 mM 

ammonium acetate buffer (pH 4.6) was continuously flowing at 0.1 mL min- 1 into the 

ion spray chamber. The buffer assisted the ionisation efficiency of the analytes. For 

each analysis, the buffer was freshly prepared in1mediately prior to analysis. On 

average, six replicate injections were made consecutively to obtain a measure of the 

repeatability of the teclmique. Ultrapure water was used as a flushing agent between 

injections. 

In a further experiment, the possibility of oxygen exchange with water in the mass 

spectrometer was investigated. Thus, 1,000 ppm of natural abundance orthophosphate 

solution was pre-mixed \Vith a small amount of 94.5% 180 enriched water and injected 

into the mass spectrometer. 

All ESI-MS experiments were performed using a Perkin-Elmer Sciex API 365 

LC/MS/MS system with an Apple Macintosh 8600/200 Power PC. Data were acquired 

and processed using LC2 Tune 1.4 and Multiview 1.4 software, respectively. For the 

variously 180 labelled orthophosphate species, the mass spectra were obtained from 30 

to 500 m/z. It became apparent from the spectra that the masses of interest occurred at 

m/z 79, 81 , 83 , 85, 97, 99, 101 , 103, 105. Samples were then analysed using single ion 

monitoring (SIM) and in negative polarity mode with a pause time of 5 ms and a dwell 

time of 250 ms. In SIM experiments, the mass spectrometer only measures the response 

from the m/z values defined by the user. The MS used in this work has the capability of 

measuring up to eight m/z values at a time. The number required for this work was nine 
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(i.e. at m/z 79, 81 , 83, 85, 97, 99, 101 , 103, 105). Hence, all samples were analysed 

twice. The temperature of the nitrogen gas for the nebuliser was set at 200°C. It must 

be noted that parameters such as the position of the ion-spray needle and the operating 

voltages of the mass spectrometer greatly affect the sensitivity of the instrument 

response. To overcome this, the instrument was optimised prior to each analysis by 

adjusting these parameters to give the maximum response at m/z 97 using an infusion of 

natural abundance potassium dihydrogen orthophosphate solution (100 ppm). The flow 

rate of the nitrogen drying gas was set between 4 and 5 L/min. As a guide, the voltages 

were generally set according to those given in Table 4.2 below. 

Table 4.2 ESI-MS operating voltages in negative ion mode 

Parameter Voltage 

NEB (nebuliser gas) 10 

CUR (curtain gas) 10 

CAD (collision gas) 0 

IS (Turbolon spray) -5000 

OR (orifice plate) -20 

RN G (focusing ring) -160 

QO (high pressure entrance quadrupole) 10 

IQ 1 (inter-quadrupole lens 1) 11 

ST (prefilters- stubbies) 15 

RO l (first resolving quadrupole) 11 

IQ2 (inter-quadrupole lens 2) 20 

R02 (collision cell quad) 30 

IQ3 (inter-quadrupole lens 3) 150 

R03 (last resolving quadrupole) 150 

DF (deflector) 400 

CEM (channel electron multiplier) 2000 
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4.2.3 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY ( 31P NMR) 

The oxygen isotopic distribution in undiluted orthophosphate was obtained using 31 P 

NMR spectroscopy on a Bruker 500 MHz instrument operating at 202.455 MHz. A 90° 

pulse angle of 5.00 ~s was used, with an acquisition time of 2.0251s and a pulse delay 

of 2.0000 s. Optimisation was performed to determine the relaxation time of the 

phosphorus nuclei in the samples and it was found that 2.0000 s was an ideal pulse 

delay time. Spectra were obtained using a total of 32 scans. The synthesised 

compounds were analysed as 10,000 ppm solutions. 85% H3P04 was used as an 

external standard. Commercial potassium dihydrogen orthophosphate (10,000 ppm 

Ajax Chemicals Analytical Grade) was used as a comparative standard. Peaks were 

assigned to their respective orthophosphate isotopomers by comparison to those 

reported in the literature [87, 124]. Standard Bruker packaged Gaussian/Lorentzian 

deconvolution techniques were used for curve fitting and integration of the NMR peaks. 

Hence the distribution of the variously 180 substituted phosphate species was 

determined. Distributions were compared with those obtained using ESI-MS by 

calculating statistical values including median, standard deviation, skewness and 

kurtosis (calculated using l\tlicrosoft Excel 97). Skewness is the measure of departure 

from symmetry of a normal distribution and kurtosis measures the relative concentration 

of values in the central and tail parts of the distribution [ 149]. 

It should be noted that one standard deviation (1 cr) was used in all calculations, which 

indicates that the true average has a 68.3 %chance of being within ±1cr of the calculated 

average. This is known as a 68.3% confidence interval [150]. 

4.3 RESULTS 

The mass spectra obtained when 1,000 ppm of natural abundance and 180 enriched 

KH2P04 solutions were injected separately into the MS are shown in Figures 4.2 and 

4.3, respectively. At pH 4.6, the predominant orthophosphate species in solution is 

H2P04 - . Only singly charged phosphate anions were observed in the mass spectra, 

belonging to H2P04- and P03 -. Labelled solutions exhibited distributions of 

orthophosphate isotopomers (at m/z 97, 99, 101, 103 and 105) and metaphosphate 

isotopomers (at m/z 79, 81, 83 and 85). For natural abundance solutions, the MS 
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detected responses as low as the mono-substituted 180 species (i.e. at m/z 99 and m/z 

79). Both spectra also displayed a large peak at m/z 59, corresponding to the acetate 

anion (CH3COO-) from the buffer solution flowing through the system, which has been 

omitted for clarity. Cluster ions containing multiply charged phosphate anions, such as 

[Kt[HP04]
2

- and hydrated orthophosphate species (e.g. H2P04 -.nH20) were not 

observed. 
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O.OE+OO +----r----'--'-T-----.----r-----,--'-'~.-----.-----,------r------, 

70 75 80 85 90 95 1 00 1 05 11 0 115 120 

m/z 

Figure 4.2 ESI-MS spectrum of natural abundance potassium dihydrogen orthophosphate solution (1,000 

ppm). The metaphosphate anion is observed at m/z 79 and m/z 97 corresponds to the orthophosphate 

anion 
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Figure 4.3 ESI-MS spectrum of 180 enriched potassium dihydrogen orthophosphate solution (1 ,000 

ppm). The metaphosphate isotopomers are observed at m/z 79-85, and orthophosphate isotopomers are 

observed at m/z 97-105, in order of increasing 180 substitution 
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4.3.1 NATURAL ABUNDANCE EXPERIMENTS 

Calibration plots indicate a method's ability to predict the concentration of an unknown 

solution containing the analyte in question. Various isotopomer responses obtained 

from SIM experiments were plotted against the concentration of natural abundance 

commercial KH2P04 below. 

Plots of ion abundances ofH2P160 4- and P160 3- versus concentration of potassium 

dihydrogen orthophosphate are shown in Figures 4.4 and 4.5, respectively. The plots are 

non-linear and were fitted to fifth order polynomials. Equations are shown on the 

graphs along with coefficients of determination (R2). In the focus of this study, 

concentrations of analytes in unknown solutions was not required, therefore the 

equations were not used but are included for demonstration of non-linear behaviour. 
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Figure 4.4 Calibration curve showing H2P 160 4- abundance versus concentration of synthesised KH2P04 

solutions obtained using mean peak areas of ESI-MS ion chromatograms. Error bars have been calculated 

as standard errors of the mean of six measurements at each concentration 
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0 
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Figure 4.5 Calibration curve showing P160 3- abundance versus concentration of synthesised KH2P04 

solutions obtained using mean peak areas ofESI-MS ion chromatograms. Error bars have been calculated 

as standard errors of the mean of six measurements at each concentration 

CALIBRATIONS: H 2P 160/80 - (M/Z 99) AND P'60/80 - (Miz 81) 

In both cases, plots of P160 2
180- and H2P160 3

180- responses against concentration 

(shown in Figures 4.6 and 4.7, respectively) are also non-linear and were fitted to fifth 

order polynomial functions . 
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Figure 4.6 Calibration curve showing P160 2
180- natural abundance versus concentration of commercial 

KH2P04 solutions obtained using mean peak areas of ESI-MS ion chromatograms. Error bars have been 

calculated as standard errors of the mean of six measurements at each concentration 
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Figure 4.7 Calibration curve showing H2P160 3
180- natural abundance versus concentration of 

commercial KH2P04 solutions obtained using mean peak areas ofESI-MS ion chromatograms. Error bars 

have been calculated as standard errors of the mean of six measurements at each concentration 
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The relationship between the orthophosphate isotopomers can reveal information about 

the exchange reaction shown in Equation 4.8 below: 

A plot of H2P 160 3180- versus H2P 1604- response is linear (Figure 4.8) and may be used 

to determine the equilibrium constant for the reaction in experiments for which 

knowledge of the extent of oxygen exchange is required. If the exchange above was 

occurring in equilibrium, then a plot of [H2P1603 180-] versus [H2P 160 4 -] should yield 

the equilibrium constant (K) from the slope (slope = [H2
180]/(K[H2

160])). The slope of 

the graph is 0.0061. The 180/160 in Standard Mean Ocean Water (SMOW) is 1.993 x 

10-3, tap water is 1.988 x 10-3 [13] and the Vienna Standard Mean Ocean Water (V-

SMOW) is 2.005 x10-3 [15]. Subsequently, K may be calculated to be 0.327, 0.325 and 

0.329 using the values for SMOW, tap water and V-SMOW, respectively. 
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Figure 4.8 Graph ofH2P160 3
180 - versus H2P

160 4- abundances using mean peak areas ofESI-MS ion 

chromatograms. Error bars have been calculated as standard errors of the mean of six measurements at 

each concentration 
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RELATIONSHIP B ETWEEN H2P160.~ - (Miz 97) AND P'60 3- (Miz 79) 

The relationship between the response at m/z 97 and m/z 79 is also linear, as shown in 

Figure 4.9. 

3.E+05 

y = 1.7698x 
R2 = 0.998 

2.E+05 

1.E+05 

O.E+OO --+-=-----------.-------,--------.-----------; 

O.E+OO 4.E+04 8.E+04 1.E+05 2.E+05 

ESI-MS Response of P160 3- (Peak Area) 

Figure 4.9 Graph ofH2P160 4- versus P160 3- using mean peak areas ofESI-MS ion chromatograms. 

Error bars have been calculated as standard errors of the mean of six measurements at each concentration 

As mentioned in Section 4.1.2, there is no way of determining, by conventional mass 

spectrometry, if the peak at m/z 97 is due to orthophosphate (H2P04 - ) or hydrated 

metaphosphate [ 142, 144] (P03 - .H20). It has been assumed in the results thus far that it 

is the orthophosphate anion, as has been assumed by other authors [ 14 7, 151]. 

4.3.2 ENRICHED EXPERIMENTS 

Calibration curves have been plotted for orthophosphate and metaphosphate isotopomer 

responses against KH2P04 concentrations of 180 enriched solutions in the same manner 

as that given for the natural abundance solutions. 
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0RTHOPHOSPHATE]SOTOPOMERS (M/Z 97, 99, 101, 103 AND 105) 

Mass-to-charge (m/z) intensities obtained for orthophosphate isotopomers (y1, y2, y3, y4 

and y 5) are plotted as a function of concentration of KH2P04 (x) and shown in Figure 

4.1 0. The curves are non-linear and Equations 4.9 to 4.13 have been fitted to the five 

curves, n = 3, 2, 4, 1 and 0, respectively, where "n" corresponds to the number of 180 

substitutions on the phosphate group. 

y 1 = 4 x 10-8 x5 -1 x 10-4 x4 + 0.096 x3 - 43.707 x2 +13301 x + 48710 (R2 = 0.9996) Equation 4.9 

Y2 = 2 X 1 o-8x5
- 6 X 1 0"5 x4 + 0.0587x3

- 27 .1 74x2 + 8687x + 39754 (R2 = 0.9997) Equation 4.10 

Y3 = 2 X 1 0"8x5
- 5 X 1 0"5x4 + 0.0486x3

- 22.283x2 + 7023.3x + 25820 (R2 = 0.9996) Equation 4.11 

y4 = 6 x 10.9x5
- 2 x 10.5x4 + 0.0153x3 -7.0512x2 + 2250x + 11098 (R2 = 0.9996) Equation 4.12 

y5 = -3 x 10"9x5 + 7 x 10·6 x4
- 0.004x3 + 0.2913x2 + 403.42x + 3881.6 (R2 = 0.984) Equation 4.13 
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Figure 4.1 0 Calibration curve showing H2P04- abundance versus concentration of 180 enriched KH2P04 

solutions showing the various species substituted with three, two, four, one and zero 180 isotope labels on 

the phosphorus atom. Error bars have been calculated as standard errors of the mean of six measurements 

at each concentration 
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METAPHOSPHATE ]SOTOPOMERS (Miz 79, 81, 83 AND 85) 

Comparable calibration curves for P03- (y10, y 11 and y 12) are shown in Figure 4.11. The 

plots are non-linear and can be fitted to Equations 4.14 to 4.16, corresponding to curves 

of n = 2, 3, and 1, respectively, which in turn, correspond to two, three and one 180 

substituted metaphosphate species. 

Equation 4.14 

y 11 = 6 x 10-9x5
- 2 x 10-5x4 + 0.0142x3

- 6.266x2 + 208l.lx + 9098.8 (R2 = 0.9998) Equation 4.15 

y 12 = 4 x I0-9x5
- 1 x 10-5x4 + 0.0099x3

- 4.1669x2 + 1260.3x + 5381.6 (R2 = 0.9999) Equation 4.16 
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Figure 4.11 Calibration curve showing P03- abundance versus concentration of 180 enriched KH2P04 

solutions showing the various species substituted with two, three and one 180 isotope label on the 

phosphorus atom. Error bars have been calculated as standard errors of the mean of six measurements at 

each concentration. Values on the y-axis have been omitted for clarity 

RELATIONSHIP BETWEEN ORTHOPHOSPHATE AND METAPHOSPHATEANIONS 

Response plots of metaphosphate isotopomers versus orthophosphate isotopomers are 

shown in Figures 4.12 to 4.14. In this case, plots of P160 2
180- and P160 3- versus 
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H2P 1603 180- (Figure 4.12); P160 1802- and P1602 180 - versus H2P 1602 1802- (Figure 4.13) 

and P 160 180 2- and P 180 3- versus H2P 160 180 3- (Figure 4.14) are linear. 
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Figure 4.12 Graph ofP 160 2
180 - and P160 3- versus H2P

160 3
180 - showing linear relationships. Error bars 

have been calculated as standard errors of the mean of six measurements at each concentration 
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Figure 4.14 Graph of P160 180 2- and P180 3- versus H2P160 180 3- showing linear relationships. Error bars 

have been calculated as standard errors of the mean of six measurements at each concentration 

4.3.3 OXYGEN EXCHANGE IN THE MASS SPECTROMETER 

When 1,000 ppm of natural abundance orthophosphate solution was pre-mixed with a 

small amount of 94.5% 180 enriched water and infused into the mass spectrometer, the 

resulting spectrum was identical to that obtained for natural abundance orthophosphate 

solutions (Figure 4.2). The implications of this result will be discussed in Section 4.4. 

4.3.4 COMPARISON \VITH NMR ANALYSIS 

Validation of the ESI-MS method can best be performed by comparison with the results 

of an independent, reliable method. NMR, although insensitive, serves as a fitting 

comparative tool. The resultant 31 P NMR spectrum of an undiluted 10,000 ppm 

solution of 180 enriched KH2P04 is shown in Figure 4.15. This solution is ten times the 

concentration of the highest concentration measured by ESI-MS. 
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Figure 4.15 31 P NMR solution spectrum of 180 enriched orthophosphate. The variously labelled H2P04-

groups are shown 

For comparison, orthophosphate isotopomer responses were normalised to 1 00 % and 

plotted as frequency distributions. This was achieved by dividing each isotopomer 

response by the sum of all isotopomer responses and expressing each as a percentage. 

The resultant distributions obtained by the two methods, ESI-MS and NMR, are shown 

in Figure 4.16. The difficulty with comparing individual abundances is that a difference 

for one species in a distribution causes compensating differences in others. It was 

therefore necessary to quantitatively compare the distributions obtained by the two 

techniques: differences in the median, standard deviation, skewness and kurtosis 

(definitions given in Section 4.2.3) between the two data sets are shown in Table 4.3. 

