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ABSTRACT 

This thesis is directed towards the development of a speciation protocol for Al in 

natural waters and soil solutions. Factors that might influence the accuracy of the 

speciation results are investigated. 

The equilibrium reactions between aluminium(III) and (i) pyrocatechol violet 

(PCV) and (ii) 4-nitrocatechol have been studied by potentiometric titration in aqueous 

solution, I 0.10 M K(CI), 25.0 dc. The adsorption behaviour of pyrocatechol violet on 

the surface of the aluminium-oxide hydroxide boehmite [a-AIO(OH)] has been 

investigated. In this work, the experimental data for surface complexation were evaluated 

on the basis of the electrostatic constant capacitance model. The acidity constants of the 

surface hydroxy groups at the boehmite-solution interface were evaluated as a prerequisite 

to studying the ligand adsorption behaviour. This work and the equilibrium reactions 

between aluminium(III) and pyrocatechol violet (PCV) were performed at Umea 

University, Sweden. 

A comparison of the chromophores chrome azurol S (CAS), eriochrome cyanine 

R (ECR) and pyrocatechol violet (PC V) for the determination of AI was made. These 

studies were performed using computer modelling calculations. The pH and mass action 

effects were calculated for the representative 'interferents' citrate, oxalate, salicylate and 

fluoride. The effects of complexation kinetics on the use of PCV for the determination of 

'labile' AI in the competitive systems: 'PCV-AI3+-citrate 1 and' PCV-AI3+-oxalate ' was 

investigated. These studies also validated the' H+ _AI3+ -pyrocatechol violet' equilibrium 

data for typical analytical conditions. 

A preliminary survey was made of the electrochemical properties of a series of 

A13+-ligand systems using cyclic voltammetry. This was to identify redox-active ligands 

which may be used as electrochemical probes for AI. Flow injection analysis (FIA) 

methods for the determination of Al which exploit the indirect electrochemical detection of 

AI using the ligands pyrocatechol violet and tetrahydroxy-l,4-quinone were investigated. 

The development of an Al3+ speciation procedure is described. It is based on a 

2-s reaction with oxine-derivatised Fractogel positioned in a 22 J.LL column reactor in an 

FIA manifold. A13+ (pre )concentrated on the column from a 650 J.LL sample was 

selectively eluted (via the rapid quantitative conversion of resin-bound AI3+ to the 

AI(OH)4- ion) with 150-250 J.LL of 0.02 mol L-1 NaOH and detected 

spectrophotometric ally as the AI-CAS (chrome azurol S) complex at pH 5.0. 

The resultant FIA method was tested for (i) the selective separation of reactive Al 

from Fe, (ii) the sequestering of AI from its citrate, oxalate, malonate and fluoride 

complexes and (iii) retention of AI-hydroxy polymers [e.g. Al13(OHh27+] by the 

adsorbent. The method was applied to humic waters and soil solutions and the results for 

'free' A13+ were compared with those obtained by the previously published 7-s CAS 



method. The method's detection limit and linear working range were eva1uated. The 

potential for further development of this Al speciation technique is discussed. 
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1 

CHAPTER 1 

THE ENVIRONMENTAL CHEMISTRY OF ALUMINIUM 

This chapter is divided into 3 parts. 

SECTION A: This discusses the occurrence of AI, its speciation and transport 

in the environment. 

SECTION B: The toxicological effects of aluminium to plants, aquatic 

organisms and humans is discussed. 

SECTION C: Methods for the measurement of Al at environmentally significant 

concentrations is discussed, in particular, methods that measure the 'free' or 'rapidly labile' 

fractions of AI. 

SECTION A: THE. CHEMISTRY OF ALUMINIUM 
IN THE ENVIRONMENT 

1.1 ALUMINIUM IN THE ENVIRONMENT 

Aluminium is the most abundant metallic element in the earth's crust (comprising 

8.3 % by weight); it is exceeded in abundance only by 0(45.5 %) and Si (25.7 %), and is 

approached only by Fe (6.2 %) and Ca (4.6 %) [Greenwood and Earnshaw, 1984]. In 

nature aluminium occurs most widely in the form of igneous silicates (micas and 

feldspars), hydroxo oxide (bauxite) and as cryolite (Na3AlF6); it is therefore mostly 

insoluble and innocuous. On weathering, in temperate climates, the aluminium-silicates 

form clay minerals such as kaolinite [AI2(OH)4Si20S], montmorillonite, and vermiculite 

[Sposito, 1989]. 

The mechanisms controlling the concentration of AI*I in soil and in aqueous 

systems in the environment are complex and poorly understood [Ritchie, 1994 and 1995]. 

Soil minerals are believed to be the primary source of AI in the environment. Through soil 

development, these large mineral pools of Al are gradually decomposed and AI3+ is made 

available to participate in biogeochemical processes. These reactions, which occur 

primarily as a result of weathering, proceed slowly due to the low solubility and slow 

dissolution kinetics of the soil minerals [Bloom, 1983]. The reactions are very pH 

dependent and are influenced by the AI-silicate source minerals, ligands present and cation 

exchange processes [Bache, 1986; Conyers, 1990; Ritchie, 1995]. Chemical weathering is 

*1 In this document 'AI' is used to indicate all solution phase aluminium species. A13+ is used to denote 
'free' aluminium, i.e. Al(H20)63+. 



CHAPTER 1: ALUMINIUM IN THE ENVIRONMENT 2 

primarily a result of H2C03 or organic acid dissolution [Reuss and Johnson, 1985] or 

mineral hydrolysis, followed by the reprecipitaion of Al as amorphous Al (hydr)oxides 

[Johnson et al., 1981] or alumino-silicates [Lindsay, 1979]. Once available to the 

environment Al quickly becomes complexed by soil organic matter or adsorbed onto 

charged mineral surfaces as the free metal ion or organically complexed AI. 

Due to the relatively low solubility of natural Al minerals, the concentrations of 

aluminium are usually low in most circumneutral waters. Reported values for Al in 

surface waters are OAI-lmol L-1 [Stumm and Morgan, 1981] while for fresh water streams 

concentrations are typically near 9 !-lIDol L-1 [Bowen, 1966]. Aluminium present as Al3+, 

i. e. Al(H20)63+, represents only a very small fraction of the total aqueous Al in the 

environment. At near neutral pH's (6.0-8.0), Al is strongly hydrolysed and forms several 

insoluble complexes [Stumm and Morgan, 1981]. At both acidic and alkaline pH's the 

solubility of Al is enhanced [May et al., 1979], increasing its availability for both biological 

and geochemical reactions. The presence of organic matter capable of complexing Al also 

increases Al solubility [Bloom et al., 1979]. The availability of Al to the biota depends on 

solution pH, concentrations of complexing ligands (both inorganic, e.g. OH-, F, S042-, 

and organic, e.g. humic matter), ionic strength and temperature. To a small extent living 

biomasses· may also participate in the cycling of Al, however this will be almost 

insignificant since Al is neither a plant nor animal nutrient [Ehrlich, 1990]. 

There is particular interest in the effects of elevated concentrations of Al in soils 

and acidic freshwaters because of: (i) the role of Al as a pH buffer (dilute acidic waters); 

(ii) the influence Al may have on the natural cycling of trace metals, organic carbon and 

phosphate; and (iii) the potential toxicity of Al to many plants and aquatic organisms. 

Some of the processes believed to contribute to aqueous Al in the environment 

are illustrated in Figure 1.1. 

1.1.1 ALUMINIUM TRANSPORT AND RELEASE.- A variety of processes may 

contribute to the input of Al to aqueous environments [Driscoll and Schecher, 1990]. The 

composition of waters entering a surface drainage system of streams, rivers and lakes 

depends crucially upon (i) the hydrological pathway taken by the waters and (ii) the 

chemical, mineralogical and biological nature of the materials through which the waters 

percolate. The 'master variable' governing Al mobilisation is pH. The effects of pH are, 

however, modified by the mineral phase which is dissolving, by cation exchange and by the 

formation of soluble complexes with ligands [Bache, 1986]. Once present in the aqueous 

environment both particulate and dissolved transport of Al can occur; however, only the 

aqueous forms are immediately available for further chemical or biological 

transformations. 
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Figure 1.1 illustrates some of the processes believed to contribute to aqueous AI in the 

environment. 

The pnmary input of AI to aqueous environments IS through weathering of 

minerals in soils, whereas organically bound, exchangeable, interlayer and soluble 

complexed AI are sinks for AI released during mineral dissolution. The sinks provide the 

immediate sources of AI to the soil solution and hence, separately or collectively, may be 

seen as controlling the amount of AI in solution [Dahlgren and Walker, 1993; Hughes, 

1994; Takahashi et al., 1995]. The factors that contribute to the control of soil 

development will also affect the rate of mobilisation and transport of AI. Fundamental to 

understanding these processes is a knowledge of which solid phases are present, and the 

ability to model the phases that are regulating the AI concentrations in the complex soil 

and natural water environments [Gherini, 1985; Taugby;I et at., 1994; Alveteg et ai., 

1995; Grzyb, 1995; Tipping et aI., 1995]. 

Research [Johnson et aI., 1981; Bache, 1986] has indicated a number of solid 

phases that may control soil AI concentrations; these include amorphous or crystalline 

gibbsite [Al(OHh] [Cronan et ai., 1986], kaolinite [AI2Si20S(OH)4], hydroxy sulfate 

minerals {e.g. basalunite, AI4(OH)1OS04; alunite, KAl30H(S04h; or jurbanite, 

AI(OH)S04"5H20 [Eriksson, 1981; Nordstrom, 1982; Nilsson and Bergkvist, 1983]}. 
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The dissociation of AI from soil organic matter has also been invoked to describe AI 

release [Bloom et al., 1979; Cronan et ai., 1986; Dahlgren and Walker, 1993; Hughes, 

1994; Takahashi et al., 1995]. 

For different soil types, deviations from models based on these solid phases are 

apparent and simple solubility models are now often regarded as inadequate to explain the 

relationship between AI and pH in soil solutions [Bloom et ai., 1979; Neal et al., 1989; 

Reuss et al., 1990]. It is likely that several of these phases together control aqueous AI 

concentrations [Cronan et al., 1986; Hughes, 1994]. In the long term, although AI is 

derived from mineral sources, the quantity released cannot necessarily be predicted from 

thermodynamics because morphological characteristics may result in kinetic considerations 

becoming as important as thermodynamic ones [Ritchie, 1994 and 1995]. Dahlgren and 

Walker (1993) measured AI release rates from soils dominated by hydroxy-AI interlayered 

silicates and AI-humic complexes. The results indicated that AI-humic complexes were 

strongly involved in regulating AI release rates. Recently, Alveteg et ai. (1995) 

investigated the development of a kinetic alternative to modelling soil AI. 

Secondary Inputs of Al into Aqueous Environmentli.- Colloidal matter present in 

soils as clay minerals and humus*2 is a source of negatively charged surfaccs that can 

electrostatically adsorb cations. These particles diffuse through waters and are involved in 

relatively rapid cation exchange reactions and in the transport of salts percolating through 

soils. The most dominant exchangeable cation (after hydrogen ions) in acidic humic layers 

is calcium while that in the mineral subsoil layers is AI. The exchangeable AI fraction in 

acid soils thus provides a large reserve of adsorbed ionic AI that can be rapidly mobilised 

into soil solution and natural waters. The soil minerals that dominate the adsorption and 

exchange reactions are generally the secondary products of mineral dissolution, i.e. fine

grained, highly reactive minerals [Wilson, 1986]. However, much of the surface-adsorbed 

AI is bound very strongly by insoluble humic macromolecules or at (hydr)oxide or clay 

mineral smfaces and exchange processes occur slowly. The upper limit for solution AI 

concentrations in equilibrium with exchange systems is set by the solubility of the mineral 

phase. 

Podzols typically form under coniferous forests and vegetation in cool humid 

climates (viz. West Coast, N.Z.). The process of soil podzolization strongly influences the 

mobilisation and transport of AI. This process involves the mobilisation of AI (along with 

Fe) by complexation with organic acids, leached from foliage as well as from decomposing 

forest litter, and the subsequent transport from upper to lower soil horizons [Lundstrom, 

1993]. This AI is largely precipitated within the lower horizons and attributes little to the 

*2 Humus: The insoluble (humin and humic acid) and soluble (fulvic acid) fractions of soil organic matter 
composed primarily of colloidal sized, weak polymelic acids of considerable aromatic character [Bloom 
(1981)]. 
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AI transported from terrestrial to aquatic environments [David and Driscoll, 1984]. 

Recently, these traditional concepts of the translocation of AI and Fe in podzols have been 

challenged [Farmer, 1982; Farmer et al., 1983; Childs et al., 1983]. Farmer and co

workers suggest that aluminium is solubilised from the E(eluvial)-horizon as a silicate 

complex, followed by transport to the B-horizon where it is subsequently deposited as an 

aluminium silicate mineral (viz. imogolite or proto-imogolite allophane). During a second 

transport stage, soluble organic matter within this horizon re-mobilises the previously 

precipitated iron or aluminium silicates as alumino-organic complexes [Anderson et ai., 

1982]. Wilson (1986) suggested that the weathering products involved in the mobilisation 

of Al from podzols are likely to be proto-imogolite allophane and hydroxy AI-interlayered 

vermiculite or smectite. 