A useful way of expressing the isotopic distributions is by calculating the percentage 
180 enrichment in each phosphate sample. Calculations were performed in an identical 

manner to that outlined by Eargle et al. [123] (see Tables 4.4 and 4.5). When 

comparing these results, the difference between NMR and the ESI-MS technique was 

found to be 1.3 %. 
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Figure 4.16 Graph showing the close correlation between the data obtained by 31 P NMR and ESI-MS 

techniques. Data show percentage relative abundances of the various 180 labelled species. Differences 

between the percentage relative abundances obtained by the two techniques have been shown for each 

labelled species (~) 

Table 4.3 Statistical data on the distributions obtained via ESI-MS and NMR 

Mean Nledian Standard Deviation Skewness Kurtosis 

ESI-MS 20.00 21 .85 15.69 0.22 -1 .25 

NMR 20.00 21.58 14.97 0.25 -1.06 

% Difference 0.00% 0.62% 2.37% 6.50o/o 1.24% 

To further validate the ESI-MS method, the %160 enrichment of the natural abundance 

phosphate solution was also calculated in a manner similar to that shown in Tables 4.4 

and 4.5. The differences being that the products were obtained by multiplying responses 

at m/z 97 and 99 by 4 and 3, respectively, reflecting the number of 160 atoms present in 

each isotopomer. The %160 enrichment was calculated to be 99.84%. 
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Table 4.4 Calculations giving %180 enrichment in orthophosphate sample via ESI-MS analysis. 

no. of 180 atoms: 0 1 2 3 4 TOTAL 

m/z: 97 99 101 103 105 

ESI-MS Relative 0/o: 2.14o/o 7.3 1% 27.66% 41.04% 21.85o/o 100% 

Factor: x O X 1 x2 x3 x 4 

Product: 0.00% 7.31 % 55.32% 123.12% 87.40% 273.15% 

0/o 180 enrichment: 273.1 5 100 68.29°/o X 

400 

Ta ble 4.5 Calculations giving %180 enrichment in orthophosphate sample via 31P NMR analysis 

no. of 180 atoms: 0 1 2 3 4 TOTAL 

m/z: 97 99 101 103 105 

ESI-MS Relative 0/o: 2.76o/o 8.36% 27.00o/o 40.29% 21.58% 1 OOo/o 

Factor: xO X 1 x2 x3 x4 

Product: 0.00% 8.36% 54.00% 120.87% 86.32% 269.55% 

0/o 180 enrichment: 269.55 
X 100 67.39°/o 

400 
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4.3.5 DETECTION LIMITS, QUANTIT A TION LIMITS AND REPEAT ABILITY 

The detection limit of the instrument is defined as 3 times the signal-to-noise ratio and 

the quantitation limit 10 times the signal-to-noise ratio [152]. These limits were 

calculated on the least abundant isotopomer response, that is, that of 0.66% abundance 

of m/z 99 for natural abundance KH2P04. It showed that the detection and quantitation 

limits are 40 ppm and 200 ppm KH2P04, respectively. Taking the abundance of this 

isotopomer into account (i.e. signal intensity), the ESI-MS can detect down to 0.66% x 

40 ppm = 0.26 ppm and quantify down to 0.66% x 200 ppm = 1.32 ppm of each 

individual KH2P04 isotopomer. The limits of detection and quantitation of NMR were 

not investigated, although to obtain a comparative number here, similar calculations 

show that the least abundant isotopomer, H2P04- was measured at 2. 76% x 10,000 ppm 

= 276 ppm. 

A method's precision can be determined by its degree of repeatability and is usually 

measured by calculating the percent relative standard deviation (% RSD) of individual 

isotopomer responses obtained from replicate injections (usually a minimum of 6). As 

expected, the % RSD values generally increased with decreasing concentration as the 

detection limit of the instrument was approached. The % RSD values of the least 

abundant isotopomer, for 6 replicate measurements, ranged from 0.7-5.5% and reached 

13.0% at the detection limit. 

4.4 DISCUSSION 

The current work represents a major step in the development of a direct method for 

determining oxygen isotope ratios as well as quantifying all the possible 180-substituted 

orthophosphate species (isotopomers) at the parts per million level. Important aspects 

of the results are discussed in detail below. 

4.4.1 QUALITATIVE ANALYSIS 

There was a possibility of multiply charged anions in solution (Table 4.1 ), however, 

only singly charged anions appeared in the MS spectra (Figures 4.2 and 4.3). This is not 

unexpected. After the publication of the current work [148], Choi eta/. [151] reported 
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the lack of multiply charged species for orthophosphate, regardless of pH, and 

highlighted the agreement of their data with Penn's electrospray model. This model 

proposes that small, compact species have a limited area on their surface for the 

occupation of multiple charges. 

The absence of hydrated orthophosphate anions (for example H2P04 -.H20, H2P0 4-

.2H20 or H2P04-.3H20 at m/z 115, 133 or 151) indicates that the conditions 

encountered here are quite different to those of Blades et a!. [144] who produced 

orthophosphate by electrospray and, following equilibration in a reaction chamber 

containing known partial pressures of water, observed the hydrated species. However, 

they did not observe the metaphosphate anion until collision induced decomposition 

(CID) conditions prevailed, thus revealing a high activation energy barrier for this 

process to occur. It is thus concluded that the ionisation conditions in the mass 

spectrometer used here are such that the loss of water from orthophosphate Is 

energetically favoured, since the metaphosphate anion was observed at m/z 79. 

4.4.2 QUANTITATIVE ANALYSIS 

NON-LINEAR BEHAVIOUR 

All calibration plots of isotopomer response versus concentration of KH2P04 solution 

produced non-linear curves (Figures 4.4 - 4.7, 4.10, 4.11), regardless of which 

isotopomer or anionic species was analysed or its extent of 180 labelling. Similar non-

linear behaviour has been reported previously [153]. In the ionising droplets in the mass 

spectrometer there is competition for the number of charges on the solution droplets. 

For a linear response there must be a plentiful supply of charges so that all the available 

droplets charge. However, at increasing concentrations this is not so; raising the analyte 

concentration results in a greater number of droplets being evaporated without charge, 

resulting in solid being deposited on the spray plate without detection. At elevated 

concentrations there is increased competition for the number of charges on the solution 

droplets. This competition for charge can explain the observed non-linearity in the plots 

at high concentrations. However, the fact that non-linearity was evident even at low 

concentrations (e.g. up to 10 ppm), tends to suggest that there may be further factors 

affecting the manner in which the orthophosphate droplets charge with respect to 
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concentration. The implication of this behaviour is that the concentration of an 

unknown phosphate solution cannot be simply deduced by analysing individual 

isotopomers via the ESI-MS method described here, without using polynomial 

expressions. 

EXCLUSION OF EQUILIBRIUM 

Possible loss of water from orthophosphate In the mass spectrometer adds a 

complication in the validation of the technique and the possibility of oxygen exchange 

occurring in the MS may produce erroneous oxygen isotope distributions. For the 

methodology to be quantitative, it is necessary that these equilibria do not appreciably 

affect the MS measurements. 

Phosphate minerals possess 180/ 160 ratios that may differ from those of water [94] 

therefore, oxygen exchange does not occur readily in nature and equilibrium is slow. 

Under conditions other than electrospray, Kolodny and others have shown that for the 

reaction involving exchange of oxygen on orthophosphate, attainment of equilibrium at 

room temperature requires the use of enzymes [93, 95]. However, this cannot be used 

as proof that exchange does not occur under the ionisation conditions in the electro spray 

mass spectron1eter. The likelihood of such exchange occurring is considered below. 

Different Orthophosphate Isotopomers 

Oxygen exchange occurring between different orthophosphate isotopomers, such as in 

Equation 4.8 was considered. The equilibrium constant calculated from the linear 

response in Figure 4.8 yielded values (--- 0.33) that are significantly different from that 

expected for equilibrium which is close to unity. For example, for the following 

equilibrium reaction the equilibrium constants at ooc and 25°C have been reported as 

1.0104 and 1.0087, respectively [13]. 

+ + 

The results given above imply that equilibrium does not occur for this reaction under the 

conditions in the mass spectrometer. 
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Orthophosphate and Metaphosphate Anions 

Establishment of the equilibrium mentioned in Chapter 3 and shown below in Equation 

4.18 has a significant energy barrier because it involves transfer of the two protons on 

water to oxygen atoms on phosphorus and binding of the remaining oxygen to the 

phosphate. 

Equation 4.18 

If equilibrium was established, and water concentration was low, then the relationship 

between the m/z 97 vs m/z 79 response plot given in Figure 4.9 may be non-linear 

because as additional H2P160 4- is added, the equilibrium would move to oppose the 

change. By analogy, if the anion observed at m/z 97 is hydrated metaphosphate (rather 

than orthophosphate) and the equilibrium given in Equation 4.1 is considered, the same 

non-linear trend would be expected. In either case the ionising droplets in the mass 

spectrometer may not necessarily have the same concentration of water as in solution 

and the water concentration could be small. In such a case, a plot of orthophosphate 

[H2P1604-] (or P160 3-.H20) response versus metaphosphate [P 160 3-] response should be 

non-linear. However, such a plot is linear, strongly suggesting that equilibrium is not 

established between anionic species. 

Experimental confirmation that equilibrium 1s not established and hence, that no 

appreciable oxygen exchange occurs between orthophosphate and water, was obtained 

when natural abundance orthophosphate solution did not become labelled, within 

experimental error, when mixed with highly 180 enriched water and injected into the 

mass spectrometer. This emphasises the validity of the ESI-MS technique: the oxygen 

isotopic distributions of orthophosphate solutions can be measured with confidence, 

knowing that the technique does not change its signature. This result also supports the 

assumption made earlier (Section 4.3.1) that the ion measured was H2P04- as opposed 

to P03 -.H20. The latter ion would presumably occur in the mass spectrometer if 

phosphate ions were in equilibrium with surrounding water and given the lack of 

detectable oxygen exchange between orthophosphate and 180 enriched water, 

equilibrium was not apparent. 
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4.4.3 Q UANTITATION OF OXYGEN ISOTOPE DISTRIBUTIONS OF ORTHOPHOSPHATE 

The distribution of isotopomers in the 180 enriched orthophosphate solution is shown in 

Figure 4.16. This figure, along with statistical data in Table 4.3 show that the 

distribution is uni-modal, i.e. the majority of labelling that has occurred has been the 

exchange of three oxygen atoms (giving H2P 160 180 3-). This indicates the lower 

probability and hence difficulty of the exchange of all four oxygen atoms. Figure 4.10 

also reflects this trend, with the tri-substituted isotopomer yielding a higher response 

(the response of each isotopomer is directly proportional to its concentration). The 

statistics also show that the distribution is positively skewed. In addition, the kurtosis is 

negative; hence termed platykurtic, which means that most of the distribution is spread 

between the mode and the tails. More importantly, the statistical results for both data 

sets have the same features and are very close in value, with identical mean values. 

For the dehydration of 180 substituted orthophosphate there are further considerations to 

those applicable to natural abundance experiments. Two possible metaphosphate 

isotopomers can form from the one orthophosphate isotopomer, either by the loss of 

H2 160 or H2
18

0. The following equations demonstrate this: 

H2P 1604- ~ H2
16

0 + p1603- Equation 4.19 

H2Pl6o3I8o- L.- H2t8o + pl603- Equation 4.20 -, 

L.- H2
16

0 + p16
02

180 - Equation 4.21 ~ 

H2P 16021802- L.- H2
18

0 + p16
02

180 - Equation 4.22 ~ 

~ H2
16

0 + p160 t8
02

- Equation 4.23 

H2P 160 1803- L.- H2
18

0 + pl60 1s
02

- Equation 4.24 ---, 

L.- H2160 + pl8o3- Equation 4.25 ~ 

H 2P 180 4- L.- H2
18

0 + pl8o3- Equation 4.26 --, 
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Figures 4.12 to 4.14 individually display the linear relationships between a particular 

orthophosphate anion and its two possible fragment metaphosphate anions. For 

example, Figure 4.12 represents anions obtained from the equilibria in Equations 4.20 

and 4.21. Similarly, Figure 4.13 relates to the equilibria in Equations 4.22 and 4.23, and 

Figure 4.14 relates to Equations 4.24 and 4.25. In principle, quantitation requires that 

the sum of the responses of both the parent hydrated ion and the dehydrated ion be 

measured for each isotopomeric species. Since some of the dehydrated ions can arise 

from more than one parent, for example P180 3- in Equations 4.25 and 4.26, this is 

difficult. However, if all the reactions proceed to the same extent, that is, any kinetic 

isotope effects are small relative to the accuracy of measurement, one makes the 

simplifying assumption that the sum of the responses for any given species with 

different isotopic distributions should be representative of the proportions of material 

present. This is indeed found to be the case. Figure 4.16 shows the distribution of 

oxygen in 180 enriched phosphate calculated by summing the responses of the H2P04-

isotopomers alone. When these data are compared with those obtained from the NMR 

spectrum of the undiluted solution (Figure 4.15), agreement within 1.3% in %180 

enrichment is observed. 

The accuracy of the technique is further demonstrated by the calculation of the % 160 

enrichment in the natural abundance phosphate solution as 99.84%. The natural 

abundance of 160, as reported in Chapter 3, is 99.763%, equating to an error of 0.08%. 

This highlights that the accuracy improves with increased abundance, as expected. Of 

course, the assumption here is that all isotopomers have the same detection limits and 

background noise. This will be addressed in Chapter 5 where further aspects of 

validation will be investigated. 

The sensitivity of the novel ESI-MS technique described here is highlighted in its 

detection of the mono-substituted 180 species in natural abundance orthophosphate 

solutions, recalling that the natural abundance of 180 is 0.1995% (Chapter 3). 

Compared with NMR, which is a very insensitive technique unable to detect natural 

abundance levels of orthophosphate isotopomers, the ESI-MS technique detected and 

quantified down to individual isotopomer levels of 0.26 ppm and 1.32 ppm, 

respectively. A clear advantage is that far less sample (milligrams) is required for 
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analysis using ESI-MS. Apart from being accurate and sensitive, the ESI-MS method's 

precision is within 0.7-5.5o/o at concentration levels above the detection limit. 

4.5 CONCLUSIONS 

A novel method was developed for the quantitation of orthophosphate isotopomers. 

Accuracy was demonstrated in a number of ways: 

1. By comparison of results directly with those obtained by NMR. 

2. By comparing the experimentally derived %160 enrichment of natural 

abundance orthophosphate with the natural abundance of 160. 

3. By demonstrating in three ways that oxygen exchange occurring in the mass 

spectrometer was undetectable: 

a) Calculation of the equilibrium constant, showed that orthophosphate isotopomers 

are not in equilibrium with one another. 

b) A linear relationship between orthophosphate and metaphosphate anions 

suggested a lack of oxygen exchange between these two anions. 

c) Natural abundance orthophosphate solution did not become labelled when mixed 

with 180 enriched water, indicating that equilibrium is not established between 

phosphate and water. This result inferred that the ion measured at m/z 97 was 

predominantly H2P04- as opposed to P03-.H20. 

One limitation of the method was the inability to obtain linear calibration plots of 

orthophosphate isotopomer responses versus total concentration of orthophosphate. 

Therefore, the determination of analyte concentrations in unknown samples requires 

solving polynomial equations. However, the purpose of the method is to provide 

accurate relative abundances of orthophosphate isotopomers and it is reassuring that 

despite dehydration of some orthophosphate anions to metaphosphate either by the loss 

ofH2180 or H2160 , the relative responses are accurate. 

Further benefits to using the ESI-MS technique include, 1n particular, its high 

sensitivity, requiring only small (milligram) quantities of san1ple. Additionally, minimal 
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sample preparation is necessary and the method has the ability to perform analyses 

rapidly using sample automation, which contrasts with some of the lengthy techniques 

described in Chapter 3. The next chapter describes the validation of the procedure and 

in Chapter 6 its applicability to the measurement of oxygen isotope distributions in 

samples from a geochemical system (i.e. calcium phosphates expected in soil 

environments) is demonstrated. 
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Chapter 5 VALIDATION OF THE NOVEL ESI-MS METHOD FOR 
THE QUANTITATIVE DETERMINATION OF THE OXYGEN 

ISOTOPIC ENRICHMENT IN ORTHOPHOSPHATE 

5.1 INTRODUCTION 

Method validation is the process by which a method's performance is experimentally 

assessed to determine if it meets the requirements of its intended application [ 152, 154]. 

This chapter examines the strengths and limitations of the novel ESI-MS technique 

described in Chapter 4, in determining the following measures: 

1. The percentage 180 isotopic enrichment in orthophosphate, 

2. The percentage 180 isotopic enrichment in metaphosphate anions produced in the 

mass spectrometer from orthophosphate, and 

3. The relative abundance ratios of the five orthophosphate (and four metaphosphate) 

anionic species containing 180 and 160 . 

The importance of validating new analytical methods has been demonstrated in tnany 

disciplines ranging from food chemistry to biomedicine [155, 156]. Information gained 

from the validation procedure outlined here will help analysts assess the extent to which 

the method will serve their purpose. Applications of the ESI-MS method may include 

simple measures of oxygen isotope distributions in geologically derived samples or 

more complex tasks such as the quantitation of oxygen exchange occurring in 

orthophosphate samples following reactions with other media. 

The approach in this chapter is to present quantitative results using a range of potassium 

dihydrogen orthophosphate (KH2P04) solutions varying in oxygen isotope (% 180) 

enrichment but having the same orthophosphate concentration. This is in contrast to the 

work presented in Chapter 4, where samples had the same oxygen enrichment but varied 

in orthophosphate concentration. 
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To validate a new analytical method, the following parameters are generally determined: 

accuracy (also referred to as recovery); precision; limit of detection (LOD); limit of 

quantitation (LOQ); linearity and range; robustness; and specificity (also referred to as 

selectivity) [ 152, 154, 157]. Some of these terms were introduced in Chapter 4, during 

the method development process, and are dealt with in more detail here. It is, however, 

common practice to re-validate a method during its development since it is generally an 

iterative process [158] . 