Bloom et at. (1979) concluded that hydrolysis of organically bound AI is a major 

source of buffering for acidic soil solutions and that exchange of AI3+ ions from organic 

matter controls the relationship between pH and AI3+ activity in acid soils of high variable 

charge cation exchange capacity. Their studies showed that the solubility of crystalline 

minerals or amorphous alumino-silicates has little direct influence on solution AI. Conyers 

(1990), upon studying several acidic Australian soils, suggested that leaching of silicic acid 

influences the extent of clay decomposition and hence Al solubility and that the relative 

sizes of the organic sink and mineral AI sources determine the influence of organic matter 

on AI solubility. Driscoll et at. (1985) observed that AI leached from organic horizons 

(undersaturated with respect to AI(OHh solubility) appeared to be largely organically 

complexed. In the lower soil horizons, inorganic AI concentrations were elevated and 

approached the solubility of AI(OHh (natural gibbsite), 

Several authors have shown correlations between elevated dissolved organic 

carbon (DOC) and increased solution AI [Driscoll et ai., 1985; Driscoll, 1989]. The 

organic and inorganic AI fractions measured in natural waters are thus likely to originate 

from different soil sources (organic and mineral horizons, respectively) and different 

mechanisms of mobilisation (organic decomposition followed by AI complexation and 

dissolution of mineral sources by acid dissolution). In organic soil horizons, thermo

dynamic equilibrium between soil AI and solid phases is, quite probably, not often 

attainable in soils undergoing continuous inputs of exchangeable cations and anions and 

soil organic matter; here complexation kinetics (of AI with organic matter) are likely to 

most strongly influence the free Al concentrations [Walker et ai., 1990]. 

Reuss and Johnson (1985) highlighted the important role of CO2 in the 

solubilisation and transport of AI. Calculations showed that for soils with low to 

moderately low exchangeable bases, the alkalinity *3 of the soil solution increases rapidly 

*3 The alkalinity (Alk) of a water is its acid-neutralising capacity and can be defined as the concentration 
of all H+-ion acceptors minus the free H+-ion concentration [Stumm and Morgan, 1981], i.e. for the 
system: H+ - AP+ - CO2, Alk = [HC03 -] + 2[C032-] + [OH-] - [H+] - [AI3+] [Al(OH)2+] - [Al(OHh +]. 



CHAPTER 1: ALUMINIUM IN THE ENVIRONMENT 6 

with increases in CO2 partial pressures while pH is only slightly affected. For soil 

solutions with positive alkalinities, their release from the soil environment results in rapid 

increases in pH due to degassing. Alternatively, waters with negative alkalinities (typical 

of acidic soils) remain acidic when released and subsequently degassed. The mechanism of 

Reuss and Johnson could account for the large changes in surface water pH observed (cf 

6.3 to 5.0 or less) associated with small changes in soil solution pH (cf < 0.3). In soil 

environments, elevated partial pressures of CO2 result in the formation of H2C03 and its 

dissociation to H+ and HC03 . The resulting acidification increases Al dissolution and 

HC03 - acts as a counterion for Al transport. When the solution emerges from the soil to 

enter surface water, it equilibrates with atmospheric conditions (C02 degassing) resulting 

in the removal of HC03- and the hydrolysis and precipitation of Al [as Al(OHh(s)]' 

1.1.2 EFFECTS OF ACID DEPOSITION.- Possibly the most important ecological 

consequence of acid deposition is the increased mobilisation and transport of soil Al 

[Johnson, 1979; Nilsson and Bergkvist, 1983; Johnson et al.,1984; Mason and Seip, 

1985]. Mineral acids from atmospheri.c deposition result in the remobilisation of AI either 

previously precipitated within soils during podozolisation or from soil exchange sites 

[Cronan and Schofield, 1979]. This Al may then be transported to adjacent surface 

waters. Acid deposition often results in considerable changes to the chemistry of surface 

waters without drastic changes occurring to the local soil systems [Seip, 1980; Reuss and 

Johnson, 1985]. 

Lakes and rivers become acidic when the input of acids exceeds the amount of 

bases produced in the catchment by weathering of rocks, and/or by reduction of strong 

acid anions within lake/watershed systems [Driscoll, 1989; Bailey et ai., 1995]. 

Catchments with largely siliceous bedrock geology are the most sensitive to acidification; 

in such areas, the alkalinity balance may become zero or even positive and proton 

concentrations equal to or greater than bicarbonate ion concentrations. At this end of the 

bicarbonate buffering system the pH is near 5.5 and represents a crucial point for the 

release of Al ions. 

Soils that are low in exchangeable basic cations: Ca2+, Mg2+, Na+, K+, NH/, 

e.g. soils underlain by granitic (silicate) bedrock, are generally sensitive to the deposition 

of mineral acids (e.g. HN03, H2S04), In such soils the natural cycling of anions (e.g. 

SO/-, N03-, cr, F) results in an increased mobility of acidic cations (H+, AI3+) and the 

transport of these ions from the soil to surface waters [Gherini et ai., 1985]. In less acid

sensitive soils, the processes of dissolution or exchange of basic cations and/or retention of 

strongly acidic anions act to neutralise strong acids. The effects of Ca, present in acid 

Alternatively alkalinity may be defined by the solution electroneutrality condition (the excess of positive 
charges over the anions of strong acids) generalised by : Alk [Na+] + [K+] + 2[Ca2+] + 2[Mg2+] + ... 
[Cl-] - 2[80/-] - [N03-] - n •• 
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rain-affected soils through leaching of CaS04, on the mobilisation of AI was investigated 

by Berry et ai. (1990). Ca, at concentrations typical of precipitation-induced CaS04 

leachates, displaced significant quantities of protons in 0a (upper soil) horizons and 

subsequently increased Al solubility in the underlying soil horizons. 

Johnson (1979) concluded that the neutralisation of strong acids is largely 

accomplished in the upper soil zone by rapid reaction with basic AI salts and by the 

leaching of bases from organic matter. Thus, by the time acid rain reaches the first small 

streams, its acidity has been greatly reduced. A 2-step process for the neutralisation of 

acid rain in the Hubbard Brook experimental forest (New Hampshire, U.S.A.) was 

proposed by Johnson et al. (1981). Initially, rapid neutralisation occurred by dissolution 

reactions of reactive AI within the soil zone. The second step involved neutralisation of 

both the hydrogen ion and AI acidity by chemical weathering of primary silicate minerals; 

this process involves the slow introduction of alkali and alkaline earth cations into the 

system (primarily Ca and Na). The soil zone was highlighted as the main site for AI 

acquisition by acid waters and the rate at which total neutralisation occurs closely follows 

the rate at which silicate minerals are weathered. 

The long term capacity of a soil to neutralise acidity depends mainly on the 

dominant and weatherable mineral phases and the access of percolating solutions to the 

surfaces of these minerals. Prosser et al. (1993) compared soil acidification and AI 

concentrations under Eucalyptus forest and pasture. Differences in AI concentrations 

could be accounted for by the lag in AI response to acidification and greater complexation 

of AI with forest soil organic matter. The acidification of the forest floor, and resulting AI 

release, is broadly consistent with a net accumulation of organic anions. Bailey et al. 

(1995) monitored the acid-base chemistry and AI transport of an acidic, clear-water pond 

in the White mountains of New Hampshire. AI concentrations and speciation in the 

drainage waters changed with concentrations of natural organic matter. 

The acidic decomposition of minerals is dependent on the type of acid involved; 

mineral acids (e.g. HN03, H2S04) or organic acids (e.g. oxalic, citric). Complexing acids 

extract more AI than do mineral acids at the same pH. Complexing acids bring about 

complete breakdown of mineral structures whereas mineral acids induce the formation of 

secondary minerals. Mineral acids are capable of depleting the exchangeable cations (such 

as Ca and Mg) from clay minerals much more rapidly than complexing ligands [Wilson, 

1986]. 

The mobilisation of AI in laboratory-based soil columns exposed to acids [HN03 

and H2S04] and salt solutions [NH4N03 and (NH4hS04 fertilisers] was studied by 

Kotowski et al., (1994). The greatest amounts of AI were mobilised from the illuvial 

(Bhs) and spodic (Bs) soil horisons. HN03 mobilised more AI than H2S04; the degree of 

AI mobilisation by the salt solutions was between that observed for the two acids studied. 
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Lydersen et al. (1993) investigated the effect of addition of sulfuric acid to humic lake 

water (acidification from pH 5.6 to 4.1). Significant changes in the molecular weight 

distribution of organic complexes was observed for Fe and AI. It was suggested that 

increases in inorganic AI were primarily due to solubility and cation exchange reactions 

associated with high molecular weight AI-fractions. 

1.1.3 SPECIATION OF ALUMINIUM IN NATURAL WATERS.- The chemistry 

of AI in natural waters and soil solution is very complex. AI is bound strongly by 

numerous inorganic ligands (e.g. OH-, ,sol-, POl-) and a vast array of naturally 

occurring organic ligands including soil humics and smaller plant degradation or micro

organism secretion products (e.g. oxalic, citric and salicylic acids). As a result of 

extensive research, accurate thermodynamic data are available for AI complexes with 

inorganic species [Sposito, 1989; Pettit and Powell, 1995]. These data allow precise 

estimates of equilibrium concentrations for the complexes following input of total 

concentrations for the constituents and pH. Unfortunately there is a lack of reliable 

thermodynanlic data for many of the organic constituents of these solutions. Also, 

considerable difficulty exists in estimating concentrations for organic constituents. 

Dissolved AI exists as aquo AI, [AI(H20)63+], as well as OH-, F, sol-, P04
3-

and organic complexes. In acidic surface waters of low ionic strength, the predominant 

forms of AI are the organic and F complexes. With further decreases in solution pH the 

concentration of inorganic forms of Al increases exponentially. The concentration of 

organic Al species is more strongly correlated with variations in total organic carbon 

(TOe) concentrations than by changes in sUlface water pH [Driscoll, 1989]. Temperature 

has been shown to influence the solubility of AI-minerals and the hydrolysis and molecular 

weight distribution of aqueous Al species [Lydersen et al., 1990]. 

(A) Al Hydrolysis.- The speciation of Al is pH dependent. In acidic solutions (pH < 4) 

and in the absence of complexing ligands (other than hydroxide), Al is largely present as 

the aquo A13+ ion, i.e. AI(H20)63+. As pH increases A13+ quickly undergoes hydrolysis to 

form the species AIOH2+ and AI(OHh + and small amounts of polynuclear species {e.g. 

{[AI2(OHh]4+; [AI3(OH)4]S+}. At near neutral pH's (ca. 5.0-6.5) AI forms several highly 

polymerised and insoluble complexes {e.g. [AI6(OH)12(H20)12]6+; [AI04AI12(OHh4+n -

(H20) 12_n](7-n)+ (AI 13) }. 

The study of soluble hydroxy ions fmmed from AI3+ in aqueous solution is 

extremely complicated and the interpretation of experimental results is also difficult [Baes 

and Mesmer, 1976; Bertsch, 1990; Martin, 1991]. The AI dimer AI2(OHh 4+, which has 

been perceived as a significant AI-hydrolysis species [Baes and Mesmer, 1976], is 

currently believed to form to a much less significant extent [Ohman and Forsling, 1981; 

Brown et al., 1985]. It is generally agreed, however, that (i) the species AI3+, AIOH2+ 
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and AI(OHh + dominate effects at pH < S; (ii) the solubility of AI3+ decreases to a 

minimum near pH 6.S, with Al(OHhO(s) formation; and (iii) at higher pH values solubility 

increases again, with Al(OH)4 as the dominant solution species at pH > 7. 

In the pH range S-7 the wide range of high molecular weight polynuclear species 

proposed makes accurate calculations difficult. Variations in the model used has little 

effect at pH < S where AI3+ dominates, and at pH > 7 where Al(OH)4- dominates, but 

causes considerable differences in the distribution of AIOH2+, AI(OHh + and AI(OHh 

between pH S and 7. Much controversy underlies the chemistry of AI hydrolysis and a 

number of excellent reviews are available on this subject [Baes and Mesmer, 1976; 

Bertsch, 1989; Nordstrom and May, 1989]. 

(B) Inorganic AI Species 

Fluoride: Fluoride is present in significant concentrations in most surface waters and 

forms complexes which, except for some organic AI species, are claimed to be the most 

stable soluble species of this metal encountered in acidic waters [Driscoll and Schneider, 

1989]. The stoichiometry of Al-F complexes varies with total F concentration; at lower 

F concentrations the species AlF2+ and AlF2 + dominate. As F concentrations increase, 

H20 or OH- ligands are successively displaced and the dominant species becomes AlF3. 