5.1.1 ACCURACY 

Accuracy is the measure of how closely the experimental value approximates the true 

value. For samples of unknown composition, accuracy is usually expressed as the 

estimated percentage of analyte recovered in an assay. It is recommended that accuracy 

should be assessed with a minimum of three determinations, usually using varied test 

concentrations (e.g. at 80, 100 and 120% that in the sample) and can be determined in 

one or more of the following ways [ 152]: 

1. Analysing known reference materials, or 

2. By showing the correct response to spiking the sample with known quantities of 

analyte (standard addition experiments), or 

3. Measuring the results against those obtained using another known and reliable 

technique e 1 P NMR is used here. 31 P NMR has been reported to enable the 

characterisation of inorganic phosphates with an accuracy and precision of 0.1 - 0.5 

% [159, 160]), and 

4. By establishing precision, linearity and specificity. 

There is no commercial 180 enriched orthophosphate standard available, therefore the 

first of the above accuracy tests cannot be performed, so the determination of accuracy 

of the ESI-MS method was limited to the latter three options. 
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STANDARD ADDITION 

The standard addition method traditionally involves adding one or more aliquots of a 

known constituent containing the analyte to the sample. Each solution, including the 

original unspiked solution, is diluted to a constant volume and analysed. If the 

relationship between the instrument response and the concentration of the analyte of 

interest in the sample being spiked is linear, it can be expressed by Equation 5.1 [161]: 

kV c kV c Equation 5.1 AT = _x_x + _s_s 

Vr Vr 

where Ar corresponds to the instrument response (peak area or peak height of the 

chromatogram in this case) for the sample plus the standard; Vx and ex are the volume 

and concentration of the sample analyte; Vs and Cs are the volume and concentration of 

the standard analyte, respectively and k is a proportionality constant. A graph of Ar 

against Vs can be plotted to obtain Cx. 

In the work presented here, spikes were not used since the method's response to changes 

in concentration of orthophosphate was not being assessed. Rather, the method's 

response to a change in %180 enrichments in orthophosphate at the same 

orthophosphate concentration was investigated. A way of obtaining this controlled 

variation is by mixing, in varied proportions, two orthophosphate solutions of extreme 

% 180 enrichments. By analogy, plotting the % 180 enrichments obtained experimentally 

against the volume of one of the two orthophosphate solutions (for example, that of the 

solution containing the higher % 180 em'ichment), will result in a relationship described 

by an equation. The equation can then be used to assess if the experimental response is 

accurate by comparing the results obtained by ESI-MS with those obtained by another 

technique (NMR). More detailed information dealing with this validation procedure is 

given in the Results (Sections 5.3.2 and 5.3.3). 

5.1.2 LIMIT OF DETECTION AND LIMIT OF QUANTITATION 

The definition of the limit of detection (LOD) used here is the lowest concentration (or 

in this case, % 180 enrichment) that produces a response at three times the noise or 

background level. The limit of quantitation (LOQ) is the lowest analyte concentration 

5-3 



Chapter 5 Validation of the Novel ESI-MS Method 

(% 180 enrichment) corresponding to ten times the noise level [158]. It is recommended 

that the repeatability be determined at the LOQ [ 162]. 

5.1.3 PRECISION 

The precision of a method is the measure of the closeness of multiple measurements 

performed under the same conditions. It is expressed as the standard deviation or 

percent relative standard deviation (% RSD), which is sometimes referred to as the 

coefficient of variance [157]. A method's precision is determined by investigating the 

degree of repeatability, intermediate precision and reproducibility [ 154]. 

REPEATABILITY 

Repeatability is the measure of a method's precision over short periods of time (e.g. 

multiple sequential injections) and is determined with either a minimum of 9 

determinations (e.g. 3 o/o 180 enrichments with 3 replicates each) or a minimum of 6 

determinations at 100% of the test concentration [ 152]. 

INTERA1EDIATE PRECISION 

The term intermediate precision refers to the closeness of measurements performed 

under the same conditions but in a different environment, such as on different days, or 

by different analysts or using another instrument. Generally, it is recommended that the 

samples be analysed for accuracy on two separate occasions to indicate the method's 

intermediate precision [162]. 

REPRODUCIBILITY 

A method's reproducibility is a measure of precision between collaborating laboratories 

[ 162]. This type of assessment was beyond the scope of this study. 

5.1.4 LINEARITY AND RANGE 

The linearity of a method is an evaluation of the direct proportionality that exists 

between the analyte response and its concentration (or% 180 enrichment in this case). If 

linearity exists, a regression analysis should be performed and the correlation coefficient 
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and equation of the line should be presented. Deviation of data points from the 

regression line, known as a "residuals analysis" should also be investigated. A 

minimum of five concentrations is recommended, as well as independent preparation 

and analysis of samples a minimum of three times [152, 158]. 

A method's range is defined as the interval for which there is acceptable accuracy, 

linearity and precision and is usually expressed in the units of the test result (e.g. ppm or 

% 180 enrichment) [152]. 

5.1.5 ROBUSTNESS 

Robustness (or ruggedness) refers to a method's stability when small but deliberate 

variations are made [163]. These changes may include conditions such as solution pH, 

temperature and stability of analytes. Once the robustness is evaluated, system 

suitability parameters should be established and if appropriate, a precautionary 

statement included in the procedure [152]. Method robustness, though not assessed in 

this chapter, is addressed in Chapter 6. 

5.1.6 SPECIFICITY 

A method' s specificity (or selectivity) is its ability to accurately measure an analyte in 

the presence of other sample matrix components without interference. An example in 

mass spectrometric analysis as mentioned in Chapter 4, is the I-IS04- ion whose 

presence will cause an isobaric interference when measuring H2P04-. This interference 

poses some concern if sulfate is a contaminant in test solutions. In that case, 

identification can be effected using the fragn1entation patterns in the neutral loss mode 

of tandem mass spectrometric experiments (i.e. MS/MS) (see Section 4.1.2). The 

method's specificity is not investigated in this chapter, but is addressed briefly in 

Chapter 6. 

5.1. 7 SENSITIVITY 

The sensitivity of a method is an indication of the instrument response per unit of 

concentration change (or 180 enrichment). The method's sensitivity is constant in the 

linear range [163]. It is usually determined from linearity and accuracy assessment 
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studies and can be calculated from the slope of the linear regression calibration plot 

[163]. 

5.2 MATERIALS AND METHODS 

5.2.1 SYNTHESIS OF 180 ENRICHED POTASSIUM DIHYDROGEN ORTHOPHOSPHATE 

180 enriched KH2P04 was synthesised using the procedure given in Section 4.2.1. It 

must be noted, however, that the extent of 180 labelling in the samples discussed in this 

chapter varies to a small degree from that in Chapter 4. This is because phosphorus 

oxychloride is very reactive with water, hence any minimal exposure to air may lead to 

the dilution of 180 enrichment in the final product. 

5.2.2 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY ( 31P NMR) 

The oxygen isotopic distribution of 180 enriched potassium dihydrogen orthophosphate 

was determined by 31 P NMR spectroscopy using a Bruker 400 Ml-Iz instrument 

operating at 161.975 MHz. A 90° pulse angle of 11.50 ~s was used, with an acquisition 

time of 3.2769 sand a pulse delay of 5.0000 s. The spectrum was obtained using a total 

of 32 scans. The sample was analysed as a 23,400 pprn solution. 85% H3P04 was used 

as an external standard. Standard Bruker packaged Gaussian/Lorentzian deconvolution 

techniques were used for curve fitting and integration of the NMR peaks. Hence the 

distribution of the variously 180 substituted phosphate species was determined. 

5.2.3 ELECTROSPRA Y IONISATION MASS SPECTROMETRY (ESI-MS) 

Orthophosphate solutions were analysed by ESI-MS using the procedure gtven in 

Section 4.2.2, except that the ammonium acetate buffer optimised flow rate was 0.2 mL 

min-1 and repeatability was assessed with four consecutive replicate injections of each 

solution. The voltages in the mass spectrometer were optimised for analysing the m/z 

97 ion using a solution of 1000 ppm natural abundance KH2P04 and were set to the 

values given in Table 5.1. 
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Table 5.1 ESI-MS operating voltages in negative ion mode for validation experiments 

Parameter Voltage 

NEB (nebuliser gas) 15 

CUR (curtain gas) 15 

CAD (collision gas) 0 

IS (Turbolon spray) -4500 

OR (orifice plate) -40 

RN G (focusing ring) -162 

QO (high pressure entrance quadrupole) 2 

IQ1 (inter-quadrupole lens 1) 3 

ST (prefilters- stubbies) 7 

R01 (first resolving quadrupole) 3 

IQ2 (inter-quadrupole lens 2) 9 

R02 (collision cell quad) 80 

IQ3 (inter-quadrupole lens 3) 95 

R03 (last resolving quadrupole) 85 

DF (deflector) 400 

CEM (channel electron multiplier) 2000 

5.2.4 DATA TREATMENT 

The methods for calculating both % relative frequency distributions of isotopomers and 

%180 enrichment values were explained in Section 4.3.4. It is important to keep track 

of% RSD values (see Section 5.1.3) and standard deviations, as the propagation of error 

estimates throughout the calculations can become complex. The sequence of 
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calculations for orthophosphate is shown in Table 5.2 and metaphosphate ions produced 

from KH2P04 solutions analysed by ESI-MS were calculated in a similar manner. 

Initially, % relative frequency distributions were calculated for each replicate using the 

peak areas of the chromatogram. An average of the four replicate % relative frequency 

distributions was calculated, which subsequently, was used to obtain the % 180 

enrichment of the analyte ion (orthophosphate or metaphosphate) as shown in Chapter 4, 

Table 4.4. Standard deviations and% RSD values were calculated at each isotopomer 

response, showing the variation between replicates. The procedure was then repeated 

using the peak heights of the chromatogram. An average of the two values of % 180 

enrichment obtained using peak areas and peak heights was calculated to obtain the 

most representative value. 

Error estimates in % 180 enrichment were calculated using standard deviations of 

replicate analyses and propagated according to method 1 of the combination of 

uncertainties described by Kirkup [150]. Using this method, the error estimate is 

calculated to be half the range, that is, half of the difference between the maximum and 

minimum % 180 enrichment values. As in Chapter 4, all standard deviations were 1cr, 

hence the results are expressed for a 68.3% confidence limit [150]. 

Error estimates from linear equations were calculated using Equations 5.2 and 5.3, as 

shown by Kirkup [150]. 

slope error = 
Equation 5.2 

. ~ na 1ntercept error = 7 2 nL.x- - (L.x) 
Equation 5.3 

where n =the number of data points, ~x2 =sum of the squares of all x values, (~x)2 = 

square of the sum of all x values, cr2 = sum of the squares of the residual y values 

between predicted and experimental value divided by (n-2). 
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Table 5.2 Sequence of calculations involved in obtaining relative isotopomeric% abundances and % 180 

enrichment of orthophosphate ions measured by ESI-MS. 

Area (A) Height (H) 

m/z 97 m/z 99 m/z 101 m/z 103 m/z 105 

H2P1604- H2P16o31so- H2P16021802- H2P16o1so3- H2P1804-

Replicate 1 Replicate 1 Replicate 1 Replicate 1 Replicate 1 

u u u u u The same 

97 rei% 99 rei% 101 rei% 103 rei% 105 rei% calculations 

Replicate 2 Replicate 2 Replicate 2 Replicate 2 Replicate 2 are 

(The same calculations as shown for Replicate 1 above) repeated 

using 

Replicate 3 Replicate 3 Replicate 3 Replicate 3 Replicate 3 peak heights 

(The same calculations as shown for Replicate 1 above) 

Replicate 4 Replicate 4 Replicate 4 Replicate 4 Replicate 4 

(The same calculations as shown for Replicate 1 above) 

u u u u u 
97avg rei% 99avg rei% 101avg rei% 103avg rei% 105avg rei% 

u u 
ortho %180 

u 

"avg" is the average, "rei%" corresponds to the % relative abundance, "ortho" is orthophosphate, and 

"%180" is the % 180 enrichment. For example, " lOlavg rei%" is the average of four replicate calculations 

of the percent relative frequency for orthophosphate isotopomers with a m/z of 101. 
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5.2.5 MIXED 180 ENRICHMENT EXPERIMENTS 

Nine solutions, each with 100.5 ± 0.2 ppm KH2P04 but varying in 180 enrichment, were 

prepared by mixing concentrated 180 enriched and natural abundance KH2P04 solutions 

in varying proportions and diluting to equal volumes with natural abundance ultrapure 

water (18.2 MOcm, MilliQ). The solutions were mixed in the following proportions: 

100*, 99*/1, 90*/10, 80*/20, 50*/50, 20*/80, 10*/90, 1 */99, 100, where the asterisk 

denotes a solution containing 180 enriched KH2P04 and the numbers are relative 

percentage volumes used. For example, the 50*/50 solution was prepared by adding 

0.500 mL of 1007 ppm solution of 180 enriched KH2P04 and 0.500 mL of 1000 ppm 

natural abundance KH2P04 solution and then diluting to 10.0 mL with ultrapure water. 

The % 180 enrichment of these orthophosphate solutions ranges from approximately 

65% to less than 1%. 

To obtain a measure of intermediate precision, the mixed 180 enrichment solutions were 

prepared and analysed on a separate occasion. The solutions were mixed in the same 

relative proportions, however, they were prepared independently by pipetting the 

required volumes of 100* ppm and 101.3 ppm solutions. For example, the 50*/50 

solution was prepared by mixing 0.500 mL of 100 ppm solution of 180 enriched 

KH2P04 and 0.500 mL of 101.3 ppm natural abundance KH2P04 solution. 

5.3 RESULTS 

5.3.1 NMR ANALYSIS 

The 31 P solution NMR spectrum of the 180 enriched KH2P04 synthesised in Section 

5.2.1 (analysed as a 23,400 ppm solution) is shown in Figure 5.1 and the results in Table 

5.3 show the percent relative abundances of each isotopomer calculated using the 

integrated areas of the peaks. 
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Figure 5.1 31P solution NMR spectrum of 180 enriched KH2P04 

Table 5.3 Relative isotopic distribution of unmixed 180 enriched KH2P04 measured by 31P solution NMR 

Isotopomeric Ion % Relative Abundance by 31 P NMR 

H2P 1604- 1.0 

H2P 1603 180 - 9.1 

H2P 160 1803- 40.6 

H2P 1804- 19.6 

0/o 180 enrichment 67.2 

5-11 



Chapter 5 Validation of the Novel ESI-MS Method 

5.3.2 ESI-MS ANALYSIS OF MIXED 180 ENRICHMENT EXPERIMENTS -

0RTHOPHOSPHA TE 

LIMITS OF DETECTION AND Q UANTITATION- ORTHOPHOSPHATE 

When measuring oxygen isotope distributions in orthophosphate with ESI-MS, there are 

three factors that must be considered. Firstly, the concentration of the orthophosphate 

solution, secondly, the % 180 enrichment in the orthophosphate and thirdly, the % 

relative abundance of the five isotopomers, since each must give a high enough signal 

(peak area or peak height) to obtain a measurable % 180 enrichment. If one or more 

isotopomers give signals in the baseline due to low abundance or excessive noise, then 

the concentration of the solution can be increased accordingly. 

The mixed 180 enrichment experiments examined a variety of relative isotopomeric 

abundances for a range of o/o 180 enrichment values. The% relative abundance values 

were calculated using the average of peak areas and peak heights and are shown in Table 

5.4. 

Table 5.4 %Relative abundance of orthophosphate isotopomers in mixed 180 enrichment experiments 

Sample % 180 m/z 97 m/z99 m/z 101 m/z 103 mlz 105 

enrichment %relative o/o relative %relative %relative o/o relative 

100* 64.72 ± 1.46 1.34 ± 0.21 12.50 ± 0.43 30.53 ± 0.68 37.23 ± 0.79 18.40 ± 0.42 

99*11 64.03±1.14 2.91 ± 0.22 11.71 ± 0.35 30.13 ± 0.32 36.87 ± 0.31 18.39 ± 0.66 

90*110 56.25 ± 0.83 14.59 ± 0.38 10.67 ± 0.21 26.11 ± 0.30 32.39 ± 0.37 16.23 ± 0.34 

80*/20 48.13 ± 1.68 27.13 ± 0.58 8.95 ± 0.26 21.98 ± 0.86 28.15 ± 0.49 13.80 ± 0.82 

50*/50 27.53 ± 0.78 58.01 ± 0.74 5.34 ± 0.31 12.84 ± 0.27 16.11 ± 0.42 7.69 ± 0.26 

20*/80 10.03 ± 0.46 84.40 ± 0.41 2.47±0.16 4.58 ± 0.24 5.71 ± 0.25 2.84 ± 0.12 

1 0*/90 6.02 ± 0.75 90.48 ± 0.54 1.64 ± 0.20 2.76 ± 0.17 3.57 ± 0.15 1.56 ± 0.50 

1 */99 0.13 ± 0.03 99.49 ± 0.12 0.51 ± 0.12 not detected not detected not detected 

100 0.17 ± 0.04 99.31 ± 0.16 0.69 ± 0.16 not detected not detected not detected 
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The LOD and LOQ for individual isotopomer responses, in% relative abundance, and 

noise levels are shown in Table 5.5. 

Table 5.5 Limits of detection and quantitation for each isotopomer in% relative abundance at 

orthophosphate concentrations of 100.5 ± 0.2 ppm 

mlz Noise LOD LOQ 

peak area & (peak height) 

arbitrary units % relative abundance %relative abundance 

97 3. 9x 1 03 
( 4. 5 x 1 02

) <1.34 ± 0.21 same as LOD 

99 8.4xl 03 (1.1 xl 03
) between 0.51 ± 0.12 and same as LOD 

1.64 ± 0.20 

101 6.9x103 (8.7x102
) <2.76 ± 0.17 same as LOD 

103 5.1 x103 (6.3x102
) <3 .57 ± 0.15 same as LOD 

105 6.6x103 (4.5x102
) <1.56 ± 0.50 same as LOD 

All signal responses (peak heights and peak areas) for the samples from the mixed 

enrichn1ent experiments were above the LOD and LOQ for each isotopo1ner except for 

the samples 1 */99 and 100, whose m/z 99 responses were below their LOQ and LOD. 

Therefore, taking all isotopomer responses into account, the LOD and LOQ were 

obtained using the 10*/90 sample and were both found to be 6.02% 180 enrichment for 

orthophosphate solutions at 100.5 ± 0.2 ppm. 

ACCURACY- ORTHOPHOSPHATE 

The accurate determination of % 180 enrichment depends in turn on the accurate 

determination of% relative abundance of each isotopomer. A graphical representation 

of the relationship between these two measures, using the data in Table 5.4, is shown in 

Figure 5.2. 
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(1) 

• mlz 97 • mlz 99 m/z 101 x mlz 103 x m/z 105 
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Figure 5.2 Relationship between isotopomer% relative abundance and the %180 enrichment in 

orthophosphate 

The accuracy in determining the % relative distribution of each isotopomer in the 1 00* 

sample (using data in Table 5.4) when compared to NMR analysis (using data in Table 

5.3) was determined and the% recoveries are presented in Table 5.6 below. 

Table 5.6 Accuracy when determining % relative abundance values for orthophosphate isotopomers 

m/z 97 99 101 103 105 

% recovery 134.0 ± 21.0 137.4 ± 4.8 102.8 ± 2.3 91.7 ± 3.9 93 .9 ± 2. 1 

The mixed enrichment experiments are analogous to standard addition experiments in 

that a known volume of 180 enriched compound is added to a constant volume. The 

% 180 enrichment values of orthophosphate in each mixed 180 solution (except the 100* 

sample), were plotted against the volume added of 1007 ppm 180 enriched KH2P04 

solution (shown in Figure 5.3). Assuming the dilutions have negligible error, and using 

the equation of the plot, the y value (% 180 enrichment of the orthophosphate in the 

sample) was calculated by extrapolating x (volume) to 1 mL. That is, the %180 

enrichment of original "unmixed" 180 enriched KH2P04 solution was calculated to be 
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62.20 ± 2.0 1 %. The error was calculated using the error in the slope and intercept (0.74 

%/mL and 1.27 %, respectively) . When compared to the NMR results the method was 

found to be 92.6 ± 3.0 % accurate. 

70.00 
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,S 60.00 
ns .c: c. 50.00 fl) 
0 .c: c. 
0 40.00 .c: 
~ 
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r:: 

10.00 (1) 

0 co 

~ 0.00 
0.2 0.4 0.6 0.8 1 1.2 

-10.00 

Volume of 180 labelled solution added (ml) 

Figure 5.3 Standard addition plot for orthophosphate using mixed 180 enrichment experiments where x 

mL of 1007 ppm of 180 enriched KH2P04 was added to a solution containing (1-x) mL of natural 

abundance KH2P04 and diluted to 10.00 mL 

By plotting similar graphs (data not shown) to that shown above in Figure 5.3, the % 180 

enrichment calculated using peak areas and peak heights, separately, rather than by 

averaging them, yields the %180 enrichment of original "unmixed" 180 enriched 

KH2P04 solution to be 62.08 ± 2.00 % and 62.32 ± 2.02 %, respectively. Hence, 

accuracy is not affected by the use of either peak parameter and therefore, the average 

will be used from this point forward. 

LINEARITY AND RANGE - ORTHOPHOSPHATE 

The relationship between the % 180 enrichment in orthophosphate and the volume of 180 

enriched KH2P04 used in the mixed enrichment experiments, as shown in Figure 5.3 

appears linear at first glance, with a coefficient of determination (R2
) of 0.9954. 

However, a residuals plot (Figure 5.4), showing the deviation of the data points from 
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values predicted by the regression analysis, exhibits a curved pattern. The residual data 

points are positive at the two extreme ends but in the middle, tend to be larger and 

negative. Such a plot of residuals should appear randomly distributed about the mean if 

there is no inadequacy in the fitted model [ 164]. 
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Figure 5.4 Residuals analysis of% 180 enrichment in orthophosphate versus volume ofKH2P04 solution 

The linear model was re-assessed after the y values (i.e. o/o 180 enrichment in 

orthophosphate) were transformed by calculating their square root values (see Figure 5.5 

below). The logarithm and exponential values were also calculated, however they did 

not produce improved models and are thus not presented. 
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Figure 5.5 Transformed standard addition plot for orthophosphate using mixed 180 enrichment 

experiments showing the whole measured range 

1.2 

The transformed %180 enrichment data shown above in Figure 5.5 appears to deviate 

from a linear model, indicated by the lower R2 value. However, since the lowest two 

data points are two orders of magnitude lower than the target measurement of 1.00 mL 

and more importantly, since they were quantified below the LOQ, they should be 

eliminated. As a result, the linear relationship significantly improves as shown in Figure 

5.6. 
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Figure 5.6 Transformed standard addition plot for orthophosphate using mixed 180 enrichment 

experiments 

1.2 

The residuals were re-plotted against the x values and are shown in Figure 5.7 below. 
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Figure 5.7 Residuals analysis oftransformed standard addition plot for orthophosphate 
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The residuals plotted in Figure 5. 7 may or may not be randomly distributed about the 

mean. The data point in the middle at 0.5 mL appears dubious. The results of a 

repeated experiment undertaken on a separate day are shown in Figures 5.8 to 5.11. 
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Figure 5.8 Repeat analysis: standard addition plot for orthophosphate using mixed 180 enrichment 

experiments 
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Figure 5.9 Repeat analysis: residuals analysis of% 180 enrichment in orthophosphate versus volume 
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Figure 5.10 Repeat analysis: transformed standard addition plot for orthophosphate using mixed 180 

enrichment experiments showing the whole measured range 
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Figure S.ll Repeat analysis: transformed standard addition plot for orthophosphate using mixed 180 

enrichment experiments and showing the 1 in ear range 

% 180 enrichment calculations from these repeat analysis experiments are presented later 

under the section entitled "Intermediate Precision- Orthophosphate" on page 5-23. The 

residuals plot of the transformed y data is shown below in Figure 5.12 and shows 

random behaviour. 
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Figure 5.12 Repeat analysis: residuals analysis oftransformed standard addition plot for orthophosphate 

showing the linear range 

Linearity has been improved following the square root transformation of the y values 

and calculating the % 180 enrichment in orthophosphate by extrapolating the linear 

relationship in Figure 5.6 to 1 mL yields a value of 66.44 ± 0.43 %. The transformation 

of the data has improved the accuracy from 92.6 ± 3.0% to 98.9 ± 0.6 %. 

The linear region in the mixed enrichment experiments therefore ranges from 6 to 66 % 
180 enrichment at orthophosphate concentrations of 100.5 ± 0.2 ppm. 

PRECISION- ORTHOPHOSPHATE 

The repeatability of the method was measured at the LOQ (obtained using the 1 0* /90 

sample). The percent RSD of %180 enrichment values, using peak areas and peak 

heights, were found to be 5.19o/o and 1.12%, respectively. 

The repeatability of the method for measuring responses from individual isotopomers 

was also assessed at each isotopomer's LOQ. The% RSD values were measured using 

the 1 0* /90 sample for all isotopomers, except m/z 97 whose measurements were 

performed using the 100* sample. The% RSD results are shown in Table 5.7 for peak 
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areas and heights and for % relative abundance values obtained using peak areas and 

heights. 

Table 5. 7 Repeatability parameters obtained at the LOQ for responses of orthophosphate isotopomeric 

anions 

m/z Sample % RSD in % RSD in %RSD in %RSD in 

atLOQ Peak Area Peak Height o/o Relative %Relative 

(peak areas) (peak heights) 

97 100* 22.70 14.93 18.61 13.26 

99 10*/90 17.52 6.00 19.73 3.87 

101 10*/90 11.48 7.97 9.40 3.18 

103 10*/90 6.74 8.59 5.86 2.52 

105 10*/90 5.99 4.66 11.68 5.21 

INTERMEDIATE PRECISION- ORTHOPHOSPHATE 

The % 180 enrichment in orthophosphate was determined on a separate day to 

demonstrate the method s intermediate precision. Plotting % 180 enrichment against the 

volume of 180 enriched KH2P04 (Figure 5.8) yielded a calculated value of 60.22 ± 2.47 

%180 enrichment in the "unmixed" solution. This was in close agreement ·with the 

value obtained earlier (62.20 ± 2.01 %) and comparing the two values gave an RSD of 

1.62 %. When the square roots of the y values were calculated and replotted (Figure 

5.11) the residuals were found to be random (Figure 5.12). The recalculated %180 

enrichment was 64.21 ± 0.90 %, which gave a 1.72 % RSD when compared to the first 

calculated result (66.44 ± 0.43 %). 

On the second day of analysis, the precision in o/o 180 enrichment was determined at the 

LOQ from four repeat measurements. Due to the varied limits of quantitation for the 

isotopomers, there was an upper and a lower LOQ, determined using the 99*/1 and 

50* /50 samples, respectively. At the upper LOQ the % RSD was found to be 0.23% and 

5-23 



Chapter 5 Validation of the Novel ESI-MS Method 

0.60% using peak areas and heights, respectively and similarly, at the lower LOQ, the % 

RSD values were found to be 3.64% and 4.25%, respectively. 

The intermediate precision in % relative abundances of orthophosphate isotopomers was 

determined at the LOQ. The% RSD values between the repeat analyses performed on 

different days were found to be 13.65 %, 6.48 %, 2.14 %, 6.57 % and 0.95 % for 

isotopomers detected at m/z 97, 99, 101, 103 and 105, respectively. 

SENSITIVITY- ORTHOPHOSPHATE 

The sensitivity of the ESI-MS method was determined from the absolute values of the 

slopes of the linear plots in Figure 5.2. The slopes give the relative abundance per %180 

enrichment and are found to be 1.51, 0.18, 0.47, 0.58 and 0.29 % for determining 

isotopomers at m/z 97, 99, 101, 103 and 105 respectively. That is, for each percentage 

of 180 that an orthophosphate sample is enriched with, the method can detect a % 

relative abundance as low as the values above, for each respective isotopomer at a 

concentration of 100.5 ± 0.2 ppm KH2P04. Alternatively, if the analyst wanted to know 

the limit of exchange that the method will detect in, for example, oxygen exchange 

experiments, the equations of the linear plots can be rearranged such that x is made the 

subject of the equation. The x values give the %180 enrichment per percent relative 

abundance ofisotopomer and the values are found to be 0.66, 5.61, 2.13, 1.74 and 3.46 

at m/z 97, 99, 101, 103 and 105, respectively. The method is only as effective as the 

weakest response; hence given these results, there must be an exchange of at least 

5.61% for it to be detected at a concentration of 100.5 ± 0.2 ppm KH2P04. 

5.3.3 ESI-MS ANALYSIS OF MIXED 180 ENRICHMENT EXPERIMENTS -

METAPHOSPHATE 

LIMITS OF DETECTION AND LIMITS OF Q UANTITATION- METAPHOSPHATE 

The % relative abundance values for metaphosphate isotopomeric anions were 

calculated using the average of peak areas and peak heights, in the same manner as that 

given for orthophosphate, and are shown in Table 5.8 below. 
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Table 5.8 %Relative abundance ofmetaphosphate isotopomers in mixed 180 enrichment experiments 

Sample %180 mlz79 mlz 81 mlz 83 mlz 85 

enrichment %relative %relative %relative %relative 

100* 53.15 ± 1.46 2.34 ± 0.20 18.91 ± 0.52 44.55 ± 0.51 34.20 ± 0.75 

99*/1 52.02 ± 3.84 3.30 ± 0.36 18.87 ± 0.93 44.28 ± 2.27 33.55 ± 3.29 

90*110 47.19 ± 2.08 10.35 ± 0.44 18.85 ± 1.09 42.49 ± 1.50 28.30 ± 1.41 

80*/20 43.08 ± 3.92 18.53 ± 1.23 17.42 ± 1.48 37.24 ± 1.52 26.81 ± 3.72 

50*/50 30.08 ± 1.60 43.52 ± 0.91 12.02 ± 1.31 28.08 ± 0.56 19.39 ± 1.32 

20*/80 13.80± 1.33 73.29± 1.41 6.64 ± 1.54 11.62 ± 0.77 8.44 ± 0.75 

1 0*/90 8.76 ± 0.42 83.34 ± 0.95 3.88 ± 0.53 7.15 ± 0.25 5.62 ± 0.22 

1 */99 0.00 not detected not detected not detected not detected 

100 0.00 not detected not detected not detected not detected 

The noise levels and the LOD and LOQ are shown in Table 5.9 for all isotopomers in% 

relative abundances. 

Table 5.9 Limits of detection and limits of quantitation for each metaphosphate isotopomer in% relative 

abundance at orthophosphate concentrations of 100.5 ± 0.2 ppm 

mlz 

79 

81 

83 

85 

Noise 

peak area & (peak height) 

arbitrary units 

3.7x103 (3.9xl02
) 

5.0x103 (4.0 x102
) 

1.9x103 (2.lxl02
) 

2.7x103 (2.9x102
) 

LOD 

% relative abundance 

2.34 ± 0.20 

3.88 ± 0.53 

7.15 ± 0.25 

5.62 ± 0.22 

LOQ 

% relative abundance 

10.35 ± 0.44 

12.02 ± 1.31 

same as LOD 

same as LOD 
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Using the data given in Tables 5.8 and 5.9 and taking all isotopomer responses into 

account, the LOD and LOQ were investigated for % 180 enrichment determinations in 

metaphosphate. The LOD was found to be 8.46 ± 0.42% 180 enrichment. The LOQ 

was between 30.08 ± 1.60 % (50*/50 sample) and 47.19 ± 2.08 o/o 180 enrichment 

(90*/10 sample) due to the LOQ of the isotopomeric responses at m/z 81 and m/z 79, 

respectively. 

ACCURACY- METAPHOSPHATE 

The relationship between the % 180 enrichment and the % relative abundance of the 

metaphosphate isotopomers, using the data from Table 5.8, is presented in Figure 5.13. 

• m/z 79 • m/z 81 m/z 83 
y = -1 .8476x + 99.005 Y = 0.3464x + 1.52 y = 0.8598x + 0.2998 

R2 = 0.9991 R2 = 0.9836 R2 = 0.9934 

100.00 ~ 
90.00 

80.00 

70.00 

60.00 
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x m/z 85 
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R2 = 0.9956 

10.00 ] 
0.00 +-------,----.,------,-----,-----,----"------, 
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Figure 5.13 Plot of% relative abundance ofmetaphosphate isotopomers against % 180 enrichment in 

orthophosphate solution 

The accuracy in determining the % relative abundances of isotopomers, or % 180 

enrichment could not be determined for metaphosphate by comparison with NMR 

results, since NMR does not detect this ion and the production of this anion is dependent 

on voltage parameters of the mass spectrometer. 
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In a similar manner to the orthophosphate results, the relationship between the %180 

enrichment and the volume of 180 enriched KH2P04 was plotted in Figure 5.14. 

Extrapolation of the plot to x = 1 mL gives the % 180 enrichment of the metaphosphate 

anion produced from the original "unmixed" 180 enriched KH2P04 and was found to be 

52.64 ± 2.44 %. 
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Fi2ure 5.14 Standard addition plot for metaphosphate using mixed 180 enrichment experiments where x 

mL of 1007 ppm of 180 enriched KH2P04 was added to a solution containing (1-x) mL of natural 

abundance KH2P04 and diluted to 10.00 mL 

LINEARITY AND RANGE- METAPHOSPHATE 

To assess the linearity of the fitted n1odel of the standard addition plot shown in Figure 

5. 14, the residuals were plotted and are shown in Figure 5.15. 
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Figure 5.15 Residual analysis plot of% 180 enrichment in metaphosphate from mixed enrichment 

experiments 

1.2 

As seen earlier for orthophosphate, the residual at 0.5 mL appears dubious, therefore a 

repeat analysis comparison was performed once again (see Figures 5.16 and 5.17). The 

plot in Figure 5.17 shows random behaviour and hence, a correct model fit. Taking the 

results from both days into account, the linear region, is from 9 to 53 % 180 enrichment. 
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The %180 enrichment calculations from the repeat analysis experiments are presented 

later (see section entitled "Intermediate Precision- Metaphosphate" below). 