At higher pH values competition results in the displacement of by OH- ions and under 

alkaline conditions OH- complexes dominate (pH> 6) [Martin 1988]. 

In natural waters concentrations of F are typically low (S ~mol L-l, [Stumm and 

Morgan, 1981]) and the AI-F species AIF2+ and AIF2 + commonly form. Competition with 

organic ligands does not significantly modify the extent to which AI-F complexes form 

[Ares, 1990]. In acidic soils AI-F concentrations often appear negligible; this has been 

interpreted as indicating that AI-F complexes are easily transported because of their high 

solubility [Ares, 1990]. 

Sulfate: Sulfate, S042-, forms considerably weaker complexes with Al than F. At 

concentrations common in natural waters (120 ~ol L-l, [Stumm and Morgan, 1981]) AI

S04 complexes form only as minor species and these complexes form only at acidic pH's. 

At lower SO/- concentrations the species AIS04 + dominates while at higher 

concentrations AI(S04h forms. In environments subject to acid rain (H2S04, HN03), 

bioaccumulation of N results in sol- becoming the dominant anion in soil solution. The 

anion plays a very important role in the leaching and transport of base cations as well as 

AI3+ and H+ in acidic soils. 

Phosphate: Although soluble AI-phosphate complexes form and are more stable than 

sulfate complexes, phosphate, poi-, concentrations in natural waters are very low {O.OS 

~mol L-1 [Gunneriusson, 1993]}. Phosphate forms a number of highly insoluble species. 
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The inorganic anions HC03-, a- and N03- (also found in natural waters) do not fonn 

important complexes with AI. 

Silicon: The importance of aqueous AI-Si species is often alluded to in soil science. Such 

species are, however, likely to account for a major proportion of total inorganic 

monomeric AI in natural waters [Browne and Driscoll, 1992]. Silicic acid, Si(OH)4, is the 

principal dissolved form of Si in solutions at pH < 8 (pKa = 9.8) and forms highly 

insoluble aluminosilicate species at near neutral pH's. Under dilute conditions, kinetics of 

precipitation are slow and it is reasonable to hypothesise that soluble AI-Si species would 

exist as intennediates in the weathering reactions of AI-Si minerals. Despite qualitative 

evidence that now exists for the fonnation of soluble AI-Si species [Chappell and Birchall, 

1988; Exley and Birchall, 1992] reliable thennodynamic data for reactions are not 

available [Browne and Driscoll, 1992]. It is now accepted that silicic acid plays a 

significant role in the transport, bioavailability and toxicity of AI in the environment 

[Birchall, 1990]. Stumm and Morgan (1981) report median values for Si concentrations in 

freshwaters of 300 /lmol L -1. 

(C) Organic Al Species.- The diverse nature of dissolved organic matter present in 

natural water and the difficulties in quantifying total concentration of individual molecules 

makes a discussion of specific AI-organic interactions difficult [Ares, 1986; Schnitzer et 

al., 1988; Grzyb, 1995; Schulten, 1995]. However, naturally occurring organic solutes 

play an important role in the solubility and speciation of Al [Lundstrom, 1993]. 

In organic soils the cation exchange capacity (CEC) is largely due to organic 

matter; much of the soluble AI in soils is associated with organic matter [Prosser et al., 

1993] and much of the AI in soil solutions and seeps appears complexed by organic 

ligands. Alumino-organic complexes are observed to predominate in highly organic soils 

[Driscoll et al., 1985]. It is likely that biocycling of forest floor vegetation is of 

importance in AI transport in forest ecosystems [David and Driscoll, 1984]. Gamble et al. 

(1983) claimed that AI is bound more strongly to humic acids than any other metal ion 

except Cu, however it is most easily leached by acid. More recent studies have indicated, 

however, that soil-derived humic and fulvic acids bind AI in preference to Cu in the pH 

range 3.5 - 5.5 [Town and Powell, 1993]. Recently, Grzyb (1995) reported the 

development of a data analysis algorithm that may be used for estimating functional 

properties of dissolved organic matter (DOM) in aqueous environments. NOAEM 

(natural organic anion equilibrium model) includes metal-hydroxide complexes and is 

capable of predicting organically-bound AI. 

The brown-coloured soluble humic substances that are common in waters 

leaching from organic horizons are possibly the most important organic ligands in soils. 

Soil humic substances (viz. humic and fulvic acids) are high molecular weight organic 

acids that display polyelectrolyte behaviour and thus exhibit a high potential for cation-
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exchange [Schulten, 1995]. Humic substances contain substantial numbers of -COOH and 

phenolic -OH groups; metal binding by functional groups other than these contributes very 

little to the CEC of soil organic matter [Bloom, 1981]. The binding of Al and Fe by humic 

substances is impOltant in podozol formation and in the stabilisation of soil aggregates. 

The ability of organic soil horizons to buffer acidic precipitation and affect AI release is 

potentially great due to the presence of humus-associated dissociable acidic functional 

groups. The interaction of humic and fulvic acids with clay minerals has been recognised 

for many years [Greenland, 1971]. 

For a natural water the modelling of interactions between AI and organic matter 

is a difficult task. Thermodynamic descriptions of AI-organic interactions in such media 

are confounded by the inherent complexity of the mixed ligand system which exhibits a 

large distribution of binding sites with varying affinity for AI [Gamble et at., 1983; Evans, 

1989; Schulten, 1995]. Furthermore, for the larger organics, such models must also 

contend with electrostatic interactions between ligand sites on the same molecules, 

configurational changes and aggregation [Stevenson and Vance, 1989]. Models have 

generally been formulated in. terms of (i) a series of discrete binding sites with unique 

proto nation constants, Ki , or (ii) a continuum of acidic functional groups (log Ka values). 

Titration data have been successfully modelled using two or four discrete protonation sites 

[Lovgren et at., 1987; Gregor and Powell, 1988]. 

For the reasons above, researchers often seek analytical descriptions of the 

organic characteristics of natural waters and soil solutions. Techniques have been 

developed which provide operationally defIned yet useful quantification of aqueous 

organic AI. These so-called fractionation procedures are directed towards distinguishing 

between not only inorganic and organic Al but also at partitioning the organic AI into . 

various groups (e.g. total AI, total monomeric AI, labile and nonlabile monomeric Al and 

acid soluble AI) [Stevenson and Vance, 1989]. These procedures will be discussed in 

more detail in SECTION C. The use of such techniques to study AI speciation, in particular 

AI-inorganic interactions, has in recent years resulted in a flurry of publications describing 

trends and water characteristics [Driscoll, 1989]. 

The ratio of organic carbon to AI-Org complexes generally decreases with soil 

depth [Driscoll et al., 1985]. The solubility of alumino-organic substances decreases as 

the ratio of organic C to AI (and Fe) decreases. Concentrations of organic AI species are 

also observed to increase with decreasing solution pH, suggesting that (i) acidic soils have 

a higher concentration of NOM (natural organic matter) and AI complexed to NOM, or 

(ii) acidic conditions increase the mobility of these species (i.e. enhanced leaching of AI

organic solutes). "The most commonly observed broad-based trends observed for natural 

waters are that (i) concentrations of inorganic AI increase exponentially with decreasing 

solution pH, and (ii) increasing organic monomeric AI correlates with increased dissolved 

organic carbon (DOC) levels [Johnson et at., 1981; Driscoll, 1984]. 
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The speciation characteristics of natural waters and soil solutions are complex 

and vary tremendously with small environmental changes. Spatial and temporal changes in 

speciation are common [Driscoll, 1985; Jeffries and Hendershot, 1989; Hughes et al., 

1994]. A vast amount of literature is now available regarding speciation of AI in 

watersheds around the world [Campbell et al., 1983; LaZerte, 1984; Miller and Andelman, 

1987; Jeffries and Hendershot, 1989]. However, problems associated with AI speciation 

and the environmental impact of processes such as acid precipitation are still not fully 

understood. 

(D) Particulate and Colloidal Al Species.- During conditions of oversaturation, Al 

will hydrolyse, leading to fonnation of particulate AI oxyhydroxides. These materials are 

often colloidal in nature and remain suspended in solution. Col1oidal AI oxides and 

hydroxides are plentiful in nature and provide a large array of sites which may adsorb 

metal ions and natural organic molecules [Davis, 1982 and 1984; Schautman and Morgan, 

1994]. The cycling of phosphate, trace metals and dissolved organic carbon (DOC) is 

affected by adsorption processes OCCUlTing at these oxyhydroxide surfaces [Schautman 

and Morgan, 1994]. Tipping et al. (1989) studied the adsorption of AI by suspended 

stream particles. An empirical equation was developed based on AI3+ activity, pH and 

particle concentrations which could account for AI3+ adsorption. Calculations (taking 

dissolved humic substances into account) indicated that adsorbed AI may account for a 

significant proportion (;:: 10%) of total monomeric AI. The complexation of AI3+ at the 

surface of goethite (a-FeOOH) was investigated by Lovgren et al. (1990). A 

thermodynamic equilibrium model was developed involving two monodentate species; AI 

desorption was found to be extremely slow and showed poor reversibility. 
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1.2.1 ALUMINIUM TOXICITY To PLANTS.- Elevated levels of soil AI have been 

shown to be toxic to several plant species including a number of commercially harvested 

food crops [Rosseland et al., 1990; Blarney and Asher, 1993; Delhaize and Ryan, 1995]. 

The availability and phytotoxicity of AI depends on a number of abiotic and biotic factors 

including many of the factors controlling AI transport and release (discussed in SECTION 

A). Soil pH, AI concentrations and a number of other factors, including organic matter 

and clay contents of soils, are hypothesised as affecting Al toxicity to plants. AI has 

repeatedly been either hypothesised or demonstrated as a major contributing factor in 

forest decline [Cronan et al., 1989; Arp and Strucel, 1989]. The extent of Al toxicity for 

any given soil is particularly dependent on the plant species [Parker et al., 1989; Kimaide 

and Parker, 1990; Simon et al., 1994a] along with factors such as plant age and growth 

stage [Wheeler, 1994]. 

Soil acidification is a problem that affects as much as 40 % of the world's arable 

lands [Haug, 1984]. Besides natural soil acidity, the use of fertilisers has contributed to 

the acidification of aglicultural areas previously not suffering from Al toxicity. Acid rain 

in highly industralised regions of the world has also been associated with accelerated rates 

of soil acidification. In highly acidic soils AI toxicity is probably the most important 

growth limiting factor [Blarney and Asher, 1993]. The costs of chemical amendments to 

problematic soils often outweigh the gains in production; the development of acid soil (AI 

and Mn) -tolerant plants may help reduce costs of crop production in such areas [Baligar 

et al., 1993a,b]. 

(A) Morphological Damage.- The damage caused by AI to plants is most noticeable 

as deformations and reduced growth (decreased biomass yield) of both mature plants and 

seedlings. The most prominent feature of morphological darnage is reduced root 

elongation [Pavan et ai., 1982; Hue et al., 1986; Alva et al., 1986b,c; Berggren and 

Fiskesjo, 1987; Ritchey et ai., 1988; Mookhetji and Floyd, 1991]. However, toxicity also 

results in roots appearing stubby, swollen, brown and sometimes becoming blittle [Lee 

and Pritchard, 1984; Andersson, 1988; MacLean et al., 1992]. 

Wagatsuma et al. (1987) indicated that morphological changes induced on roots 

by AI include: decrease in the turgescence of epidermal cells of the tip (barley); occurrence 

of small depressions (oats, rice); destruction of epidermal and outer cortex cells (maize) 

and cross-sectional deep cracks in the inner cortex cells (pea). From observations with the 

scanning electron microscope Wagatsuma et al. concluded that (i) root cell destruction 
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occurs most in the proximal cells and (ii) this destruction is not restricted to the 

meristematic region of the root. Results from studies by Gahoonia (1993) showed that the 

concentration of AI in the vicinity of roots (2 mm) may be considerably different from that 

in the bulk of the soil. In modeling studies of the interaction of AI3+ with plant 

membranes (Gouy-Chapman-Stern model), Kinraide et ai. (1992) were able to more 

closely correlate root growth with the predicted acitivity of AI3+ at the surface of the 

plasma membrane than with the activity of A13+ in the bulk solution. 

Visible symptoms to plant tops are generally observed as secondary effects to 

those at the roots. Several investigations have indicated effects of AI on plant shoots, 

stems and leaves [Baligar et al., 1987; Ritchey et al., 1988; Rengel and Robinson, 1989; 

Baligar et al., 1993a,b; Simon et al., 1994a]. In studies of AI toxicity in tomato, Simon et 

al. (1994a) recorded (for 25 and 50 JlM AI) reduction of leaf area, dry weight and stem 

length for growth experiments in dilute nutrient solutions (pH 4.0). AI affects nitrogen 

fixation [Hartel et al., 1983; Mookherji and Floyd, 1991], photosynthesis by lowering 

chlorophyll content and reducing electron flow, reduces respiration activity and decreases 

protein synthesis [Roy et ai., 1988; Simon et al., 1994b]. Aluminium is known to bind to 

DNA. The adverse effects of AI to plants are numerous; several good reviews have been 

published on this subject [Roy et al., 1988; Andersson, 1988; Rengel, 1992; Delhaize and 

Ryan, 1995]. 

(B) Physiological Effects.- AI toxicity, although poorly understood, has been 

attributed to several physiological and biochemical processes. The levels of soil Al 

required to produce toxic symptoms are dependent on soil conditions (i.e. pH and 

composition) and on the species of plant. Symptoms of AI toxicity are usually first 

observed as structural and functional damage to roots: adverse effects occurring to plant 

mycorrhiza and inefficient uptake of water and absorption of nutrients. 

The chemistry of these processes is believed to be very complex and considerable 

variation in AI tolerance is observed between different plant species, genotypes, strains or 

clones [Hartel et at., 1983; Baligar et al., 1987; Ritchey et al., 1988; Mookherji and 

Floyd, 1991; Crush and Caradus, 1992; Baligar et al., 1993a,b; Shann and Bertsch, 1993; 

Cline and Senwo, 1994]. Delhaize et ai. (1993a) showed that AI-sensitive genotypes of 

wheat (Triticum aestivum L.) accumulate 5- to 10-fold more AI in their root apices than 

tolerant genotypes. In general, high AI concentrations reduce the mitotic activity of plant 

root systems resulting in stunted root growth (both depth and branching). This results in 

susceptibility to dehydration and poor nutrient adsorption. 

In most plants, AI has been located in the nucleus and cell walls of meristematic 

cells. It also accumulates at high levels in epidermis, hypodermis, cortex, endodermis and 

to a small amount in immature xylem [Wagatsuma et al., 1987]. The uptake of AI is 

believed to occur at the root cap and the mucilaginous secretion covering the epidermal 
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cells of the roots. In turn, specific binding of Al occurs at the mucilage by exchange 

adsorption on polyuronic acid, complexation with pectic substances and by formation of 

Al-polyhydroxy species [Roy et al., 1988]. Al also interferes with the uptake, transport 

and use of several essential elements, including Cu, Zn, Ca, Mg, Mn, K, P and Fe [Lee and 

Pritchard, 1984; Baligar et at., 1987; Rengel and Robinson, 1989; Baligar et al., 1993a,b; 

Simon et at., 1994a]. 

Ca in particular plays a very important role in the control of Al toxicity [Huang et 

at., 1992; Rengel, 1992; Kinraide et ai., 1994; Ryan et at., 1994; Delhaize and Ryan, 

1995]. Interactions of Al with calcium pectate, a component of plant cell walls, has been 

the target of several recent investigations [Blamey et ai., 1993a,b]. Al reacts almost 

immediately with this material and has been hypothesised as the basis of aluminium

induced water stress and nutrient disorders. The effects of Al on plant physiology has 

been the subject of several good reviews [Haug, 1984; Roy et al., 1988; Andersson, 1988; 

Rengel, 1992; Delhaize and Ryan, 1995]. 

(C) Tolerance Mechanisms.- The mechanisms of Al tolerance have been the subject 

of much recent research. Two general mechanisms of tolerance are apparent: reduced 

absorption of Al by the root or detoxification of Al after absorption (both mechanisms can 

operate in the same plant). It is also apparent that plants can be grouped according to 

where Al accumulates; accumulation in tops or in the roots. The tolerance of oats, 

buckwheat, hydrangea and blueberry to Al may be due to exclusion of Al ions by the 

plasmalemma in root cells [Wagatsuma et at., 1987]. 

Levels of tolerance vary from species to species and appear to be controlled by 

one or more genes [Foy, 1983; Delhaize et al., 1993a]. In the review by Andersson 

(1988) four general tolerance mechanisms were described; (i) active exclusion by the roots 

or exudation of chelating agents which will bind Al, (li) immobilisation of excess Al in the 

roots, (iii) accumulation of Al in the tops coupled with a high internal tolerance and (iv) 

uptake of mineral nutrients independent of Al concentrations (possibly low nutrient 

requirements). In addition to these mechanisms, some crops appear to increase their Al 

tolerance by increasing the pH of their rhizosphere, thereby lowering the solubility and 

availability of AI. 

Supply of various plant nutrients, e.g. N, Ca and P may also aid in tolerance to Al 

[Alva et al., 1986b; Kinraide and Parker, 1987; Tanaka et al., 1987]. Kinraide et al. 

(1992) found that the rhizotoxicities of Al3+ and La3+ were ameliorated by cations (C) in 

the order: H+ "'" C3+ > C2+ > C+, The ameliorative effects of Ca2+ were slightly greater 

than for other divalent cations; H+ was much more effective than other monovalent 

cations. 
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Organic acids which form soluble complexes with Al will reduce toxicity [Tan 

and Binger, 1986]. It has been postulated that Al-tolerant plants may use secretion of 

organic acids to detoxify Al, either internally or in the rhizosphere [Miyasaka et al., 1991; 

Delhaize et al., 1993b]. Delhaize et al. (1993b) found that malic acid excretion was 

specifically stimulated by Al while neither La3+ nor Fe3+ were able to elicit this response. 

Much literature has been published on the subject of plant tolerance to Al toxicity [Roy et 

al., 1988; Andersson, 1988; Delhaize and Ryan, 1995]. 

(D) Toxic Species.- In soil solutions Al3+ is in equilibrium with mononuclear hydroxy

Al species [viz. AIOH2+, Al(OHh +]; at higher pH polynuclear Al may also coexist with 

Al3+. Of these species current research supports the opinion that Al3+ is toxic [Pavan et 

aI., 1982; Hue et al., 1986; Alva et al., 1986a,c; Wright, 1987; Kinraide, 1991]. Increases 

in solution pH are generally found to relieve Al toxicity, which may indicate a differential 

toxicity of the monomeric hydrolysis products. However, some studies have indicated that 

one or more ofthe mononuclear hydroxy-AI ions is the principal toxic species [Helliwell et 

al., 1983; Alva et al., 1986c]. 

The difficulties in separating pH effects from Al speciation with respect to the 

toxicities of Al3+ and the mononuclear hydroxy-AI species has been discussed [Kinraide, 

1991]. Kinraide et al. (1992) provided new evidence supporting the view that Al3+ is the 

primary toxic mononuclear Al species [rather than AlOH2+ and AI(OHh +]. These studies 

presented a number of arguments in favour of Al3+ toxicity ameliorated by H+ versus 

amelioration because of reduced levels of the monomeric AI-hydrolysis species. 

Recent studies have highlighted the high toxicity of polynuclear hydroxy-Al 

species [Parker et al., 1988; Wagatsuma and Kaneko, 1987; Parker et al., 1988 and 1989; 

Kinraide, 1991; Shann and Bertsch, 1993]. The species identified is the Al13 polymer, 

Al04Al12(OHh4(H20)127+, exhibiting a toxicity at least 10 times that of Al3+ [Parker et 

al., 1989]. Several studies support the notion that the physiological mechanisms of 

toxicity are different for mononuclear and polynuclear Al [Parker et al., 1989; Shann and 

Bertsch, 1993]. 

The presence of polynuclear Al in soil solutions is controversial [Bache and 

Sharp, 1976; Bertsch, 1987; Furrer et al., 1992]; if present, concentrations would be likely 

to be low and difficult to detect even at toxic levels [Parker et al., 1989]. Polynuclear Al 

is likely to be strongly adsorbed by clay minerals or organic matter and exhibit slow 

exchangeability [Zelazny and Jardine, 1989]. However, Bertsch (1987) suggested that 

liming highly acidic soils may provide conditions conductive for the formation of the Al13 

polynuclear species. A recent paper by Hunter and Ross (1991) provides evidence for the 

existence of the Al13 polynuclear species in the Oa horizon of an acidic forest soiL Several 

studies have indicated that the Al13 polynuclear species may form in the free space of plant 

roots [Kinraide, 1991]. 
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Despite these studies it is still not clear which of these species is the primary 

cause of Al toxicity [Kinraide, 1991]. These problems have been related to difficulties in 

experimental design [Kinraide and Parker, 1989; Wheeler, 1994], problems which were re

addressed immediately but without resolve [Kimaide and Parker, 1989]. Kimaide (1991) 

concluded that polycationic AI, with charge> 2 is rhizotoxic (as are other polyvalent 

cations, e.g. Ga3+, In3+, La3+ [Kinraide and Parker, 1987; Kinraide et al., 1992]). 

Furthermore, Kinraide also hypothesised that organic or inorganic ligands may reduce 

rhizotoxicity by reducing the charge on AI. Studies of polynuclear AI species are in 

particular very difficult; Bertsch (1987) identified OHlAl ratio, total AI, base injection rate, 

stirring rate and even choice of reaction vessel as factors influencing results. In growth 

studies dilute nutrient solutions more closely represent soil solution conditions than full

strength nutrient solutions. 

AI toxicity is alleviated through the addition of salts such as CaC12 and NaCl via 

both a reduction in the activity of Al and as a direct physiological effect of the cation [AIva 

et aI., 1986a; Kinraide and Parker, 1987; Kinraide et al., 1992]. Al complexed with F 

[Cameron et aI., 1986; MacLean et al.~ 1992], with S042- [Tanaka et al., 1987] or by soil 

organic matter and organic acids is less phytotoxic than AI3+. In solution experiments 

with cotton (Gossypium hirsutum) Hue et al. (1986) grouped organic acids into three 

categories based upon their ability to detoxify AI: [i] strong (citric, oxalic, tartaric), [ii] 

moderate (malic, malonic, salicylic) and [iii] weak (succinic, lactic, formic, acetic, 

phthalic). 

The effects of soluble Si on mobility of AI in soils has only recently begun to 

receive much attention. Silicon, although the second most abundant element in the 

lithosphere (27 wt. %), represents less than 0.05 % (by weight) in the biosphere [Deevey, 

1970]. Si was found to alleviate the symptoms of AI toxicity to soybean and maize 

[Barcelo et al., 1993; Baylis et ai., 1994]. These effects are most probably due to the 

formation of colloidal hydroxyaluminosilicate species [Birchall and Chappell, 1989]. 

(E) Estimating Soil Toxicity.- The concentration of AI in soil solution has been shown 

to be a better measure of AI toxicity than exchangeable AI. Soil solution AI 

concentrations better reflect the conditions in the vicinity of the soil-root interface. Many 

studies have indicated that AI toxicity symptoms are closely related to AI3+ activity and 

that monomeric Al is most toxic to root growth [Pavan et aI., 1982; Blarney et ai., 1983; 

Carneron et ai., 1986; Hue et aI., 1986]. Studies by Alva et al. (1986c) indicated that the 

sum of activities of monomeric AI species was the best index of AI toxicity (as measured 

by root length reduction) in soybean, subterranean clover, alfalfa and sunflower. Such 

conelations have been previously reported [Blarney et ai., 1983J. Parker et al. (1988), 

however, disagree that this sum is such a reliable toxicity index. 
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Results of Al toxicity studies in solution cultures often show poor agreement with 

soil solution studies [Hartel et aI., 1983]. The importance to agriculture in identifying the 

problems Al causes in soils with low pH buffering capacities is closely balanced with the 

high cost of applying lime relative to returns over the short term. Decreasing soil solution 

pH increases the monomeric fraction of soil AI, whereas, increased amounts of soil 

organic matter and organic acids reduce the availability of Al by complexation reactions. 

Soil Al concentrations are also dependent on the dominating clay minerals and the clay 

content of the soil. Soil tests forAl toxicity are hence plagued by complications in the 

speciation of Al in the complex soil environments. 

The most commonly used measure of Al tOXICIty has been the activity of 

monomeric AI species. Wright et al. (1987) compared three methods for estimating 

phytotoxic aluminium in soil solution: 15 s 8-hydroxyquinoline, 30 s ferron and 30 min 

aluminon. Of these methods the 15 s 8-hydroxyquinoline method provided the best 

predictors of toxic AI. The soils studied were, however, low in organic matter and the 

suggestion was made for a further investigation of these techniques for measurements of 

AI in organic soils .. A large number of methods have been developed for estimating total, 

labile (free) and non-labile Al, both prior to and since the study by Wright et al. These 

methods are discussed in SECTION C. 

In developing soil tests for Al toxicity it has been common to use the AI 

concentration [AI3+] or activity {AI3+} together with another soil nutrient (e.g. Na, Ca, P) 

to obtain a more accurate correlation [Alva et aI., 1986b; Kinraide and Parker, 1987; Carr 

et al., 1991]. In some soil types, e.g. many yellow earths of Western Australia, methods 

that estimate total Al may offer satisfactory correlations with Al toxicity [Carr and Ritchie, 

1993]. It is clear from these findings that simple methods developed for the speciation of 

both monomeric and polymeric AI in soil solutions would be very beneficial to those 

studying soil science. Without methods for the separation of plant response to individual 

forms of Al, the screening of Al toxicity is likely to give erroneous results that can not be 

readily translated into effects expected in the field. Continued research shows that the 

currently 'best methods' still require much development [Whitten et al., 1991a,b]. 