PRECISION- METAPHOSPHATE 

The repeatability of %180 enrichment values was determined at the LOQ. At the upper 

enrichment limit (i.e. 90*/10 sample), the% RSD was found to be 0.80% and 1.11 %, 

using peak areas and peak heights, respectively. At the lower enrichment limit (in 

50*/50 sample), the o/o RSD values were 2.78% and 0.79%, again using peak areas and 

peak heights, respectively. 

The % RSD values associated with determining % relative abundance values at 

individual isotopomeric responses were measured at the LOQ and are shown in Table 

5.10. 

Table 5.10 Repeatability parameters obtained at the LOQ for responses ofmetaphosphate isotopomeric 

anions 

m/z Sample %RSD in % RSD in %RSD in % RSD in 

atLOQ Peak Area Peak Height %Relative %Relative 
Abundance Abundance 

(peak areas) (peak heights) 

79 90*/10 6.09 5.32 6.57 1.89 

81 50*/50 16.36 5.71 14.81 6.77 

83 10*/90 5.09 5.38 3.53 3.37 

85 10*/90 4.68 3.04 2.57 5.29 

INTERMEDIATE PRECISION - METAPHOSPHATE 

When the experiment was repeated on a different day, the standard addition plot shown 

earlier in Figure 5.16 and its residuals analysis plot (Figure 5.17) are directly 

comparable to Figure 5.14 and Figure 5.15. Calculation of the %180 enrichment in the 
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original "unmixed" 180 enriched KH2P04 (using the equation from Figure 5.16) gave a 

value of 49.25 ± 1.48 %. Comparing this value to that obtained on the first day's results 

(52.64 ± 2.44 %) shows a 3.33 o/o RSD between repeat analyses performed on different 

days. It should also be noted that the experiments repeated on the second day produced 

better LOD and hence a % 180 enrichment could be calculated for the two lower 

enriched samples, unlike that of the first day (see Table 5.8). This is most likely due to 

the improved performance of the instrument due to a better signal-to-noise ratio. 

The intermediate precision, for % relative abundances of metaphosphate, was 

determined at the LOQ for each isotopomer and found to be much higher than that for 

% 180 enrichment. The % RSD values are 23.48, 6.00, 22.12 and 14.52 % for 

isotopomers detected at m/z 79, 81, 83 and 85, respectively. 

SENSITIVITY- METAPHOSPHATE 

The sensitivity of the technique was calculated using the slopes in Figure 5.13. Making 

x the subject of the equations again, gave the sensitivities to be 0.54, 2.89, 1.16 and 1.58 

% 180 enrichment per percent relative abundance at m/z 79, 81, 83 and 85, respectively. 

The weakest response at m/z 81 limited the sensitivity of the method, which was found 

to be 2.89 o/o at a KH2P04 concentration of 100.5 ± 0.2 ppm. 

ORTHOPHOSPHATE AND METAPHOSPHATE RELATIONS 

The ability to predict an orthophosphate response from a metaphosphate response, or 

vice versa, was assessed using Figure 5.18 below. Compared to the predicted (dotted) 

response, the experimental result shows positive deviation, which is more pronounced 

the more evenly distributed the solutions become (toward the middle of the graph). 
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Figure 5.18 %180 enrichment responses for orthophosphate versus metaphosphate in mixed enrichment 

experiments. The dotted plot corresponds to the response predicted when the dilutions of the "unmixed" 

sample (high 180 enrichment) are extrapolated linearly to zero 

A repeat of the trend can be observed in the repeat analysis comparison experiment, 

shown below in Figure 5.19. 
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Figure 5.19 Repeat analysis: %180 enrichment responses for orthophosphate versus metaphosphate in 

mixed enrichment experiments 

5~4 DISCUSSION 

The method validation procedure presented in this chapter provides insights into the 

capabilities of the novel ESI-MS method that was introduced in Chapter 4. It was found 

that by keeping the concentration of KH2P04 constant yet varying the 180 enrichment, 

the validation procedure indicated that the ESI-MS method is capable of determining the 

relative abundances of orthophosphate and metaphosphate isotopomers, as well as % 
180 enrichments, accurately and precisely as discussed further below. 

5.4.1 ORTHOPHOSPHATE 

The relative abundance ratios of the five orthophosphate isotopomers showed a range of 

values with m/z 97 showing the largest range and m/z 99 showing the lowest range 

(Table 5.4). As the samples approached the enrichment of natural abundance 

orthophosphate solution, such as in samples 1 * /99 and 1 00, the responses at m/z 1 01 , 

103 and 105 could not be detected. It was shown in the previous chapter that even at 
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concentrations up to 1 000 ppm KH2P04 these an1ons are undetectable in natural 

abundance orthophosphate solutions, reflecting the low probability of their existence in 

nature. 

In Section 4.4.3, it was assumed that the LOD and LOQ for each orthophosphate 

isotopomer were similar. In this chapter, however, it can be seen from the mixed 180 

enrichment experiments that the LOD and LOQ (Table 5.5) varied slightly from one 

isotopomer to another, with responses at m/z 99 giving the highest noise and thus, 

increasing the LOD and LOQ of % 180 enrichment. Noise interfering with abundance 

measurements, and thus oxygen enrichment measurements, was evident in samples 

1 */99 and 100, whose m/z 99 responses were below the LOD and LOQ. Their %180 

enrichment values are therefore unreliable. At 100.5 ± 0.2 ppm ofKH2P04, the ESI-MS 

method developed has an LOD and LOQ for orthophosphate of 6.02 % 180 enrichment. 

In Figure 5.2, the isotopomers possessing 180 (m/z 99, 101, 103 and 105) increased in 

population as the % 180 enrichment increased, while the isotopomer response at m/z 97 

decreases, as expected. 

The relative distribution of isotopomers in the 180 enriched KH2P04 solutions studied 

here and shown in Figure 5.2 may not necessarily be the same as in orthophosphate 

solutions from geological samples, and thus the plot in this figure cannot serve as a 

direct comparative tool. However, Figure 5.2 represents a relationship between two 

measures (% relative abundance of orthophosphate isotopomer and% 180 enrichment) 

which is important for two main reasons: 

1. It shows that all responses for each isotopomer are linear over a wide range of 180 

enrichment and hence are directly proportional, and 

2. The sensitivity of the instrument's performance can be assessed for each 

isotopomeric response. 

Once linearity was established between relative orthophosphate isotopomer responses 

and 180 enrichment, the accuracy of these two measures was determined by comparison 

vvith NMR results (see Figure 5.1 and Table 5.3). Percent relative abundance recoveries 

for individual isotopomers (shown in Table 5.6) deviated from 100 %, especially 
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isotopomers with low abundances (i.e. m/z 97 and 99). Errors were also higher for these 

lower abundant isotopomers. It was generally observed that the accuracy in determining 

the relative abundances of each isotopomer was lower than the accuracy in determining 
180 enrichment. A possible explanation being that the NMR analysis (the technique in 

which accuracy was compared) was determined with only one sample of fixed 

enrichment, therefore the relative abundances could only be compared for one sample 

alone, yet the %180 enrichment values were determined by ESI-MS using 8 samples. 

Increasing the sample population tends to improve the estimate of the "true" value. 

The aim of the ESI-MS method is to measure the % 180 enrichment in orthophosphate 

accurately and precisely. The results showed that the accuracy in determining the% 180 

enrichment of the "unmixed" KH2P04 solution increased from 92.6 ± 3.0 % to 98.9 ± 

0.6% when the standard addition plot in Figure 5.3 was transformed by taking the 

square root of the o/o 180 enrichment (Figure 5.6). The improved linearity after 

transformation, evidenced by increased randomness of the residual plots before (Figure 

5.4) and after (Figure 5.7) transformation, shows the importance of analysing the 

residuals and not judging linear relationships using R2 values alone. In addition, the 

behaviour was shown to be repeatable via repeat analyses performed on different days 

(see Figures 5.8 to 5.12). The linear range was determined to be between 6 and 66 % 
180 enrichment at the measured orthophosphate concentration of 100.5 ± 0.2 ppm by 

eliminating data that were quantified below the LOQ (compare Figure 5.5 with Figure 

5.6 and Figure 5.10 with Figure 5.11). These results further show the importance of the 

determination of the LOQ during the validation procedure. 

It would appear, from the first day's analysis, that the % 180 enrichment could be 

determined more precisely by the ESI-MS method using peak heights rather than peak 

areas, as exemplified by the results from the 4 replicate injections of the 1 0* /90 sample 

(5.19% and 1.12% RSD, respectively). In contrast, the second day's results showed 

similar precision values for peak areas and peak heights at both the upper and lower 

limits of quantitation (0.23% compared with 0.60%, and 3.64% compared with 4.25%, 

respectively). Reasons for the differences in precision results on the second day may lie 

in the improvement of instrument optimisation and performance giving rise to increased 

consistency in peak shapes. Further, the results indicate that the method gives better 
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precision when determining the % 180 enrichment rather than determining relative 

abundances of isotopomers (Table 5.7). It is not unexpected to find variability in m/z 

responses between injections of the same sample however, the fact that this trend is not 

reflected for % 180 enrichment precision values requires some explanation, seeing as it 

is calculated using the relative abundances of isotopomers. The generally higher % 

RSD values obtained for m/z 97 in the 10*/90 sample (Table 5.7), do not contribute to a 

large extent to the calculation of the % 180 enrichment (see Tables 4.4 and 4.5 1n 

Chapter 4 ), which explains why the precision is not affected. 

The intermediate precision (precision determined on different days), was consistently 

high when calculating the % 180 enrichment in orthophosphate, regardless of 

transformation of data, with low % RSD values of 1.62 and 1. 72 % before and after data 

transformation, respectively. The intermediate precision of the isotopomer relative 

abundances varied and ranged from 0.95% (for m/z 105) to 13.65% (for m/z 97). The 

broad range in % RSD values may be a contribution of the natural variability 

experienced in a dynamic system such as an electrospray mass spectrometer. Noise 

levels can vary on a day-to-day basis at individual m/z values since the instrument may 

be subjected to multiple users and therefore throughput of multiple compounds, which 

may give responses at the m/z values of interest. It is for this purpose that, prior to 

analysis, the instlument' s voltages are routinely optimised for the analysis of desired 

ions. As a consequence it is sometimes unavoidable that the most thorough source clean 

cannot ren1ove all traces of a contaminating compound and thus, will affect the 

instrument's response and ultimately its intermediate precision. 

On the two days of analysis described here, the method appears most sensitive 1n 

determining changes in the % 180 enrichment of the orthophosphate isotopomer 

detected at m/z 97, followed by m/z 103, 101, 105 and lastly, m/z 99. The trend is a 

direct result of the instrument being optimised to analyse m/z 97 and may also be a 

result of possible instrument contamination mentioned above causing the other m/z to 

give noisier background responses. The latter weak response limits the overall detection 

of a change in o/o 180 enrichment in orthophosphate to 5.61% at 100.5 ± 0.2 ppm 

KI-hP04• To detect any smaller changes in % 180 enrichment, the solutions should be 

analysed at higher concentrations. 
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5.4.2 METAPHOSPHATE 

The ESI-MS optimisation procedure performed before every analysis aimed at adjusting 

voltages such that orthophosphate was the major ion produced in the MS, leading to the 

lower abundance levels of metaphosphate isotopomers, compared to orthophosphate. 

This, in turn, contributed to the higher LOD and LOQ in determining both the relative 

abundances of metaphosphate isotopomers (see Table 5.9) and the % 180 enrichment of 

metaphosphate. There was a narrower quantitative range (30.08 ± 1.60 to 47.19 ± 2.08 

%) in the ability to detect the % 180 enrichment of metaphosphate at the concentration 

of analysis. Once again, enrichment values quantified outside this range would require 

more concentrated solutions. 

The general pattern of behaviour observed for metaphosphate (Figure 5.13) is identical 

to that observed in Figure 5.2 for orthophosphate, both showing that isotopomers 

containing 180 increased in abundance while the isotopomer containing only 160 (at m/z 

79) decreased with increasing % 180 enrichment in metaphosphate. The sensitivities 

r calculated from the magnitude of slopes) showed that the instrument is most sensitive 

to m/z 79 followed by 83 then 85 and is least sensitive to m/z 81 . This last response 

determines the absolute change in the 180 enrichment of metaphosphate that the method 

can detect at a concentration of 100.5 ± 0.2 ppm, and therefore solution concentrations 

must increase if a change smaller than 2.89% is to be detected. 

The accuracy in determining % 180 enrichment in metaphosphate, could not be 

confirmed by NMR however, the value obtained from extrapolation of the linear region 

in Figure 5.14 for the "unmixed" solution was determined to be 52.64 ± 2.44% using 

ESI-MS. Data transformation was not required, as the residual analysis plot shown in 

Figure 5.15 resembled the residuals plot for orthophosphate after transformation (Figure 

5. 7) and hence the former did not show inadequacies in the linear relationship. A repeat 

of the experiment on a different day (i.e. intermediate precision) confirmed the results 

(see Figure 5.16 and Figure 5.17) and its extrapolated% 180 enrichment value was 

found to be 49.25 ± 1.48 %, demonstrating an intermediate precision of 3.33 % (RSD). 

The linear region was determined to be from 9 to 53 % 180 enrichment. In addition, the 
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intermediate precision for isotopomer relative abundances varied and ranged from 6.00 

to 23.48 % RSD. 

The precision in determining metaphosphate % 180 enrichment was not largely different 

when measuring peak areas or peak heights at the upper enrichment limit. The 

difference however, widens at the lower limit, but not to the extent as that shown for 

orthophosphate. An average measurement of enrichment using peak heights and peak 

areas is therefore recommended. Determining the relative abundances for individual 

metaphosphate isotopomers showed generally better precision than orthophosphate 

isotopomers and that m/z 81 was the least precise measure and generally m/z 79 was the 

most precise measure. In agreement with orthophosphate results, it was found that the 

measure of% 180 enrichment was more precise than measuring relative abundances of 

isotopomers. 

5.4.3 ORTHOPHOSPHATE AND METAPHOSPHATE RELATIONS 

The positive deviation from a linear relationship between % 180 enrichment values in 

metaphosphate and orthophosphate was confirmed by analysis on two separate days of 

analysis (see Figure 5.18 and Figure 5.19). This deviation was more pronounced in the 

middle of the graphs. In addition to the reproducibility of the data, this effect was 

considered real for two main reasons: 

1. Errors in dilutions cannot be a cause because the error would affect both 

orthophosphate and metaphosphate responses equally and proportionally, 

2. The effect cannot be a concentration effect since the concentrations were kept 

constant in all samples and the error in preparing the 100.5 ppm concentration of 

KH2P04 is only 0.2 ppm. Even this small deviation in concentration that can occur 

from sample to sample is unlikely to cause the effect observed because it was shown 

in Chapter 4 that the relationship between orthophosphate and metaphosphate was 

linear at varied concentrations of KH2P04• 

The conclusion drawn is that when a mixture is more evenly distributed in 180 and 160, 

the 180 substituted orthophosphate species preferentially dehydrate to metaphosphate. 

By referring to Equations 4.20 to 4.25 in Chapter 4, which give two paths of 
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orthophosphate dehydration for three isotopomers, the major conclusion drawn from 

this is that a loss of H2
160 prevails rather than H2

180 and that metaphosphate tends to 

become 180 substituted under the ionising conditions in the mass spectrometer. The 

possible implications are that the use of metaphosphate as an indirect measure of oxygen 

isotopic distributions in orthophosphate cannot be performed without further 

understanding of the processes occurring in the production of these gas phase ions in the 

mass spectrometer. 

5.4.4 COMPARISON WITH OTHER METHODS 

It is difficult to compare the validation parameters from this method with those of 

previous methods for one main reason. Much of the previous work, in which attempts 

have been made to validate their analytical procedure, has focused on natural abundance 

levels of oxygen isotopes for paleotemperature studies (see Sections 3.2 and 3.3). 

Therefore their precision values are quoted on a much lower scale in per mil (%o) and 

range from 0.05 to 1.3 %o [89, 92, 126-128, 1~2, 133, 165-167] instead of the percentage 

level, which is appropriate here with the use of enriched 180 levels. 

The use of 180 enriched compounds in isotope ratio mass spectrometers (IR-MS), which 

are normally dedicated to measuring natural abundance levels, can essentially render 

them useless in measuring natural abundance levels again, since the enriched levels 

contaminate the instrument for very long periods of time. It is for this reason that my 

enriched samples could not be analysed by IR-MS and the methods could not be 

compared directly. If direct comparisons were to be made with natural abundance levels 

of oxygen, it would require a high-resolution mass spectrometer. Until such 

comparisons are made, it can be said that the newly developed method is complimentary 

to the other methods and through its development, a wider array of studies can be 

undertaken with oxygen isotopes of orthophosphate. 