ALUMINIUM TOXICITY To AQUATIC BIOTA.- High concentrations of 

Al in acidic river and lake waters are toxic to fish and freshwater invertebrates [Burrows 

1977; Rosseland et al., 1990]. Toxic effects are not only dependent on the species but 

also on the growth stage of the organism. In lakes and rivers the toxicity to, and possible 

bioaccumulation of AI in, aquatic organisms also depends on the Al species present 

[McCahon and Pascoe, 1989]. Al speciation is modifed by pH, temperature, ionic 

strength (viz. Ca2+ concentrations) and concentrations of competing ligands, e.g. 

dissol ved organic matter [see SECTION A (1.1. 3)]. In acid waters containing significant 

concentrations of Al (5-10 rrmol L-1) fish show fatal damage to gill structures and lose the 
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ability to maintain osmotic balance [Wood et al., 1988; Rosseland et al., 1992; Waring 

and Brown, 1995]. The most significant signs of AI toxicity to both planktonic and 

benthic invertebrates in acid waters are reductions in species populations [Rosemond et 

al., 1992]. 

(A) Aluminium Toxicity to Invertebrates.- Invertebrates form a vital link in the food 

chain of freshwater and terrestrial ecosystems. The most sensitive invel1ebrates to AI 

were reported as being cladocerans while the most tolerant appear to be the molluscs. AI 

does not appear to biomagnify along food chains [Herrmann et al., 1993]. In general, 

aquatic invertebrates are less sensitive to AI than fish [McCahon and Pascoe, 1989; 

McCahon et al., 1989; Wren and Stephenson, 1991]. 

AI is often regarded as the most toxic metal to invertebrates in acidic waters. 

Havas and Likens (1985) reported that H+ ions, at ecologically significant levels, exhibit a 

greater toxicity than AI to four species of invertebrates (Daphnia, Holopedium, 

Chaoborus and Chironomus). Al concentrations of 0.02-1.02 mg L-1 were not found to 

cause significant damage to these species. Makie (1989) determined 96-h LC50 values 

that are lethal to four groups of benthic macroinvertebrates (filter feeders, scrapers, 

shredders, predators). For all the invertebrates studied, LC50 values reported were> 400 

jlg AI C) ; higher than the highest levels of inorganic monomeric aluminium (325 jlg L -1) 

reported in central Ontario lakes. In studies concerning seven mollusc species, Mackie 

(1989) found that aluminium concentrations as high as 0.1 mg L -I at low pH did not cause 

hannful effects. Hall et ai. (1985 & 1987) found that freshwater crustaceans were 

sensitive to both decreases in pH and elevated concentrations of AI. 

Nyholm (1981) reported that pied flycatchers feeding in acidified catchments 

exhibited reduced reproductive function; elevated concentrations of AI in the diet of these 

birds was invoked to account for these findings. In studies of AI bioaccumulation and 

toxicity to the water flea (Daphnia magna), Havas (1985) found that adsorption and 

accumulation of aluminium occurs primarily in the respiratory structures of aquatic insects. 

Maximum Al toxicity and maximum bioaccumulation were observed at pH 6.5 (at 0.32 mg 

L-1 AI). At pH 4.5, H+ is the primary cause of toxicity; high concentrations of AI (> 1.02 

mg L- 1) temporarily ameliorated this toxicity. Whole-body concentrations of AI in many 

invertebrates are observed to decrease with decreasing pH [Hall et al., 1988]. Frick and 

Herrmann (1990) studied the accumulation of AI in mayfly nymphs. Significant 

accumulation was found to occur in the exuviae of the nymphs and consequently nymphs 

showed a decrease (70 %) in AI content upon moulting. Emerging adults contained lower 

amounts of accumulated AI resulting in no biomagnification unless terrestrial predators 

feed on mayfly or other insects before they make their final moult. However, small but 

signifant amounts of AI were found to accumulate internally in the nymphs, thus providing 

a greater source of Al for bioaccumulation. 
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(B) Aluminium Toxicity to Fish.- Declines in fish populations in many soft-water 

streams has been attributed to acidification and release of toxic metal ions (e.g. Cd, Mn, 

AI). The most toxic species to fish in freshwater rivers and lakes appears to be the 

hydrogen ion, H+ [Herrmann et al., 1993]. Recently, however, numerous studies have 

highlighted the importance of AI in relation to fish survival rates [Schofield and Trojnar, 

1980; Sadler and Turnpenny, 1986; Kramer et ai., 1986; McCahon et ai., 1989; Rosseland 

et al., 1992]. 

Al has been demonstrated to affect egg hatching [Cleveland et al., 1986] through 

reduction of ion uptake and the activity of the Na-K-ATPase in the embryo [Rosseland et 

al., 1990; Rosseland et al., 1992]. After hatching, AI affects gill ion and gas exchange 

processes [Wood et al., 1988; McCahon et ai., 1989; Rosseland et ai., 1992; Waring and 

Brown, 1995] and loss of plasma ions (Na+, Cn [Witters, 1986; Dalziel et ai., 1986; 

Rosseland et ai., 1992; Waring and Brown, 1995], in turn resulting in osmoregulatory 

failure [Witters, 1986; Booth et ai., 1988; Rosseland et al., 1992]. Smaller changes in fISh 

behaviour, e.g. feeding, is modified by AI exposure [Kramer et ai., 1986]. Recently, 

Brown and Whitehead (1995) reported increased release of catecholamines (adrenaline 

and noradrenaline) as a stress response in fish exposed to aluminium in acidic water. 

Water Chemistry and Fish Mortality: The toxicity of AI depends of pH, calcium 

concentration and the presence of complexing ligands such as fluoride and dissolved 

organic matter, e.g. humic acid. Dissolved organic carbon concentrations and water 

hardness are the most important factors in ameliorating AI toxicity [Wood et ai., 1988; 

Gundersen et ai., 1994]. The chemistry exhibited by AI in natural waters is very complex 

and several authors have indicated that problems exist in accurately quantifying toxic 

responses in lakes and streams [Driscoll et ai., 1980; Sadler and Turnpenny, 1986; Kramer 

et ai., 1986; Weatherley et ai., 1990]. These difficulties are in-part related to rapid 

fluctuations in many of the chemical variables due to naturally occurring processes, e.g. 

chemical inputs due to snow melt. 

Gundersen et ai. (1994) studied Rainbow trout (Oncorhynchus mykiss) survival 

in alkaline waters (pH 7.14-8.58) with varing amounts of Al and hardness concentrations 

or AI and humic acid concentrations. Increased fish mortality was observed for waters 

with pH == 7.95-8.58 and was attributed to lO-fold higher filterable Al concentrations (i.e. 

[AI(OH)]4-)' Hardness and humic acid protected against subacute Al toxicity; however, 

hardness was not observed to protect against AI-induced growth inhibition. 

The loss of fish populations in acidic freshwaters has been frequently attributed to 

Al toxicity. Schofield and Trojnar (1980) reported that lakes (in the Adirondack mountain 

region of New York) diminished of brook trout (Savelinus fontinalis) had mean AI 

concentrations of 0.29 mg L-1 whereas stocked lakes where the fish survived had Al 

concentrations of 0.11 mg L-1. The concentrations of AI responsible for such effects are, 
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however, significantly higher than that required to affect fish behaviour, physiology and 

growth [Dalziel et al., 1986; Buckler et al., 1995; Laitinen and Valtonen, 1995; Waring 

and Brown, 1995]. Sadler and Turnpenny (1986) demonstrated that suppression of 

growth in brown trout occurred at concentrations above 20 ~g Al L -1 at pH 4.4 to 5.2. 

Dalziel et al. (1986) found that a nominal addition of 8 ~g Al L-1 to an artificial lake water 

at pH 4.5 and 4.0 reduced Na influx in brown trout significantly. In contrast, Waring and 

Brown (1995) found that labile monomeric AI concentrations of 12.5 Jlg L-1 in low 

organic content, soft water appear to be environmentally safe to brown trout. 

During studies of Atlantic salmon (SalIna salar) exposed to AI concentrations 

ranging from 33 to 264 Jlg L-1 (pH 5.5), Buckler et ai. (1995) monitored hatching 

success, mortality, growth, behaviour and tissue residues of Ai. At this pH no effects on 

hatching were observed; however, larvae exposed to 124 ~g Al L-1 at this pH incurred 

significant increases in mortality. Reduced growth was exhibited for larvae exposed to 71 

~g Al L-1 and higher. The feeding behaviour of fish was inhibited among fish exposed to 

all AI concentrations; effects intensified as Al concentrations increased. Concentrations of 

whole-body tissue-Al were observed to increase with increasing Al concentrations; 

however, as the fish aged tissue-AI concentrations decreased again (i.e. not 

bioaccumulating). 

Studies relating to the effects of Al on the hatching of eggs have consistently 

given differing results. Weatherley et ai. (1990) and Buckler et al. (1995) both observed 

that hatching was independent of concentrations of monomeric aluminium. In contrast to 

these studies, Baker and Schofield (1982) demonstrated Al toxicity to eggs, with 

maximium toxicity at pH 5.2-5.5. 

Toxicity Mechanisms: Considerable research has now been undertaken regarding the 

physiological effects of Al and the major toxicity mechanisms have become more apparent 

[Playle et al., 1989; Dietrich and Schlatter, 1989; Exley et ai., 1991]. The most important 

effects are those of (i) ionoregulatory stress and (ii) respiratory system failure. Decreases 

in plasma Na+ and cr, red cell swelling and hemoconcentration are features of 

ionoregulatory toxicity. Respiratory toxicity involves reduction of blood oxygen and 

corresponding elevated blood carbon dioxide levels. The initial effects of respiratory 

stress (occurring at lower Al concentrations) are due to the impairment of gas exchange as 

a result of enhanced cell necrosis, proliferations, and fusions of the secondary lamellae in 

the gills which result in obstruction of the interlamellar space [Wood et ai., 1988; Dietrich 

and Schlatter, 1989; Rosseland et ai., 1992]. At higher Al concentrations, clogging of the 

gills (excessive mucus excretion) is observed [Kramer et ai., 1986; Rosseland et ai., 

1992]; the ultimate cause of fish death. Exley et ai. (1991) reviewed symptomatic 

evidence of toxicity and proposed that epithelial cell death is the genaral mechanism of Al

induced accelerated cell destruction and death to fish. 
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McCahon et al. (1989) studied the effects of acid, aluminium and lime additions 

on four fish species (salmon, trout, bullhead and charr) in an acidic Welsh stream. AI 

dosing was found to greatly increase fish mortalities with 100 % of salmon dead within 24 

h in the stream zones dosed with solely AI or acid plus AI. Addition of lime decreased the 

rate of fish mortalities, however, even in this zone (AI at low pH with added limestone) all 

salmon were dead after 48 h. The ranking of species according to sensitivity to AI was 

salmon<trout<charr (no conclusion regarding bullhead). Previous studies [McCahon and 

Pascoe, 1989] in a soft-water stream (Wales) investigating the effects of sulfuric acid, 

aluminium sulphate and citric acid to salmon and trout gave similar results. Large 

mortalities were recorded in the acid/AI zone (in comparison to control and acid zones); 

mortalities were reduced in the citrate zone due to complexation of AI with citrate. 

Mortalities were hypothesised as being due to asphyxiation and hyperventilation; a result 

of clogging of gills by an excess of mucus produced in response to AI coating the gill 

surfaces. The speciation of Al in the toxic zones was dominanted by labile inorganic AI, 

thus confirming previous studies hypothesising labile inorganic AI as the principal toxic 

species [Driscoll et al., 1980]. The higher resistance of brown trout to acid AI-rich water 

than that of Atlantic salmon is now well established [Rosseland et al., 1992]. 

Laitinen and Valtonen (1995) studied the cardiovascular, ventilatory and 

haematological responses of brown trout (Salmo trutta L.) to 0, 0.28 and 0.45 mg L-1 AI 

added to a humic river water (pH 4.7, < 30 % labile AI). No mortalities were recorded 

during any exposure periods and acid stress alone was more important than effects from 

added AI. However, the acute responses in the heart and to fish ventilation rates (dose 

dependent) were greater in the presence of AI. AI did not appear to promote additional 

ionoregulatory stress. The responses in the humic water were significantly smaller than 

responses obtained in artifically prepared waters, indicating amelioration of effects of acid 

and Al stress by humic compounds. 

The re-establishment of fisheries in lakes and rivers destroyed by acid deposition 

and AI release is frequently attempted by additions of mineral lime (e.g. CaC03) [Gee and 

Stoner, 1989]. However, Rosseland et al. (1992) reported that such additions can result 

in extremely toxic AI chemistry in the mixing zones between limed and acidic river waters. 

They found that in an acid stream (pH = 4.8, [Cal = 1.3 mg L-l, AIi = 236 ~g L-1), LTso 

was 22 and 40 h for Atlantic salmon and brown trout, respectively. In the mixing zone 

between this river and a limed stream (pH = 4.8-6.5, [Cal = 1.2-3.2 mg L-1, AIi 50-240 

~g L-\ LTso was 7 h for both species. 

Al Accumulation at Fish Gills: Possibly the most significant feature of AI toxicity to fish 

is the accumulation of AI on fish gills [Kramer et aI., 1986; Playle and Wood, 1990; 

Rosseland et aI., 1992]. The binding and accumulation of AI to fish gills has been 

proposed as the cause of respiratory and/or ionoregulatory disturbances [Booth et aI., 
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1988; Playle and Wood, 1989; Waring and Brown, 1995]. Booth et al. (1988) suggested 

two possible modes for AI toxicity (assuming toxicity was due to AI binding at gill 

surfaces), one based on solubility and the other based on speciation. Fish gills act as 

nucleating surfaces upon which AI can precipitate [playJe and Wood, 1990]. This 

precipitation and accumulation is likely to be due to the negative charge of the mucus layer 

(anionic sites: sulfate, carboxylate etc.) [Exley et al., 1991; Wilkinson et al., 1993; Poleo, 

1995]. Fish respond to AI binding by increased discharge of mucus. This discharge 

distorts the bronchial epithelium resulting in increased diffusion distances for oxygen 

which leads to decreased arterial oxygen, the ultimate cause of respiratory stress [Wood et 

al., 1988]. 

In studies of AI toxicity to cornmon shiners (Notropis comutus), Kramer et al. 

(1986) removed, killed and dissected fIsh that went into respiratory arrest. A build up of 

mucus at the gills was evident in all AI-doped fIsh; severely affected fIsh showed a 

complete loss of their epithelial layer. In static tests, loss of AI from solution was found to 

be proportional to the fIsh biomass. Tests using dead fIsh gave the same results as live 

fish, indicating that the organism itself provides an important AI sorption surface. In 

studies of rainbow trout Playle and Wood (1989) suggested that the pH in the gill 

bronchial micro-environment is raised above that of the inspired acidic soft water. These 

studies also indicated that much of the accumulated AI at fish gills is removed by extensive 

sloughing of AI bound by mucus. 

Recently, Al polymerisation and, in particular, the role of 'AId in AI-induced fIsh 

toxicity has received much attention [Flaten and Garruto, 1992; Exley et al., 1994; Poleo, 

1995]. Al is more toxic to fIsh in waters of pH around 5.0-5.5 than at lower pH; 

polynuclear species form readily in this pH range. Flatten and Garruto (1992) invoked 

polynuclear AI as playing an important role in AI toxicity, however, they did not present 

experiments to support this hypothesis. Recently, Exley et ai. (1994) performed 

experiments aimed at elucidating the importance of Al polymerisation, exemplifIed by the 

polymer AI13, as a mechanism of AI-induced toxicity. These studies showed clearly that 

AIl3 was not significantly more toxic to fish than the mononuclear AI3+ species. Poleo 

(1995) proposed that the growth of AI polymers on fish gill surfaces is more likely to be 

the cause of acute toxicity than precipitation of AI(OHh or cellular intemalisation of AI3+. 

Tolerance Mechanisms: Tolerance mechanisms for fIsh species may include superior 

physiology (e.g. greater buffering capacity in the perivitellinear fluid of the egg, osmotic 

stress tolerance) and behavioural adaptions (e.g. choice of spawning environment). 

Dissolved organic materials that complex AI reduce Al toxicity by competing for AI 

binding with gill epithelial binding sites. 

Recent research has highlighted the role of silicon (present as silicic acid, 

Si(OH)4, in natural waters) in mechanisms by which biological organisms reject AI and/or 
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reduce AI toxicity by the formation of hydroxy aluminosilicates [Birchall et ai., 1989; 

Birchall, 1990]. Birchall et al. (1989) studied AI toxicity to Atlantic salmon fry (Salmo 

salar) in acidic water (pH 5) at AI and Si [as Si(OH)4] concentrations of 7 !-lmol L-1 and 

0.6 !lmol L-1 respectively. 50 % of the salmon died within 24 h and all salmon were dead 

after 48 h. Severe damage to fish gills was observed. A second experiment was 

performed with a higher Si concentration (93 !-lmol L-1); no fIsh deaths were observed and 

gill structures were largely unaffected. The formation of hydroxy-aluminosilicate species, 

presumably incapable of binding to gill epithelia, was hypothesised. 

1.2.3 ALUMINIUM TOXICITY To HUMANS.- AI intoxication as a consequence 

of long term haemodialysis, the treatment undertaken for renal failure patients, is the most 

well known form of AI toxicity in humans [Wills and Savory, 1983; Chazan et al., 1991]. 

Many studies have, controversially, linked AI to the cause of the well known dementia 

Alzheimer's disease [Krishnan et al., 1988; Doll, 1993]. The role of Al in several bone and 

other neurological disorders has also been suggested [McLaughlin, 1962; Gitelman, 1989; 

Garruto, 1991]. Geographic associations between concentrations of AI in drinking water 

and dementia have been hypothesised [Martyn et al., 1989; Flaten, 1990; Forbes et at., 

1991]. 

The direction of this thesis is towards the environmental chemistry of AI. 

However, several interesting and important fIndings relating to AI toxicity have been 

advanced by studies of AI toxicity in humans. Therefore, a brief discussion is given to AI 

related disorders in humans and the speciation of AI in body fluids. A number of good 

reviews have been published on these subjects [Gitelman, 1989; Epstein, 1990; Doll, 1993; 

Winship, 1993; Martin, 1994]. The complexity of biological environments makes 

analytical protocols challenging [Tapparo et al., 1995] and the interpretaion of results 

diffIcult. 

(A) Dialysis Related Disorders.- Neurological disorders in patients undergoing long 

term haemodialysis has been associated with or attributed to AI since 1972 [Alfrey et at., 

1972]. In a survey of the 18 dialysis centres in the u.K. [Parkinson et al., 1979], a higher 

incidence of dementia was observed at centres with the highest AI concentrations in the 

water. Numerous studies have since confirmed the relationship between AI concentrations 

in dialysate fluids and the incidence of similar dementia [Chazan et al., 1991]. 

When patients are treated with AI-containing dialysate, three disorders are 

commonly observed as a result of increased plasma AI (from ca. 0.2 to 10 !lmol L-1): (i) 

microcytic anaemia (not responsive to iron therapy), (ii) vitamin D-resistant 

osteodystrophy (calcifIcation and subsequent weakening of bones) and (iii) dialysis 

encephalopathy syndrome (DES) (a fatal neurological condition affecting speech and 

resulting in memory impairment and eventual dementia) [Wills and Savory, 1983; Winship, 
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1993; Martin, 1994]. The most common of these disorders is DES. Clinically, the 

disorder is described by progressive dementia and a speech disorder that progresses from 

stuttering to marked dysphasia. Motor abnormalities develop and personality changes 

occur resulting in patients no longer recognising friends [Winship, 1993]. 

Children or patients exhibiting minor renal disorders are often prescribed courses 

of Al(OHh (in the form of antacids) as a phosphate binding agent; encephalopathy has 

also been observed in these patients. In particular, ingestion of antacids in combination 

with citrate results in substantial increases in plasma Al concentrations [Slanina et ai., 

1986]. 

(ll) Alzheimer's Disease.- Alzheimer's disease (AD) is a progressive neurodegener

ative disorder which results in permanent dementia. It is clinically characterised by a 

progressive deterioration of learning and memory which leads to severe impairment of 

judgement, language and motor function (usually occurring within 8 years) [Winship, 

1993]. Elevated levels of Al have been found in the brains of AD victims [Krishnan et ai., 

1988; Doll, 1993]. The role of Al. in the progress of this neurological disorder is, 

however, still highly controversial [Krishnan et ai., 1988; Landsberg et ai., 1992; Doll, 

1993]. 

Autopsies of AD victims [Candy et ai, 1986; Krishnan et ai., 1988; Good et ai., 

1992] have revealed accumulation of Al in neurofibrillary tangle-bearing neurons of the 

brain. Also, Al-containing fibrillar amyloid proteins and senile plaques containing 

aluminosilicates are deposited in the brains. Comparisons of neurofibrillary tangles and 

amyloid cores of senile plaques with adjacent brain tissue have revealed that these sites 

contain the highest concentrations of Al. The senile plaques and neurofibrillary tangles 

have been found to contain Al, Fe and Si while plaque cores are particularly high in 

aluminosilicates [Gitelman, 1989; Martin, 1990; Doll, 1993; Winship, 1993]; however, AI 

and Fe are the only metals consistently present in these formations [Good et ai., 1992]. 

Uncertainty remains as to whether Al is directly involved in the deposition of amyloid 

proteins in brains and the consequent formation of the neurofibrillary tangles, or whether it 

accumulates as a secondary affect [[Gatzo et ai., 1965; Krishnan et ai., 1988]. 

Several studies have highlighted possible demographic relationships between AD 

and Al in drinking water. However, these relationships are far less clear than similar 

relationships between AI concentrations in dialysate and incidence of dialysis disorders 

[Martyn et ai., 1989; Doll, 1993]. Treatment of AD patients with desferrioxamine [Wills 

and Savory, 1983; Winship, 1993] has been observed to result in less rapid deterioration in 

cognitive skills and in activities of daily living. Such evidence is also indicative of AI 

having an important role in AD. 
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(C) Amyotropic Lateral Sclerosis and Parkinson's Dementia.- As a result of large 

case studies [Perl et al., 1982; Garruto, 1991] Al has been hypothesised as having a role in 

amyotropic lateral sclerosis (ALS) and Parkinsonism dementia (PD) in the native 

populations of western New Guinea, southern Guam and the Kii peninsula of Japan. In 

younger victims the disorder ALS prevails while older people suffer severe dementia 

associated with PD. 

In both of these diseases, brain neurons are observed to undergo neurofibrillary 

degeneration into tangles. Unlike AD, plaque formation is not observed. A common 

feature of each of the districts where these disorders prevail has been the relatively high 

levels of exchangeable AI in soils and low concentrations of Mg2+ and Ca2+. 

(D) Al Consumption.- The sources of AI consumed by humans have been recently 

reviewed by several authors [Epstein, 1990; Winship, 1993; Martin, 1994; Reiber et al., 

1995]. Natural sources of daily consumable Al are typically low. Drinking waters average 

0.02 mg Al L-1 (possibly increased due to the use of alum, Al2(S04h, as coagulation aid). 

The highest quantities of Al present in foods are tea (0.1-1 %, but poorly transferred to 

solution), herbs and spinach. The greatest sources of AI arise in food additives (alum 

baking powders, emulsifiers, anticaking agents) and pharmaceuticals (antacids, buffer 

aspirins, antiperspirants -via inhalation, vaccines). 

(E) Al Speciation in Biological Fluids.- Biological systems are plentiful in 'hard' 

ligands, e.g. phosphate in membranes and ATP. The indiscriminative preference of AI for 

such ligands is likely to be the major reason for its toxicity to many organisms. Once 

present in the human body AI is quickly complexed by a number of common ligands 

(phosphate, citrate) and proteins (transferrin, catecholamines) [MacDonald and Martin, 

1988; Martin, 1986 and 1994]. Ligands containing few carboxylate or phosphate groups 

are not likely to form important complexes with AI. 

Blood plasma has pH ca. 7.4 and hence most uncomplexed Al is present as 

AI(OHh. Inorganic phosphate present in blood further decreases free Al3+ concentrations 

by the formation of insoluble AI-phosphates. 

Citrate is probably the most important small ligand solubilising Al in body fluids 

[MacDonald and Martin, 1988; Martin, 1990]. Model calculations indicate that an 

appreciable fraction of the AI-citrate complexes is present in plasma as a neutral species 

(AICitO) which is of sufficient stability to preclude the formation of insoluble AI-hydroxide 

or AI-phosphates [Ohman, 1988; Slanina et ai, 1986]. This species may pass through cell 

membranes and thereby provide an important pathway for Al absorption into the body 

[Slanina et aI, 1986; Molitoris et ai., 1989; Domingo et at, 1991]. Fromont et al. (1989) 

suggested that upon administration of AI in combination with citrate, enhanced adsorption 
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of AI occurs in the proximal bowel (via the paracellular pathway) due to the opening of 

cellular tight junctions. 

The Fe-transport protein transferrin, whose sites are only 30 % occupied by Fe, is 

likely to account for the majority of Al in plasma and possibly provides the most important 

means for its transport in this fluid [MacDonald and Martin, 1988; Abreo and Glass, 

1993]. AI3+ may be capable of displacing Mg2+ from phosphate binding sites on proteins 

(e.g. ATP) and consequently result in their disfunction [Martin, 1986; MacDonald and 

Martin, 1988; Adreo and Glass, 1993]. Ligand exchange rates of metal complexes found 

in biological fluids are also important in governing speciation [Martin, 1994]; AI3+ 

exchanges 104 times slower than Mg2+ and 107 times slower than Ca2+ [Birchall, 1990]. 