5.5 CONCLUSIONS 

This chapter has presented many of the capabilities of the newly developed ESI-MS 

method for determining % 180 enrichment values in orthophosphate in KH2P04 
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solutions. As a result of the formation of metaphosphate under ESI-MS conditions, 

validation parameters were also measured for this anion. 

At concentrations of 100.5 ± 0.2 ppm KH2P04, the method had a LOD of 6.0 o/o 180 

enrichment in orthophosphate and 8.5 % 180 enrichment in metaphosphate. The LOQ 

was also 6.0 % 180 enrichment in orthophosphate but ranged from 30.1 to 47.2 % 180 

enrichment in metaphosphate. The better values for orthophosphate are a direct result of 

the optimisation of the instrument in the m/z region where orthophosphate is 

determined. To improve LOD and LOQ values further, higher concentrations may be 

employed and so the values reported here underestimate the capabilities of the ESI-MS 

method to some extent. 

The determination of% 180 enrichment in orthophosphate in the most enriched sample 

was found to be highly accurate (98.9 ± 0.6 %) when compared to analysis by NMR. 

NMR cannot detect metaphosphate hence the accuracy in determining its % 180 

enrichment could not be ascertained. The linear range of analysis was determined to be 

between 6 and 66% 180 enrichment for orthophosphate and 9 to 53 % 180 enrichment 

for metaphosphate. These ranges are an indication of the limits in which the method 

may be used to obtain results from oxygen exchange experiments. Once again, higher 

concentrations of phosphate may increase the range of analysis in addition to the 

detection and quantitation limits. 

Precision measurements (% RSD values) for determining % 180 enrichment values in 

orthophosphate were 5.2 % at their worst and 0.2 % at their best. In the case of 

metaphosphate, the % RSD values were 2.8 % at their worst and 0.8 % at their best. 

The method's intermediate precision was found to be 1.7 % for determining % 180 

enrichment values of orthophosphate and 3.3 o/o for metaphosphate. The method is 

therefore reproducible, showing replication on same day and on different days. 

An important parameter that determines if the method may be used for the determination 

of oxygen exchange in phosphate samples is its sensitivity. The method was able to 

determine a change in % 180 enrichment in orthophosphate of 5.6 % and 1n 

metaphosphate of 2.9 % at the concentration studied. Any smaller changes to be 

detected would require higher concentrations of KH2P04. 
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As a result of investigating the relationship between orthophosphate and metaphosphate, 

one of the major findings of the work performed was that under ionising conditions in 

the mass spectrometer, metaphosphate anions tended to be more enriched with 180 when 

orthophosphate anions were more evenly substituted with 180 and 160. Hence 

orthophosphate tended to lose H2
160 more readily than H2

180, showing the greater bond 

strength between phosphorus and the heavier oxygen isotope. 

As mentioned earlier, validation is an iterative process and in Chapter 6, further 

validation is undertaken but this time, by applying the method to real environmental 

samples in which oxygen exchange has occurred. 
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Chapter 6 THE MONITORING OF OXYGEN EXCHANGE IN 
CALCIUM PHOSPHATE-HUMIC/FULVIC SYSTEMS USING 
NEWLY DEVELOPED ELECTROSPRAY IONISATION MASS 

SPECTROMETRIC TECHNIQUES 

6.1 INTRODUCTION 

This chapter presents the first reported use of electrospray ionisation mass spectrometry 

(ESI-MS) to measure thermally induced oxygen isotope exchange in calcium and 

potassium orthophosphates. The contribution of soil humic materials in the oxygen 

exchange process is also investigated. The results described here demonstrate that the 

technique developed and validated in Chapters 4 and 5 is applicable to environmental 

phosphate samples consisting of mixtures of organic and inorganic compounds. 

Calcium phosphate phases likely to be encountered in a soil environment (as studied in 

Chapter 2) were enriched with 180 isotope to enable isotope enrichment measurements 

by ESI-MS. Oxygen exchange was induced at an elevated temperature using a furnace. 

The results are discussed with respect to phosphate cycling in the environment and 

proposed applications of the ESI-MS technique. 

6.2 MATERIALS AND METHODS 

6.2.1 CALCIUM PHOSPHATE PRECIPITATION (PH-STAT) EXPERIMENTS eso 
ENRICHED) 

Calcium phosphates were precipitated in the presence and absence of humic materials 

using the pH-stat technique described in Section 2.2.5. In this case, however, both 180 

enriched KH2P04 (synthesis given in Section 4.2.1) and commercially available 

KH2P04, were utilised to obtain calcium phosphate products that were either 180 

enriched or of natural isotopic abundance, respectively. Experiments were performed at 

pH 5.7 and at 25°C and 80°C. Reactions were quenched at various times generally 

around the inflection point of the titration curve (ranging from 60 to 150 seconds - see 
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Figure 2.4 in Chapter 2) and additionally, after 8 hours. Once isolated by filtration, the 

calcium phosphate product was collected and dried under vacuum. The calcium 

phosphate phases, at the reaction times studied, were identified in Chapter 2 to be ACP-

like, OCP-like, and mixtures of the two phases. The filtrate was transferred to a round-

bottomed flask, frozen in liquid nitrogen and lyophilised (freeze-dried). The three types 

of samples were prepared for analysis by ESI-MS as described in Section 6.2.4. 

6.2.2 ACID DIGESTION OF CALCIUM PHOSPHATES 

For analysis by ESI-MS, samples are required to be dissolved in water. Calcium 

phosphate products obtained from the pH-stat experiments were generally highly 

insoluble in water and hence were converted to the potassium salt using a procedure 

similar to that described by Holmden et a/. [131]. The schematic in Figure 6.1 

summarises the steps in the procedure, which involves acid digestion, cation exchange 

to remove calcium ions, followed by neutralisation with KOH to give KH2P04• 

Approximately 100 mg of calcium phosphate (either 180 enriched or natural abundance) 

was weighed into a beaker. To aid digestion, some samples that contained humic 

material were charred briefly at this point over a bunsen flame until a lightening of 

colour occurred. All samples were subsequently digested in 2 mL of 0.75M HN03 and 

approximately 3 mL of ultrapure water with gentle heating until completely dissolved. 

To minimise bumping whilst heating, two glass beads were used. Each solution was 

quantitatively transferred onto a pre-washed (ultrapure water) protonated Dowex SOW-

X8 (H) cation exchange resin column (BDH- 20 x 2 em) and further washed with 150-

200 mL ultrapure water. The eluents (pH 1-2) were each adjusted to pH 4.6 (>99.4% 

phosphate present as H2P04 -) with 0.4M KOH and boiled down to minimum volume 

and dried for one hour (or until constant weight) in an oven at 80°C. Between sample 

loads the column was washed with 3M HCl to remove exchanged cations and re-

activate the resin, followed by several ultrapure water washes until the eluent was free 

of chloride (negative silver chloride test). 
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To ascertain if the preceding acid digestion procedure caused oxygen exchange, a 

sample of 180 enriched KH2P04 starting material was taken through the procedure 

(including charring) and analysed by ESI-MS. 

Solid calcium phosphates 

HN03 digestion 

~, 

Ca2
+ removal using cation exchange 

chromatography 

Titration with KOH to pH 4.6 

forming KHzP04 (and KN03) 

Reduce volume 

and dry in oven at 80 oc 

Figure 6.1 Schematic of experimental procedures involved in the acid digestion of calcium phosphate 

products 

6.2.3 FURNACE TREATMENTS 

A few selected calcium phosphate samples (35 mg) were accurately weighed into 50 mL 

beakers and placed, one at a time, into a pre-heated furnace at 600°C for 5 minutes. The 

samples, which had lightened in colour following heat treatment, were cooled, re-

weighed and the % weight losses calculated. Furnace treatment of 180 enriched 

KH2P04 starting material was performed to assess the effects on its isotopic signature. 

Due to greater availability of 180 enriched KH2P04, double the quantity (70 mg) was 

furnace treated in duplicate. In order to assess the effect of humic material on oxygen 
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exchange in KH2P04, equal quantities (35 mg) of each were combined and the mixture 

was furnace treated as reported previously. 

6.2.4 ELECTROSPRA Y IONISATION MASS SPECTROMETRY (ESI-MS) 

For analysis by ESI-MS three types of solutions were prepared as follows: 

1. Potassium phosphate standards. 

180 enriched and natural abundance standards were prepared at concentrations of 

1000 ppm except for furnace treated KH2P04 samples, which were prepared at 

concentrations of3510 and 3620 ppm. 

2. Digested calcium phosphate samples. 

Digested calcium phosphate samples were prepared in lower concentrations ranging 

from 1010 to 1470 ppm and furnace-treated calcium phosphates were prepared in 

concentrations ranging from 3280 to 4330 ppm. 

3. Freeze-dried filtrate samples. 

Prior to ESI-MS analysis the freeze-dried filtrate samples were dissolved in a 

minimum quantity of ultrapure water and syringed through 0.45 J..tm Minisart® filter 

units (Sartorius) to remove calcium phosphate precipitate that had formed subsequent 

to the initial filtration stage. Due to the presence of such large quantities of matrix 

ions compared to phosphate ions, concentrations as high as 6120 to 7540 ppm (w/v) 

were prepared. 

Solutions were analysed by ESI-MS according to the method given in Section 5.2.3 . 

The mass spectrum for each sample was analysed from 45 to 250 m/z. The sample 

matrix, in samples other than the potassium phosphate standards, contained very high 

quantities of nitrates and other ions from the reaction. To overcome peak suppression 

and/or unfavourable negative or double peaks caused by these matrix ions, the samples 

were diluted to their required volumes with 10 mM ammonium acetate buffer adjusted 

to pH 4.6 (the eluent) . This assisted the ionisation of orthophosphate and improved the 
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quality of the spectra. Optimising the ESI-MS analysis in this way demonstrated the 

method' s stability or robustness when small variations were made. 

Samples were numbered and named descriptively, where the following abbreviations 

were used: calcium phosphates isolated from pH -stat experiments ("CaP"), the filtrate 

from the pH-stat experiments consisting of potassium phosphate ("KP"), charred 

samples ("ch"), furnace treated experiments ("f'), and 180 enriched samples ("*"). The 

o/o 180 enrichment in orthophosphate of each sample, and error estimates were calculated 

in the same manner as shown previously in Sections 4.3.4 and 5.2.4. 

6.3 RESULTS 

A summary of the samples analysed, together with their descriptive names, is given in 

Table 6.1. 

Table 6.1 Phosphate sample characteristics and their corresponding % 180 enrichment values 

Sample Sample Precipitation Calcium Sample %180 

Name Description Conditions phosphate Treatment enrichment 

phase 

Und igested KH2P04 N/A N/A N/A 66.41 ±2.38 
KH2P04* reference 

Digested KH2P04 N/A N/A Charred 63 .78±1 .96 
Kl-h P04* reference 

# 

Furnace 1 KH2P04 N/A N/A Furnace 48.14±0.83 
KH2P0 4* reference 600°C 

# 

Furnace 2 KH2P04 N/A N/A Furnace 48.35±2.10 
KH2P04* reference 600°C 

# 

Furnace KH2P04 N/A N/A Furnace 46.01 ±1.33 
KH2P0 4* plus Reference 600°C 

humic plus humic 
material material # 

1 CaP ch Calcium phosphate Natural abundance, ACP-like Charred 0 
Humic material 90 s, 25°C Converted to 

KH2P04 

6-5 



Chapter 6 The monitoring of oxvaen exchange in calcium phosphate-humiclfulvic svstems 

2 CaP f As above Natural abundance, As above Furnace 0.1 7±0.02 
60 s, 25°C 6oooc 

Converted to 
KH2P04 

3*CaP Calcium phosphate 180 Enriched, 150 OCP-like Converted to 66.4 1±1.23 
No humic material s, 25°C KH2P04 

3*KP Supernatant As above N/A Filtered 67.77±1.49 
phosphate (filtrate) 

No humic material 

4*CaP Calcium phosphate 180 Enriched, 90 OCP-like Converted to 65.93±1.09 
No humic material s, 25°C KH2P0 4 

4*CaP f As above As above As above Furnace 47.31±1.35 
600°C 

Converted to 
KH2P04 

4*KP Supernatant As above N/A Filtered 67.94±1.50 
phosphate (filtrate) 

No humic material 

5*CaP Calcium phosphate 180 Enriched, 90 ACP-l ike Converted to 66.12±1.48 
Humic material s, 25°C KH2P04 

5*CaP ch As above As above ACP-like Charred 34.72±0.68 
Converted to 

KH2P04 

5*CaP f As above As above As above Furnace 27.97±1 .20 
600°C 

Converted to 
KH2P0 4 

5*KP Supernatant As above N/A Filtered 66.76±2.44 
phosphate (filtrate) 

Humic material 

6 CaP Calcium phosphate Natural abundance, OCP-like Converted to 0.20±0.02 
No humic material 300 s, 80°C KH2P04 

6 KP Supernatant As above N/A Filtered 0 
phosphate (filtrate) 

No humic material 

7*CaP Calcium phosphate 180 Enriched, 8 OCP-like Converted to 66.12±1 .48 
No humic material hrs, 80°C KH2P04 

7*KP Supernatant As above N/A Filtered n.d. 
phosphate (filtrate) (negative 

No humic material peaks) 

8*CaP Calcium phosphate 180 Enriched, 8 OCP-like Converted to 65 .99±2.38 
Humic material hrs, 80°C KH2P04 
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8*CaP ch Calcium phosphate 180 Enriched, 8 OCP-like Charred 
Humic material hrs, 80°C Converted to 

KH2P04 

8*KP Supernatant As above N/A Filtered 
phosphate (filtrate) 

Humic material 

# Acid digestion procedures outlined in Section 6.2.2 were carried out. 
* 180 enriched phosphate samples. 

6.3.1 MASS SPECTROMETRY 

POTASSIUM PHOSPHATE REFERENCE MATERIALS 

54.36±1.19 

72.70±8 .79 

Spectra of undigested potassium phosphate, both natural abundance and 180 enriched, 

were shown previously in Section 4.3 in the range 70 - 120 m/z. In Figures 6.2 and 6.3, 

the background subtracted spectra are shown in the full range from 45 - 250 m/z. In 

Figure 6.3, the groups where peaks are separated by 2 mass units is characteristic of ion 

clusters comprised of 180 labelled phosphate species and assist in the deduction of the 

peaks associated with the more complicated ion clusters in the natural abundance 

phosphate solution (Figure 6.2). From previous chapters it is evident that the groups of 

peaks ranging from 79-85 and 97-1 05 m/z correspond to metaphosphate (P03 -) and 

orthophosphate ions (H2P04- ), respectively. Further, the four groups of peaks: 177-191 , 

195-211, 215-229 and 233-249 m/z in Figure 6.3 correspond to combinations of these 

two phosphate ions with other matrix ions (e.g. K+ or H+) and their assignments are 

shown in Table 6.2. The remaining peaks are due to the ions present in the background, 

including the ammonium acetate buffer (59 m/z) and nitrate (62 m/z). Using the 

information provided by the spectrum of the enriched KH2P04, it is evident that the 

peaks at 79, 97, 177, 195,215 and 233 m/z in Figure 6.2 correspond to the phosphate 

ions consisting of only 160 substitutions. 
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Figure 6.2 ESI-MS spectrum of 1000 ppm undigested natural abundance KH2P04 (bottom) shown with 

the background (middle) and the total ion chromatogram {TIC)(top) 
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Figure 6.3 ESI-MS spectrum of 1000 ppm undigested 180 enriched KH2P04 (bottom) shown with the 

background (middle) and the total ion chromatogram {TIC)(top) 
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Table 6.2 Ions identified in the ESI-MS spectra of phosphate and related samples in negative ion mode 

Anion Mass (m) Charge (z) m/z 

[CH3coor 59 -1 59 

[No3r 62 -1 62 

[P 1603-x180xr 79-85 -1 79-85 

[H2P 1604-n 180nr 97- 105 -1 97- 105 

[Kt [CH3coor [CH3coor 157 -1 157 

[KJ+ [CH3coor [No3r 160 -1 160 

[Kt [No3r [No3r 163 -1 163 

[H]+ [P 1603-x180xr [H2P 1604-n 180nr 177- 191 -1 177- 191 

[I-It [H2P 1604-n 180nr [H2P 1604-n 180nr 195-211 -1 195 - 211 

[Kt [P 1603-x180xr [H2P 1604-n 180nr 215- 229 -1 215- 229 

[CaJ2+ [CH3coor [CH3coor [CH3coor 217 -1 217 

[CaJ2+ [CH3coor [CH3coor [No3r 220 -1 220 

[CaJ2+ [CH3coor [No3r [No3r 223 -1 223 

[CaJ 2+ [No3r [No3r [No3r 226 -1 226 

[K]+ [H2P 1604-n 180nr [H2P 1604-n 180nr 233-249 -1 233-249 

where x = 0 to 3 and n = 0 to 4 and mass ranges shown are two mass units apart 

The spectrum of digested 180 enriched KH2P04 (Figure 6.4) shows a minimisation of 

phosphate cluster ions and as expected, an increase in the peaks due to nitrate at 62 and 

163 m/z and thus, the suppressing effect of nitrate was evident. 
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Figure 6.4 ESI-MS spectrum of 1070 ppm digested 180 enriched KH2P04 (bottom) shown with the 

background (middle) and the total ion chromatogram (TIC)(top) 

Spectra were obtained for all samples listed in Table 6.1 but only selected spectra are 

shown since common features were exhibited. The furnace treatment of potassium 

phosphate, with or without added hun1ic material, followed by digestion, produced 

spectra with features similar to those observed in Figure 6.4. There were however, two 

differences. First, there was a change in the relative ratios of the isotope peaks within 

each cluster (metaphosphate and orthophosphate), corresponding to oxygen exchange 

processes, which will be discussed in Section 6.3.3. Secondly, there was an increase in 

the peak at 157 m/z, which was due to matrix ions (Table 6.2). 