Recently, the presence of aluminosilicates in biological fluids has been highlighted 

as contributing significantly to the control of AI bioavailability [Birchall and Chappell, 

1989; Birchall, 1990]. Martin (1990) indicated that up to 6 aluminosilicate species could 

be expected to exist in blood plasma in competitive equilibrium with citrate and 

transferrin. These findings draw new light to the presence of aluminosilicates found in the 

brains of AD victims [Candy et al.; 1986]. Netter et al. (1991) hypothesised that 

aluminosilicates may initiate or accelerate the formation of senile plaques and other 

cellular lesions in Alzheimer's disease victims. Several articles have directly or implicitly 

asked the question: "does silicon protect against aluminium toxicity 7" [Birchall, 1990; 

Fahal et al., 1994]. 

(F) Toxicity Mechanisms.- The mechanisms relating to the neurotoxic effects of AI 

have been discussed in several of the reviews [MacDonald and Martin, 1988; Exley and 

Birchall, 1992; Adreo and Glass, 1993]. However, clear pathways by which Al acts are 

still far from clear. The reported effects on proteins and enzymes are many; possibly one 

of the most important is the disrupting effects AI has on the adenylate cyclase cascade 

[Adreo and Glass, 1993], AI is also known to interfere with GTPase cycles and recently 

this was suggested as a cause of cell toxicity [Exley and Birchall, 1992]. 

AI affects brain tissue, including protein synthesis, axonal transport and 

neurotransmitter function. In AD, substantial evidence is now indicating that AI 

accumulation occurs in the grey matter. Sites include DNA-containing structures of the 

nucleus, the protein fractions of neurofibrillary tangles, the amyloid cores of senile plaques 

and cerebral ferritin [Winship, 1993]. Adsorbed AI has been reported to deposit in bone 

tissue [Eastwood, 1990]. 
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SECTION C: THE MEASUREMENT AND SPECIATION OF ALUMINIUM AT 

ENVIRONMENTALLY SIGNIFICANT CONCENTRATIONS 

1.3 AI MEASUREMENT 

The toxicity of AI is dependent on its chemical form (i.e. its speciation) and is 

most commonly correlated with the sum of the free and labile forms. Thus the 

measurement of this fraction, rather than total AI, is of primary importance in soils and 

natural waters. Direct methods of analysis with sufficient sensitivity for environmental 

analysis (e.g. ion selective electrodes, atomic absorption spectrophotometry) are either not 

applicable to AI or do not achieve discrimination amongst different species. The lack of a 

direct method for the analysis of A13+ has resulted in the development of a large number of 

indirect fractionation procedures. These techniques utilise operationally defined 

methodologies for the discrimination between the various aqueous forms of AI. 

In recent years, a large variety of fractionation procedures have been developed 

in an attempt to distinguish between aqueous forms of AI. These techniques include 

dialysis, ultrafiltration or size exclusion chromatography [LaZerte et ai., 1988.; Lydersen 

et al., 1992; Zernichow and Lund, 1995], ion chromatography [Jones et ai., 1988; Garcia 

Alonso et ai., 1989; Jones, 1991], ion exchange [Campbell et ai., 1983; Driscoll, 1984; 

Quintela et aI., 1993; Fairman et ai., 1994], chelating resins [Fernandez et al., 1991; 

Ljunggren et ai., 1992; Quintela et al., 1993; Hirayama et al., 1994; Martin-Esteban et aI., 

1995], F ion-selective electrode [Munns et aI., 1992; Ngila et aI., 1994], fluorimetry 

[Browne et aI., 1990a,b; Fairman and Sanz-Medel, 1993; Canizares and Luque de Castro, 

1993; Baksi and Pal, 1994; Sutheimer and Cabaniss, 1995a,b], colorimetry [Hodges, 

1987; Kerven, 1989; Fairman and Sanz-Medel, 1993] and kinetic methods [Lu et ai., 

1994]. All of these procedures are operationally defined and undoubtedly detect 

somewhat different forms of AI. The direction of this thesis is not towards a comparison 

of these various fractionation procedures. The interested reader is directed towards a 

detailed discussion of these methods for further reference [Clarke, 1994; Sparen, 1994; 

Clarke et ai., unpub.]. Recent improvements in AI NMR techniques have advanced its use 

as a direct method for speciating AI in environmental samples, however, detection limits 

are still too high and species identification is difficult [Faust et ai., 1995; Mac Fall et aI., 

1995]. 

1.3.1 SPECIATION AND FRACTIONATION.- In natural waters or soil extracts, 

the largest uncertainty in the evaluation of AI toxicity is caused by operationally defined 

results. This problem arises because of the inability of any fractionation procedure to 

accurately differentiate between aqueous and particulate AI, or between inorganic and 

organic forms of aqueous AI. AI determinations are usually made indirectly and often via 

the use of a complexing agent; for such a technique it is difficult to evaluate the extent to 
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which the complexing agent will desorb Al3+ from particulate matter or sequester Al3+ 

from naturally occurring ligands. Any method that disturbs the primary equilibria of a 

natural system, e.g. addition of a colorimetric reagent, will inevitably over-estimate toxic 

AI. This feature of all indirect techniques is the most important to consider when 

developing new speciation methodologies. 

(A) Driscoll Fractionation Protocol.- Possibly the most commonly utilised procedure 

for fractionation of Al in waters is the technique described by Driscoll (1984). The 

fundamental steps of this method involve (i) the separation of organically complexed Al 

from inorganic Al through the uptake of the latter on a strong cationic exchange resin, and 

(ii) a separate rapid extraction or reaction of both inorganic and organic monomeric Al. 

Total Al is measured following acid digestion. 

This procedure is now commonly referred to as 'Driscoll's method'; a schematic 

diagram of this procedure is given in Figure 1.3A. 

Aluminium 
measurement 

Aluminium { 
fraction 

Fraction { 
composition 

~ 
Total reactive aluminium . - . - - . - - - - - . - . . 

( Acid digested) 

~ 
Total monomeric aluminium . - . - - - . - . - . - . - ... 

(No acid digestion) 

Labile monomeric 
aluminium 

(Cation exchangeable) 

Free aluminium, 
monomeric aluminium 

sulfate, fluoride and 
hydroxide complexes 

Non cation exchangeable 
monomeric aluminium 
~----- -. 

Non-labile monomeric 
aluminium 

Monomeric 
alumino-organic 

complexes 

- - - - - - ..... 

Acid soluble 
aluminium 

Colloidal polymeric 
aluminium, strong 
alumino-organic 

complexes 

Figure 1.3A A sketch of Driscoll's scheme for aluminium fractionation (modified from 

Driscoll, 1984). 

In this procedure three Al measurements are made, total Al (acid digested), total 

monomeric Al [rapid measurement using a suitable complexing agent, e.g. 15 s 8-hydroxy

quinoline (oxine) extraction at pH 8.3 into solvent or 10 min pev reaction at pH 6.1], and 

nonlabile monomeric Al [separated from labile monomeric via a strong cation exchange 

column (Amberlite IR-120) followed by analysis of the eluent as monomeric Al]. This 
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procedure also results in the determination of two additional Al fractions; acid soluble AI 

is measured as the total Al less total monomeric Al and labile monomeric AI is determined 

as the difference between total monomeric and nonlabile monomeric AI. In Driscoll's 

original method the total monomelic AI in each fraction was measured by rapid extraction 

with 8-hydroxyquinoline in methyl isobutyl ketone [Barnes (1975)]. Many other 

researches have since attempted to further improve this methodology, either by change of 

reagent [Seip et aI., 1984; Sullivan et ai., 1986J or by increasing the precision and sample 

throughput by use of FIA [LaZerte et ai., 1988; McAvoy et aI., 1992; Fairman and Sanz

Medel, 1993]. In an inter-laboratory comparison [Fairman et ai., 1994] the Driscoll

pyrocatechol violet fractionation method was found to achieve relative standard deviations 

of 15 % for labile monomeric AI. 

The inorganic AI species present in most waters are cationic and are assumed to 

be adsorbed by the cation exchange column. Conversely, organic species present in 

natural waters are predominantly anionic and are assumed not to be adsorbed. This 

concept is fundamental to Driscoll's speciation methodology. Unfortunately, however, if 

re-equilibration of the sample occurs during its passage through the exchange column 

(residence times range from 10 to 50 s), organic complexes will release AI, resulting in an 

overestimation of inorganic monomeric AI. Observations by a number of analysts indicate 

that dissociation of organic AI complexes does occur, is often variable, and depends on 

sample characteristics such as AlIC ratio [Backes and Tipping, 1987; Berggren, 1989; 

Dahlgren and Ugolini, 1989; Kerven, 1989J. Backes and Tipping's comparison of 

monomeric organic Al fractions (Alorg) of humic substances estimated by Driscoll's cation

exchange procedure (CE), and those obtained by equilibrium dialysis, indicated that the 

CE underestimates AIorg by up to 25 %. Berggren modified the cation exchange 

procedure to minimise dissociation of AI-complexes; however, sequestering of Al from AI

humic complexes was not completely overcome (mean = 7 %). The disturbance to the 

natural equilibrium position of a sample dominated by stable complexes (e.g. AI-humic 

materials) limits this method to one which provides good approximations (at best) of 

monomeric inorganic AI. Furthermore, the lack of testing of this methodology on model 

ligand or AI-hydrolysis systems leaves the operator guessing as to which species are 

measured in each fraction, i.e. is the cationic species, [AI04AI 12(OHh4+n 

(H20)12_n]C7-n)+, commonly known as 'AId retained by cation exchangers? 

(B) Kinetic Methods.- Kinetic methods for estimating toxic AI are currently the most 

preferred [Clarke et al., 1992; Hawke and Powell, 1994; Clarke and Danielsson, 1995; 

Danielsson and Sparen, 1995; Fairman and Sanz-Medel, 1995]. These methods exploit 

the comparatively slow dissociation kinetics for AI complexes and employ short reaction 
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times with an AI selective reagent to discriminate between 'free' and complexed AI3+. The 

reagent should react rapidly with the free AI so as to minimise the stripping of AI from 

comparatively stable, non-toxic complexes. The 'fast reactive' AI measured is 

representative of free and kinetically labile AI in the sample and is likely to contain 

monomeric inorganic AI as well as some labile organic species. The fast reactive fraction 

is measured directly, thus providing advantages over the Driscoll procedure where labile 

monomeric AI is taken as the difference between total monomeric AI and the non-labile AI 

fractions. As in Driscoll fractionation protocols, the fraction of AI measured by kinetic 

methods remains operationally defined, i.e. the measured fraction is dependent on the 

reagent used and on the contact time between sample and reagent. 

Control of the reaction time in these methods is frequently achieved by use of a 

flow injection protocol. A typical manifold is shown in Figure 1.3B. 

Peristaltic pump 

Carrier 

Buffer 

, . 

Rea 

Reaction Zone 

I~ ~I 

Microcolumn of solid 
adsorbant or complexant 

lTigure 1.3B A typical flow injection manifold for the determination of rapidly reacting 

AI. 

Kinetic methods (all FIA based) can be categorised into two groups; (i) direct 

and rapid reaction of AI with a suitable reagent with immediate detection and (ii) selective 

capture of reactive AI on a suitable adsorbent or chelating resin in a microcolurnn with 

detection following elution. The direct approach has been the more utilised. 
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Direct Methods.- Clarke et al. (1992) developed a direct FIA oxine-solvent extraction 

method with a total reaction time of 7.4 s (2.3 s premix plus 5.1 s for solvent extraction). 

The technique requires on-line sample buffering (0.1 mol L-1 acetate, pH 5.0) because 

reaction kinetics are pH dependent. This necessity may result in small changes in sample 

speciation occurring before reagent contact. Furthermore, the buffer contains 0.5 mol L-1 

hydroxylamine and 10 mmol L-1 1,10-o-phenanthroline to prevent interference from Fe3+. 

The reduction of Fe3+ (free and complexed) to Fe2+ by hydroxylamine and subsequent 

complexation with 1, lO-o-phenanthroline results in ligands that were initially complexing 

Fe3+ becoming free. These ligands may immediately capture free AI and result in further 

disturbances to the samples' natural equilibria. The method also uses a comparatively high 

reagent concentration (4 mmol L-1 oxine; 1.4 mmol L-1 during premix and concentrated 

further during solvent extraction), which will tend to promote both a more rapid reaction 

with free AI and also greater sequestering of AI from organic complexes. Despite these 

potential problems, testing of the method against model ligand solutions (speciation 

computed by equilibrium modelling) provided good results for measured vs predicted free 

AI [Clarke et aI, 1992]. 