DIGESTED CALCIUM PHOSPHATES 

Calcium phosphate samples that were made amenable to ESI-MS analysis by the 

digestion procedure outlined in Section 6.2.2, which had neither been charred nor 
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furnace treated, showed spectra (not shown) that resembled that of digested 180 enriched 

KH2P04 (Figure 6.4). These samples include "3*CaP", "4*CaP", "5*CaP" and 

"8*CaP" (refer to Table 6.1 for sample descriptions). Additionally, the natural 

abundance sample "6_CaP", showed the same trend of peaks expected for only 160 

substituted phosphate samples. The only exception was the spectrum of "7*CaP" which 

in addition to the peaks shown in Figure 6.4, showed an increase in intensity of the 

cluster of peaks at 233 - 249 m/z (Figure 6.3). It should also be noted that the presence 

of humic material in samples "5*CaP" and "8*CaP" did not change the spectral 

features. 

The charred, digested, 180 enriched calcium phosphate samples ("5*CaP _ch" and 

"8*CaP _ch") gave spectra which also resembled Figure 6.4, however, there were 

changes in the relative intensities of metaphosphate and orthophosphate isotopomer 

peaks, reminiscent of the furnace treated potassium phosphate samples. The natural 

abundance, charred, digested calcium phosphate sample ("1_CaP-ch") showed similar 

features to the spectrum in Figure 6.4, however only those peaks due to 160 substituted 

phosphate samples were evident. 

Digested calcium phosphate samples that were furnace treated ("2_CaP _f' , "4*CaP _f' 

and "5*CaP _f') resulted in mass spectra that showed the features of digested KlhP04 

with two differences. Evidence of oxygen isotope exchange in metaphosphate and 

orthophosphate in samples "4*CaP __ f' and "5*CaP _f' was observed as well as an 

increase in the intensity of the peak at 157 m/z, both trends were also observed in the 

furnace treated KH2P04, as mentioned earlier. 

FREEZE-DRIED FILTRATES 

Phosphate and calcium ions which remained unreacted during the precipitation 

experiments carried out in Section 6.2.1 are expected to be present in the freeze-dried 

filtrates, as well as the matrix ions: K+, N03- and CH3Coo-. The mass spectra of these 

samples are consistent with these expectations. Unlike the potassium phosphate 

reference samples, and the digested calcium phosphate samples, there were additional 

peaks evident due to the presence of Ca2+ in combination with other matrix ions at 217, 

220, 223 and 226 m/z (see Table 6.2 for assignments). These peaks were deduced from 
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the identical spectra of samples "7*KP" and "8*KP", which had no detectable 

phosphate (no orthophosphate and no metaphosphate peaks), following a long reaction 

time of 8 hours suggesting virtually complete reaction between calcium and phosphate 

in precipitation experiments. The spectrum of sample "8*KP" is shown in Figure 6.5 . 

It should be noted that this sample contained humic material yet they appeared to not 

affect the spectrum. 
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Figure 6.5 ESI-MS spectrum of freeze-dried filtrate sample, "8*KP" (bottom) shown with the 

background (middle) and the total ion chromatogram (TIC)(top) 

The presence of 180 substituted phosphate in the samples ("3*KP" and "4*KP") 

produced cluster peaks at 79-85 and 97-105 as expected. The spectrum of "3 *KP" 

(Figure 6.6) showed more intense peaks at 217 and 223 m/z when compared to the 

spectrum of "8*KP" in Figure 6.5 due to an overlap of peaks from matrix cluster ions 

and orthophosphate/metaphosphate/potassium cluster ions. Their assignments are given 

below: 
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217 m/z: 

223 m/z: 

• [Kt [P 1603-x 180xr [H2P 1604-n 180nr (where x = 3 and n = 1 and/or x = 2 and n = 2 

and/ or x = 1 and n = 3 and/ or x = 0 and n = 4) 
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Figure 6.6 ESI-MS spectrum of freeze-dried filtrate sample, "3*KP" (bottom) shown with the 

background (middle) and the total ion chromatogram (TIC)(top) 

The sample containing only 160 substituted phosphate ("6_KP") yielded a spectrum that 

resembled that shown in Figure 6.6 except that the peaks due to 180 substituted 

phosphate were absent, as expected. 
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The lack of peaks corresponding to humic material in the spectrum of 5 *KP, is further 

evidence that there is no interference in the analysis of phosphates by these organic 

materials. Additionally, the spectrum resembled that of "3*KP" (Figure 6.6) which 

contained no humic material. 

6.3.2 FURNACE EXPERIMENTS 

Calcium phosphate samples, following furnace treatment, experienced mass losses 

ranging from 12 % for the non-humic sample to 34 % for the sample with humic 

material. Mass loss for KH2P04 starting materials was 15% for the phosphate alone and 

about 40 % in the sample containing mixed humic material. 

6.3.3 °/o 180 ENRICHMENT IN 0RTHOPHOSPHA TE 

The mass spectra of charred and furnace treated phosphate samples revealed a change in 

relative abundances of the cluster of peaks corresponding to metaphosphate and 

orthophosphate. Quantification of these changes is evident in the % 180 enrichment of 

orthophosphate, presented in Table 6.1. 

POTASSIUM PHOSPHATE REFERENCE MATERIALS 

The undigested KH2P04 starting material had a % 180 enrichment of 66.41±2.38 %. 

When this tnaterial was digested (including charring), enrichment was unaffected, 

within the error of measurement. When furnace treated reproducible results were 

obtained and the enrichment decreased to 48%, revealing that oxygen exchange had 

occurred. The addition of humic material to the KH2P04 followed by furnace treatment 

did not appear to have any further effect on enrichment, within experimental error ( 46% 
180 enrichment). 

A three-dimensional plot of the % relative abundances of orthophosphate isotopomers in 

Figure 6.7 gives a visual representation of the oxygen exchange occurring in high 

temperature reactions. It shows a clear difference between the distributions in untreated 

(shown in blue) and furnace treated (shown in yellow and green) KH2P04 where the 

mode of the distribution changes from maximising at 1 03 m/z to 1 01 m/z 

(corresponding to H2P 160 1803- and H2P 1602 180 2-, respectively) after furnace treatments. 
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The distributions appear to be similar in the two furnace treatments shown at the back of 

the plot and hence there is very little effect of the humic material. 

Figure 6. 7 Effects of furnace treatment of KH2P04 on the relative abundances of orthophosphate 

isotopomer responses with and without humic material 

DIGESTED CALCIUM PHOSPHATES 

Samples that were not charred or furnace treated gave %180 enrichment values that, 

within the error of measurement, were the same as that of the starting material, i.e. there 

was no detectable oxygen exchange. Examples are 3*CaP, 4*CaP, 5*CaP, 7*CaP and 

8*CaP giving %180 enrichment values of around 66% (Table 6.1 ). It should be noted 

that the precipitation experiments undertaken at an elevated temperature (80°C) for 

extended time (8 hrs) did not produce calcium phosphate samples with enrichment 

values that differed from the starting material (e.g. 7*CaP and 8*CaP). Neither did 

humic content affect the enrichment. 

A calcium phosphate sample synthesised with commercially available KH2P04 and not 

charred or furnace treated (6_CaP) gave a %180 enrichment value of approximately 

0.2%, which is expected for a sample of natural isotope abundance (as observed in 
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Section 5.3.2 in Chapter 5). Due to the very low abundance of 180 in these types of 

samples, the complete delabelling of 180 was not easily assessed in the samples which 

were charred ( 1_ CaP_ ch) and furnace treated (2 _CaP_ f) since the quantitation limits of 

the mass spectrometer were being reached. 

Charring was undertaken for the purpose of aiding digestion of calcium phosphate 

samples containing humic material. In samples 5*CaP _ch and 8*CaP-ch, there was a 

clear decrease in the % 180 enrichment values (35% and 54o/o, respectively) caused by 

charring. The isotopomer distributions of each sample were compared with their 

uncharred equivalent sample (5*CaP and 8*CaP, respectively) and are shown in Figures 

6.8 and 6.9. The mode of the distribution changed dramatically (from m/z 103 to mlz 

99) after charring sample 5*CaP (ACP-like). The mode for sample 8*CaP (OCP-like) 

remained at m/z 103 however, a decrease in the relative ratios of the higher 180 

substituted phosphates accompanied a concomitant increase in the relative ratios of the 

more highly 160 substituted phosphates, as expected. 

Figure 6.8 Effects of charring (5 *CaP _ch) and furnace treatment (5*CaP _f) on the relative abundances 

of orthophosphate isotopomer responses from digested calcium phosphate (5*CaP) synthesised in the 

presence of humic material at 25°C after a reaction time of 90 seconds 
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Figure 6.9 Effects of charring on the relative abundances of orthophosphate isotopomer responses from 

digested calcium phosphate samples (8*CaP and 8*CaP _ch) synthesised in the presence of humic material 

at 80°C after a reaction time of 8 hours 

The furnace treatments caused further oxygen isotope exchange than that following 

charring, as shown in Figure 6.8 (5*CaP _f- 28% 180 enrichment; 5*CaP _ch- 35% 180 

enrichment). 

In the absence of humic material, the effect of furnace treatment on oxygen exchange 

remains consistent with the findings above, although exchange occurred to a somewhat 

lesser extent. For example, the % 180 enrichment of sample 4*CaP decreased from 66% 

to 47% after furnace treatment (4*CaP _f). Figure 6.10 shows a plot of the relative ratios 

of orthophosphate isotopomers in each sample and the relatively small shift in the mode 

of the distribution. 
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Figure 6.10 Effects of furnace treatment (4*CaP _f) on the relative abundances of orthophosphate 

isotopomer responses from digested calcium phosphate (4*CaP) synthesised in the absence ofhumic 

material at 25°C after a reaction time of90 seconds 

The effect that furnace treatment of samples containing humic material caused more 

oxygen isotope exchange on orthophosphate is demonstrated by comparing two digested 

calcium phosphate samples. Both were precipitated under the same conditions except 

one contained humic material (5*CaP _f) and the other did not (4*CaP _f). It should be 

noted that the structure of the phosphate sample containing humic material was 

identified in Chapter 2 to be ACP-like and in the absence of humic material it was OCP-

like. Figure 6.11 shows the differences in relative ratios of isotopomers, where the 

sample containing humic material (ACP-like) is more 180 depleted than that which did 

not contain humic material. 
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40% 

Figure 6.11 Comparison of furnace treated products synthesised in the presence (front: 5 *CaP_ f) and 

absence of humic material (rear: 4*CaP _t) at 25°C after a reaction time of90 seconds 

FREEZE-DRIED FILTRATES 

In general, the %180 enrichments of freeze-dried filtrates were similar to original 

KH2P04 starting material within experimental error and independent of reaction 

temperature (25°C and 80°C). The relevant data are for samples 3*KP, 4*KP, 5*KP 

and 6_KP (Table 6.1). Samples 7*KP and 8*KP gave peaks in the ESI-MS spectra that 

were either negative (due to excessive matrix ion suppression events) and/or reaching 

the quantitation limits of the instrument. This is not surprising given that little 

phosphate remained unreacted in solution. Their mass spectra support this observation 

(Figure 6.5). 
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6.4 D ISCUSSION 

6.4.1 ASSESSMENT OF THE ANALYTICAL METHOD 

The newly developed ESI-MS technique shows promise in the analysis of oxygen 

isotope exchange reactions in environmental phosphate samples at the parts per million 

level. An important outcome of the work was the demonstration of the quantitation of 

exchange between 160 and 180 in phosphate samples. In particular, the work carried out 

here shows that the analysis of commonly encountered insoluble (calcium) phosphate is 

possible and effective. The mass spectra of the digested calcium phosphate samples 

detected no Ca2
+ and hence indicated their virtually complete removal by cation 

exchange chromatography. Conversion to potassium orthophosphate was evident by the 

resemblance of the spectra to that of digested 180 KH2P04• Most importantly, providing 

that samples were not charred or furnace treated, the conversion procedure did not cause 

detectable oxygen exchange, whether humic material was present or not. This confirms 

the suitability of the procedure for the preparation of insoluble phosphate samples for 

ESI-MS analysis. Additionally, results show that charring is not necessary for the 

determination of oxygen isotopes in phosphates containing organic matter such as humic 

material. 

The mass spectra of the freeze-dried filtrates containing humic material did not display 

any additional peaks to those samples without humic material, confirming the lack of 

contribution from humic material. Further confirmation was evident in the spectra of 

digested calcium phosphate samples, where there was no difference between samples 

containing humic material and those without. These results show that the humic 

material did not give interfering peaks in the low mass range studied and hence, the 

specificity of the technique was demonstrated. That is, the method allowed the measure 

of orthophosphate isotopomers in the presence of matrix ions, without causing 

difficulties. 

6.4.2 LACK OF OXYGEN EXCHANGE DURING PRECIPITATION EXPERIMENTS 

Oxygen exchange did not occur during calcium phosphate precipitation in either the 

absence or presence of humic material, or when the solution reaction temperatures 
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varied from 25°C to 80°C. The evidence being that the % 180 enrichment values from 

both the filtrates and their corresponding calcium phosphate samples were 

indistinguishable from that of the potassium orthophosphate starting material. This 

indicates that the P-0 bond was not broken during early dissolution/reprecipitation 

reactions of calcium phosphates transforming to more thermodynamically stable phases 

at pH 5. 7, nor did the solubilising effect of humic material (discussed in Chapter 2) 

promote it. The results support the theories of some authors who hypothesise that there 

must be either biological mediation or extremely long equilibration times and raised 

temperatures for oxygen isotope exchange reactions to occur between phosphate and 

water in solution [88, 93-95, 97, 99]. These results however, oppose the early work of 

Blumenthal and Herbert who in 1937 reported exchange in less than three hours at room 

temperature [96]. 

There continues to be a lack of understanding of the mechanisms of oxygen exchange 

processes both in the long and short term. Paleotemperature studies rely on the 

preservation of the oxygen isotopic signature of phosphate through the lack of oxygen 

exchange over geological time scales. It has been demonstrated recently that biogenic 

phosphates that are less mineralised (for example bone), do exhibit a rapid and 

significant change in their oxygen isotopic signature. Enamel, on the other hand, is 

more resistant, yet not exempt from such changes. The kinetics of isotope exchange are 

thus thought to be dictated by factors such as crystal size, degree of mineralisation, 

porosity and chemical composition [99]. 

A common thread exists between paleotemperature and phosphate cycling studies: both 

seek to quantify and predict the behaviour of phosphorus-oxygen isotope interactions in 

the environment over both short and long time periods, so that ultimately, the origins 

and fate of phosphates can be understood. The method of measurement of oxygen 

isotope ratio measurements can often complicate interpretation of results. Given that 

carbonated apatite is common in nature and secondary carbonate compounds can be 

adsorbed on the surface of apatite, some conventional methods of analysis (Chapter 3) 

may yield isotopic signatures that incorporate these sources of oxygen, unless they are 

quantified and corrected. Leaching of extraneous material has also caused erroneous 

results (e.g. the treatment of apatite with acetic acid [99]). Tllis work measures 
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orthophosphate directly and demonstrates that the highly 180 enriched calcium 

phosphate did not exchange oxygen within the quantitative limits of the mass 

spectrometer. In order to ascertain if exchange occurs at the per mil level, a higher 

resolution mass spectrometer would be required, since exchange of greater than 

approximately 6% is required to occur for detection under the conditions of the current 

experiments (Section 5.3.2). Even without further refinement it is anticipated that in an 
180 enriched system showing oxygen fractionation between compounds, such as in a 

microbially mediated system, the method would allow quantitation of such processes. 

Other proposed environmental applications of the method are given in Chapter 7. 

6.4.3 HIGH TEMPERATURE EFFECTS 

Heat from charring or furnace treatment induced oxygen exchange in phosphate 

samples, detected by an accompanying reduction in %180 enrichment values. The 

extent of exchange was less by charring and only in the case of 180 enriched KH2P04 

did not cause detectable oxygen exchange when compared to undigested KH2P04, thus 

showing a greater resistance to P-0 bond breakage. Calcium phosphates showed a 

greater ease in exchange during charring and there was more pronounced exchange in 

the ACP-like sample (5*CaP _ch) compared to the OCP-like sample (8*CaP __ ch) 

following charring. These effects are interpreted as being due to the greater stability of 

the P-0 bond in more crystalline samples- KH2P04 being the most crystalline and ACP 

having the least order and lowest crystallinity. 

Exposure to 600°C heat in a furnace further promoted the exchange of oxygen in both 
180 enriched KH2P04 and calcium phosphate samples. At this temperature, KH2P04 is 

expected to decompose to KP03 (Equation 6.1) with polymeric intermediates being 

formed during the course of the dehydration [ 168]. 

Equation 6.1 

The sample mass loss of 15o/o following furnace treatment may be attributable to the 

loss of water since H20 (18.016) equates to 13.2% of the molecular mass ofKH2P04 

(136.086). When the furnace product is redissolved in water, the condensed phosphate 

is expected to form orthophosphate [7]. It is during this hydrolysis stage that the 
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phosphorus atom bonds to another oxygen atom from the solute (natural abundance 

water), which has a low probability of being 180 (due to its low abundance in nature). 

The result is a decrease in% 180 enrichment. It should be noted that duplicate furnace 

treated KH2P04 samples gave %180 enrichment values within 0.2% RSD, which 

demonstrates reproducibility in the furnace procedure. 

In the presence of humic material, the mass loss was greater ( 40% ). In Chapter 2 

(Section 2.2.3) it was found that the humic material contained 28.35 ± 0.05% ash 

material following furnace treatment at 650°C overnight, which equated to 71.65 ± 
0.05% volatile matter. Since the humic material was mixed here with KH2P04 in a 

50/50 weight ratio, the proportion of the sample which was due to loss of volatiles from 

the humic material was half of71.65%, or 36%. Similarly, half of the volatile material 

from the KH2P04 (water) was 7.5%. Summing the losses gave a total of 43.5%, which 

was very close to the result obtained here (40%), therefore within experimental error, 

the mass losses were accounted for. 

The behaviour of the calcium phosphate samples at high temperatures is not as simple as 

the potassium phosphate samples since there are possibilities of mixtures of developing 

phases. In the absence of humic material at pH 5. 7, it was reported in Chapter 2 that 

DCPD transforms to OCP and in its presence, an ACP-like phase transforms to OCP. 

The most likely major phase present in the samples is shown in Table 6.1 and the 

literature was consulted to predict the likely products formed during furnace treatment. 

Octacalcium phosphate decomposes to form hydroxyapatite and ~-Ca2P207 between 

325 and 600°C [11]. ACP remains amorphous until about 530°C and heating above 

650°C produces a-TCP and/or ~-TCP. In general, calcium phosphates containing acid 

phosphate groups form pyrophosphate when heated in the range 400°C to 700°C [ 11]. 

When DCPD is heated, it forms DCP A at 180°C, y-Ca2P207 between 320 and 340°C, ~

Ca2P207 at 700°C and a- Ca2P20 7 at 1200°C. Since there were no orthophosphate 

decomposition products evident in the mass spectra from the furnace treated samples 

(no difference between unfumaced and furnaced samples other than oxygen isotope 

ratios), a reaction similar to the potassium phosphates was assumed. That is, any 
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dehydrated orthophosphates were converted back to orthophosphate during hydrolysis 

and acid digestion. 

The amount of humic material in the precipitates was not known, hence the proportion 

of mass loss contributed by the humic material could not be calculated exactly and so 

the only conclusion that can be drawn is that samples with humic material lose more 

than double their mass following furnace treatment. Such a result is expected given that 

the humic materials are volatile at high temperatures. In contrast to KH2P04, humic 

material caused more advanced delabelling of 180 in calcium phosphate samples 

following furnace treatment. To recall, in Chapter 2, a number of possible mechanisms 

were suggested in which humic material might interact with calcium phosphate during 

precipitation. The high temperature experiments described here however, do not 

correlate with either mechanism: the results show that the humic material may be more 

closely associated with calcium phosphate and not just physically mixed together (as 

was the case with KH2P04). The decomposition products of hun1ic n1aterial may 

catalytically interact with phosphate and provide further means for dilution of 180. An 

alternative explanation for the further delabelling caused by humic material may be an 

indirect effect, whereby the humic material, through its effect during precipitation, has 

produced a less thermodynamically stable calcium phosphate phase, ACP rather than 

OCP. As a result, oxygen isotope exchange may be more facile in ACP. 

The role that humic materials play in oxygen exchange at high temperatures cannot be 

deduced from these experiments and therefore further investigation is required. There 

have been no reports of such studies. In fact, very little work has been done to quantify 

high temperature phosphate-oxygen fractionation. In 1995, the first reported 

experimental results were of the fractionation of phosphate-oxygen between 

hydroxyapatite and calcite, measured at 350 - 800°C. The application of such data is 

useful as an indicator of temperature, cooling rates and equilibrium/disequilibrium 

phenomena in igneous and metamorphic rocks [ 169]. For application to 

paleoten1perature determination of ancient oceans, Zheng calculated high temperature 

oxygen isotope fractionations in phosphate minerals such as hydroxyapatite, chlorapatite 

and fluorapatite [ 170]. 
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High temperature oxygen isotope exchange data have been reported for other minerals 

obtained from terrestrial [171] and extraterrestrial sources [172]. Lecuyer and Reynard 

describe how high temperatures lowered the 180 content of oceanic gabbros (remnants 

from a fossil magma chamber) by isotopic exchange with hydrothermal fluids through 

solid state oxygen diffusion [ 171] . Oxygen exchange between meteorite samples and 

water vapour was measured at high temperatures by Yu et al. and they proposed that the 

rate-limiting mechanism of exchange was diffusion within the melted sample [172]. 

Both sets of results give insights into the possible mechanism of oxygen exchange in 

results presented in this chapter. 180 delabelling is a common theme and exchange 

more than likely occurs between phosphate and surrounding water vapour. 

If oxygen isotopic signatures of phosphate are to be used as indicators of environmental 

cycling or climatic deductions over geological time, when interpreting data the 

researcher must take into account possible high temperature exposure which may have 

altered the signature (e.g volcanic events and forest or bush fires). 

6.5 CONCLUSIONS 

ESI-MS was applied for the first time to monitor oxygen exchange in highly 180 

enriched calcium phosphate precipitates and supernatants in the presence and absence of 

soil humic material. The measured intensities of the five orthophosphate isotopomers 

enabled calculation of% 180 enrichment in orthophosphate and quantification of oxygen 

exchange occurring during precipitation. Results showed that no oxygen exchange 

occurred during early dissolution-reprecipitation reactions of calcium phosphate phases 

at a pH of 5.7 and temperatures of 25°C and 80°C, both in the presence and absence of 

humic material. 

Calcium phosphate samples were heated to 600°C and also charred briefly over a bunsen 

flame. After heating and analysis by ESI-MS, oxygen exchange was confirmed by a 

reduction in %180 enrichment (i.e. 180 delabelling). Humic materials imparted a more 

pronounced effect on the calcium phosphate oxygen exchange process either directly via 

a possible catalytic interaction or indirectly by its effect on the nature of the calcium 

phosphate precipitated from solution. 
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Dissolution of calcium phosphates, by conversion to potassium phosphates, proved an 

effective and suitable procedure to allow ESI-MS analysis. As a result, the ultimate aim 

of the thesis has been achieved, which was to provide a means of tracing phosphate in 

the environment through tracing oxygen isotopes of phosphate. In the process, further 

knowledge has been gained regarding high temperature reactions of phosphate, which 

also has implications in the interpretation of oxygen isotopic signatures of 

environmental phosphates for paleotemperature studies. The work presented in this 

thesis has opened up many options for further study and these are given in the following 

chapter. 

6-26 



II Chapter 7 CONCLUDING REMARKS AND RECOMMENDATIONS II 

This thesis has addressed geological aspects of orthophosphate chemistry that are 

important not only to the agriculturalist, but also to the environmentalist and 

paleoclimatologist. It was the intention of this thesis to undertake experiments which 

may help to explain how orthophosphate, the chemical form in which phosphorus is 

taken up by plants, may become more available for plant growth through its interactions 

with soil organic matter, following its application as fertilizer. Additionally, it was the 

intention to provide a new rapid and precise method that allows the analysis of highly 
180 enriched orthophosphate so that tracer studies could be undertaken in soil systems to 

enable insightful studies of the phosphorus cycle. Both these aims have been achieved 

firstly, by studying the effects that soil humic and fulvic acids have on the crystallisation 

processes of calcium phosphate and secondly, by developing and validating a novel 

method that allows the measure of oxygen isotopic distributions of orthophosphate 

isotopomers. It is envisaged that such an approach may give information on the origins 

and fate of orthophosphate in the environment. To demonstrate its applicability, the 

new method was used to quantify oxygen exchange in calcium phosphates following 

high temperature treatments. The results of this study have implications in assessments 

of climate history. 

The major conclusions drawn from the first study, presented in Chapter 2, are that the 

combined fraction of humic and fulvic acids (termed humic material) extracted from an 

acidic black earthy clay soil exert some control over the initial reactions involved in the 

spontaneous precipitation of calcium phosphate. In particular, humic material delays the 

sequential transformation of calcium phosphate phases precipitated at acidic and neutral 

pH and direct the precipitation toward poorly crystalline metastable phases which are 

more soluble than the phases they subsequently form. At pH 7.4 humic material caused 

amorphous calcium phosphate (ACP) to transform to an intermediate phase 

( octacalcium phosphate - OCP) which was not evident in the absence of humic material. 

At pH 5.7 humic material caused a different phase to form initially (ACP) instead of 

dicalcium phosphate dihydrate (DCPD), before it transformed to OCP. It is evident that 

pH is important in controlling calcium phosphate phases that precipitate, however, 
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humic material appears to have a pronounced effect on speciation. 

This work gives insights into the spontaneous processes that occur when calcium and 

phosphate ions, either from fertilizer or other sources, are introduced in the presence of 

the major organic components in soil buffered at a particular pH. One might infer that 

organic acids may increase the availability of phosphate to plants and that in soils that 

are saturated with phosphate, the application of calcium and soda lime (alkaline 

conditions) might minimise the loss of phosphate by precipitation as highly insoluble 

calcium phosphates such as hydroxyapatite and substituted apatites. 

The experiments undertaken focused on the very early reactions between phosphate, 

calcium and humic material, however, it would be of interest to study long term effects 

of soil organic acids in attempting to understand the fate of phosphate from fertilizer in 

soil. Additionally, it is proposed that a study to identify the varied effects of different 

soil organic acids (humic and fulvic acids), may reveal one fraction to be more efficient 

at solubilising phosphate. The outcome may assist in the development of fertilizers that 

can be tailored to agricultural and environmental needs. It would also be interesting to 

evaluate how much hmnic materials contribute to the variation in the behaviour of 

phosphate between soils. 

In the quest for a deeper understanding of the phosphorus cycle in the biogeochemical 

sphere, researchers seek to follow the reactions of phosphate by tracing oxygen, which 

accompanies phosphorus throughout the cycle. Current approaches are far from ideal 

and a new method was required, particularly for the analysis of phosphates highly 

enriched with stable oxygen isotopes (e.g. 180). These requirements led to the 

development and validation of the electrospray ionisation mass spectrometry (ESI-MS) 

method reported in Chapters 4 and 5. This method enables highly 180 enriched 

phosphates to be analysed accurately and precisely. It is sufficiently sensitive to detect 

natural abundance levels of 180 . 

Validation of the ESI-MS method was undertaken using potassium phosphates ranging 

in% 180 enrichments from natural abundance levels (0.2%) up to 66%. An accuracy of 

98.9 ± 0.6 % was demonstrated by comparison to results obtained from 31P NMR. 

Precision was determined using repeat determinations in the same day, giving at worst 
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5.2% RSD, whilst comparison on different days gave a RSD of 1.7%. The sensitivity 

assessments showed that the method was able to determine a change in % 180 

enrichment in orthophosphate of 5.6%. The limits of detection and quantitation (when 

responses from all five isotopomers were determined) were both found to be 6.0 % 180 

enrichment in orthophosphate. The linear range of analysis was determined to be 

between 6 and 66% 180 enrichment for orthophosphate. All of the above parameters 

were determined at concentrations of 100.5 ± 0.2 ppm KH2P04. If higher 

concentrations were employed the values reported here would be underestimates of the 

capabilities ofthe ESI-MS method. 

During the analysis of orthophosphate anions by ESI-MS, metaphosphate anions are 

also produced. When the oxygen on orthophosphate was relatively evenly distributed 

between 180 and 160, it was evident that dehydration by the loss of H2
160 occurred 

preferentially, thus producing metaphosphate anions that were more enriched with 180. 

This result demonstrates the greater bond strength between phosphorus and the heavier 

oxygen isotope. 

The strengths of the novel ESI-MS method include its rapid analysis time and its 

minimal sample requirement of milligram quantities. There are few steps involved in 

the analysis of soluble phosphate compounds. Phosphates that are insoluble in water 

can be dissolved in strong acid, e.g. HN03, and converted in solution to potassium 

phosphate, without affecting the ratios of the isotopomers. For the measurement of the 

distribution of orthophosphate isotopomers, ESI-MS is more sensitive than NMR by 

two to three orders of magnitude. 

Limitations of the ESI-MS technique include its inability to give a linear response to 

Increases 1n orthophosphate concentration, therefore the determination of 

orthophosphate concentration cannot be easily interpolated (without solving polynomial 

equations), concurrently with % 180 enrichment determinations in orthophosphate 

samples. A further limitation, under the conditions studied, includes the method's 

inability to sensitively quantify 180 enrichments at the per mil (%o) level. Continued 

development and optimisation is recommended to fully exploit the capabilities of the 

technique and improve sensitivities and resolution. The suggestion of adapting the 

method to use liquid chromatography Fourier transform ion cyclotron resonance mass 
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spectrometry (LC-FTICR-MS) with> 1 m/z unit resolution, may improve the sensitivity 

and detection, in addition to being able to resolve any interfering peaks which might be 

fractions of a m/z unit apart. 

The ESI-MS method was applied to the measurement of oxygen isotope distributions in 

calcium phosphate precipitation and supernatant products that were highly enriched in 
180. Products were formed from the spontaneous precipitation following the mixing of 

soluble calcium and phosphate compounds. There was a lack of oxygen exchange 

evident when the experiments were undertaken in the presence and absence of humic 

material at pH 5.7 and at 25 and 80 °C. Results showed that P-O bond breakage does 

not occur during dissolution-reprecipitation reactions, which is expected since it is the 

basis of paleotemperature studies that negligible oxygen exchange occurs in the absence 

of biological mediation. 

To demonstrate the ability to measure oxygen exchange in calcium phosphates by ESI-

MS, samples were treated in a furnace at 600 octo induce exchange. Oxygen exchange 

occurred in all fumaced samples, however humic materials imparted a more pronounced 

effect on the exchange process. It was concluded that this occurs by either direct 

catalytic means, or indirectly by their effect on the nature of calcium phosphate formed 

during precipitation. It is proposed that the mechanism by which humic material causes 

calcium phosphate to be more 180 depleted needs to be investigated. It needs to be 

confirmed whether exchange occurs solely between phosphate and surrounding water 

vapour and air or if the humic material takes part in the fractionation. 

It is well established that high temperatures promote isotope exchange, however, its 

quantification in the systems studied here, and in particular the use of ESI-MS in such 

experiments, has not been previously reported. It is concluded that paleoclimatologists 

must exercise caution when assessing climatic geological history since high temperature 

events may cause phosphate to alter its oxygen isotopic signature. It is envisaged that 

the newly developed methodology will assist researchers in quantification of these high 

temperature fractionations. 

Isotopomer distributions have the potential to assist in deducing the geochemical and 

biochemical mechanisms of oxygen exchange in phosphate compounds. It is suggested 
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that the new method be applied to quantify oxygen exchange in orthophosphate 

promoted by enzyme catalysis as it would give insights into the reactions of phosphate 

that are biologically controlled, and have implications on the traceability of phosphate in 

soil and plant systems. Better understanding of these oxygen exchange reactions is a 

prerequisite for predicting the biogeochemical phosphate cycle. Metabolism studies 

may be extended to human or animal subjects, whereby excreted phosphate may be 

measured from subjects which had consumed artificially high 180-enriched diets. With 

further development and validation, it is anticipated that the ESI-MS method could be 

extended to analyse phosphate in more complicated environmental matrices with the use 

of liquid chromatography (LC). Alternatively, the method may potentially be extended 

to analyse soil organic matter, organophosphates or other oxy anions important in the 

geosphere such as sulfates. 

This thesis has presented many aspects of phosphate geochemistry as well as provided a 

newly developed ESI-MS method that is complimentary to existing methods. Through 

its development, it is foreseen that a wider array of studies can be undertaken with 

oxygen isotopes of orthophosphate. 
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