Hawke and Powell (1994) developed a somewhat less aggressive PIA method 

based on a 7 s reaction with CAS and spectrophotometric monitoring at the isosbestic 

point for a rapidly formed intermediate. This method uses a lower reagent concentration 

(35 /lmol L-1 at the detector) and has a lower detection limit than that of Clarke et al. (60 

nmol L-1 vs 200 nmol L-1). In subsequent work Powell and Hawke (1995) have applied 

the method to determination of reactive AI in soil solutions and thus established pAl-pH 

correlations. They have also used it to determine AI-complexation capacities for NOM in 

waters and in soil solutions [Powell and Hawke, 1995; Hawke et al., 1996]. 

Boudot et al. (1994) modified the widely used (Barnes/Driscoll) 15 s oxine 

extraction method for the speciation of AI in soil solutions and surface waters. Basically, 

(i) samples were forcefully injected (high turbulence) into buffered oxine to achieve 

thorough mixing, (ll) immediately methyl isobutyl ketone (MffiK) was injected (forcefully; 

terminated 5 s after sample injection) for extraction of the AI as the AI-hydroxyquinolate 

complex. Step 'ell)' was presumed to stop the reaction, however, a third step was used 

which may allow further reaction of AI that has not been extracted. In step (iii) the tubes 

were capped and shalcen for a further 5-10 s to complete the extraction process. Analysis 

was performed spectrophotometrically; batch techniques gave greater precision than FIA. 

The method was tested on a large number of model ligand systems and gave satisfactory 

results. However, sequestering of Al from Al-fulvate complexes was significant at ca. 8 % 

(20 % in original 15 s extraction procedure). 

Recently, Danielsson and Sparen (1995) modified and improved the method by 

Clarke et a!. for the mechanised determination of low levels of quickly reactive AI in 

natural waters. The manifold system was simplified by combining the reductant, buffer 
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and reagent lines of the original FIA system. A graphite furnace atomic absorption 

spectrophotometric (GFAAS) detection system was used, giving a detection limit of 20 

nmol L-1 and increased precision. Large sample volumes were required (pumped on-line) 

and sample throughput was ca. 10 sample h- l . The largest drawback of this technique is 

the requirement for complicated and expensive apparatus. 

Microcolumn Capture.- An alternative approach to speciation of metals is based on the 

selective capture of a metal ion (or its rapidly formed complex) on a suitable adsorbent or 

chclating resin in a microcolumn. Such methods can be selective (by choice of reagent or 

adsorbent) and involve preconcentration. This approach has only recently begun to be 

exploited and many existing adsorbents or chelating resins have not yet been tested for 

their suitability for the capture and subsequent measurement of free or reactive AI. 

Fernandez et al. (1991) utilised Chromotrope-2B immobilised on an anionic 

AG 1-X8 exchanger to matrix separate and pre concentrate Al in a chelating microcolumn 

followed by spectrofluorimetric determination of the complex AI-5,7-dibromo-8-quinolate 

(extracted into ether). Optimum pH was 5.5 and the elements Cu2+ and Fe3+ were also 

partially retained by the resin .. An FIA method was developed for AI in foods and dialysis 

concentrates but the possibility for analysis of natural waters was not examined. 

The chelating properties of salicylideneamino-2-thiophenol derivatised glass 

beads towards Al3+ was investigated by Kobayashi and Miyazaki (1993). A method for 

PIA column pre concentration of AI at pH 5.5 was developed and interfering ions 

investigated. Of the ions tested for interference, Fe3+ was the most significant. This 

problem was overcome by use of the reducing agent hydroxylamine. Vilchez et al. (1993) 

examined the fluorescent complex of the Al-salicylidene-o-aminophenol for solid-phase 

spectrofluorimetric determination of Al3+ in natural waters. The complex was adsorbed 

on a dextran-type cation-exchange gel (Sephadex CM C-25) and determinations were 

made by batch procedure (optimum pH was 5.5-6.0). No interference was observed from 

Fe3+ at a 10,000-fold excess. 

Desferrloxamine was used by LJunggren et al. (1992) for pre concentration of 

aluminium ions via immobilisation on a modified porous glass, followed by GFAAS 

detection. Quantitative uptake of Al3+ (samples acidified with 1 mmol L-1 HN03) was 

restricted to the pH range 5.5-6.0 (sample elution with 0.5 mol L-1 HN03). Hirayama et 

al. (1994) immobilised CAS on a propylisothiouronium functionalised silica gel for the 

separation and preconcentration of Al in natural waters. Al was retained quantitatively 

above pH 5 and was eluted with 0.1 mol L-1 HCI. The method was not developed, 

however, for the selective capture of free or reactive AI. 

In an FIA procedure for speciation of AI in river and tap waters, Quintela (1993) 

reported the use of pyrocatechol violet (PCV) immobilised on Amberlite IR -120. Iron-
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masking solutions containing 0.06 % 1,1O-phenanthroline plus 3 % hydroxyl-ammonium 

chloride suppressed interference of Fe3+ up to 5.5 J.Lg mL- i . A Driscoll type fractionation 

procedure was perfonned. Sarzanini et al. (1987) investigated two procedures for uptake 

of anionic AI(III)-PCV complexes on an anionic exchanger (Bio-Rad AG MP-1 

macroporous anion-exchange resin). The first procedure involved pre-formation of 

Al(III)-PCV complexes followed by pumping through a column containing the exchanger. 

The second involved loading the resin with PCV and subsequent injection of the sample. 

The first procedure was deemed to be superior; this may be a result of the slow 

equilibration between PCV and AICIII). 

Landing et al. (1986) synthesised an oxine-based chelating ion-exchange resin by 

immobilisation of oxine onto Fractogel TSK. The resin was found to be capable of 

chelating and thus concentrating Al, Mn, Fe, Co, Cu, Zn, and Cd from organic-rich 

freshwater samples. Subsequent research resulted in the development of FIA precon

centration procedures for Mn [Resing and Mottl, 1992], Al [Resing and Measures, 1994] 

and Fe [Measures et ai., 1995] in seawater. The method for AI utilised 2.5 mL sample 

volumes (pre-buffered; 0.02 mol L- i acetate, pH 5.5) with maximum AI uptake occurring 

between pH 5.5 and 5.7. Captured AI was eluted by back-washing with 0.05 mol L-1 HCI 

and detected fluorimetrically with lumogallion. The detection limit was - 0.15 nmol L-1. 

Five interferents, previously reported for lumogallion-AI chemistry, including Cu2+ and 

Fe3+ were tested. No interferences were observed. 

Fainnan et al. (1995) used the hydrophobic XAD-2 resin in 'mini' columns (88 

J.LL) to adsorb the AI(oxinateh complex formed in an initial 2-3 s reaction of the sample 

with 2 mmol L-1 oxine in a FIA manifold. The method was also adapted to manual field 

processing of samples, with subsequent elution of the adsorbed complex (with 1.0 mol L-1 

HCI) in the laboratory. The detection limit was 67 nmol L-1 (ICP-MS) and a RSD of 8 % 

was obtained at the 3.7 J.Lmol L- i level. 
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1.4 OBJECTIVES OF THIS WORK 

The toxicity of Al is dependent on its chemical form (i.e. its speciation) and is 

most commonly correlated with the sum of the free and labile forms of AI. Thus the 

measurement of this fraction, rather than total AI, is of primary importance in soils and 

natural waters. No direct methods are available for the measurement of the free Al ion, 

Al3+. Hence methods applicable to the speciation of Al require indirect approaches. Any 

method that disturbs the primary equilibria of a natural system will inevitably over-estimate 

free and labile forms of Al (toxic AI). Therefore, these procedures must accurately 

differentiate between aqueous and particulate AI, or between free, inorganic and organic 

forms of aqueous Al without altering the original sample composition. 

Kinetic methods for estimating toxic Al are currently the most preferred. These 

methods exploit the comparatively slow dissociation kinetics for Al complexes and employ 

short reaction times with an Al selective reagent to discriminate between 'free' and 

complexed Al3+. The reagent should react rapidly with the free Al so as to minimise the 

stripping of Al from comparatively st.able, non-toxic complexes. The 'fast reactive' Al 

mea~ured is representative of free and kinetically labile Al in the sample and is likely to 

contain monomeric inorganic Al as well as some labile organic species. 

In this work, the development of a speciation protocol for Al in natural waters 

and soil solution was addressed. Fundamental to the development of a speciation 

technique is a knowledge (either chemical or theoretical) of the manner in which the 

reagent reacts with the target analyte. Furthermore, a knowledge of how the reagent 

interacts with other 'non-targeted' components of the analyte's natural matrix is also 

important. The ligand pyrocatechol violet (peV) has been the most used reagent for the 

determination of Al. In the current work the interaction of this ligand with Al was 

investigated in detaiL 

The equilibrium reactions between AI and pev were studied by potentiometry 

(and spectrophotometry) to develop a thermodynamic model describing these equilibria. 

Further to these studies, the potential complexation of pev by naturally occurring 

(hydr)oxides was investigated through a thermodynamic study of the adsorption behaviour 

of pev on the surface of the AI-oxide hydroxide boehmite. The latter of these studies 

was to provide information on the importance of colloids in natural waters and the 

potential for their interaction with 'AI-targeting' reagents. 

The optimum conditions for the measurement of any metal ion by a reagent will 

depend strongly on the manner in which a reagent interacts with the metal. Most 

commonly, analysis conditions are optimised via a trial-and-error approach whereby the 

parameters such as pH and reagent concentration are manipulated to obtain the greatest 

detection signaL In speciation analyses, this optimisation procedure is further complicated 
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by the need to optimise the targeting of a single analyte species. An alternative to the 

trial-and-error approach is to carry out computer modelling using equilibrium constants. 

This approach is not often feasible due to the lack of appropriate data for either the 

interferent or the colorimetric reagent. Recently, however, equilibrium data have become 

available for the interaction of Al with the reagents chrome azurol S (CAS), eriochrome 

cyanine R (ECR) and, through the current studies, PCV. Modelling calculations were 

undertaken to compare the abilities of the reagents CAS, ECR and PCV to determine total 

AI in natural systems. The comparison is based on the competitive equilibria between the 

reagent and a ligand (potential interferent) with AI-complexing properties 'typical' of soils 

and natural waters. From these calculations, the applicability of each reagent to the 

determination of total AI, and implications to the assay of toxic Al are discussed. 

The thermodynamic approach to assessing interferents and optimising analysis 

conditions is of limited use in the fine tuning of speciation protocol conditions. In natural 

water and soil environments, AI exists in competitive equilibria with a large number of 

naturally occurring ligands. Natural systems are quite 'dynamic' and the kinetics of 

chemical processes may be particularlY.important in controlling speciation. For speciation 

measurements it is desirable that the reagent should only interact with free AI, i.e. Al3+, 

AI(OH)2+, AI(OHh +. Most reagents used for the determination of AI react rapidly and 

form strong complexes with AI. Unfortunately, these reagents are likely to sequester 

significant amounts of Al from both weak and moderate strength Al complexes. 

The kinetics of complexation and dissociation processes affect the results 

obtained during the analysis of 'labile AI' and these effects may be different for different 

sample compositions. For this reason, an investigation was made of the time scales for the 

establishment of equilibrium in competitive AI-ligand-reagent systems (reagent = PCV). 

These studies also acted to validate the AI-PCV thermodynamic model under 

spectrophotometric conditions. Furthermore, the effect of the mixing-order in which the 

sample, reagent and buffer are combined, on speciation results was investigated. The 

implications for kinetic-based analysis of AI in samples differing in composition (i.e. 

presence or absence of a 'second' ligand) is discussed. 

The measurement of AI is most easily performed using an indirect method 

whereby the response (spectrophotometric, fluorimetric, electrochemical) of a 'probe 

ligand' which complexes AI, can be monitored as a function of Al concentration. For this 

reason, the choice of ligand is of utmost importance to development of methods with both 

sufficient sensitivity and specificity for AI. Furthermore, methods which offer adequate 

sensitively at a modest cost (of apparatus and reagents) are likely to find more widespread 

application than methods that require expensive apparatus and maintenance (viz ET-AAS, 

ICP-MS). Flow injection techniques utilising electrochemical detection may offer several 

advantages over other detection procedures (e.g. spectrophotometric of fluorirnetric 

detection) in that analyses may be performed rapidly using relatively cheap apparatus. 
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The AI-binding and electrochemical properties of a series of ligands were 

evaluated with the intention that suitable ligands could be utilised in the development of an 

electrochemical method for the determination of AI. As an alternative to investigating 

ligands whose electrochemical response was expected to be perturbed by AI, a second 

indirect method for the electrochemical determination of AI was also considered. This 

novel procedure involved probing the electrochemistry of a secondary metal ion bound by 

a suitable ligand. The ligand's ability to complex AI should be such that, in its presence, 

the secondary metal ion is displaced quantitatively by AI, thus allowing this metal's 

electrochemistry to be exploited. 

An unfortunate feature of indirect methods of analysis (whereby the response of a 

'probe ligand' which complexes AI can be monitored as a function of AI concentration) is 

that these methods are prone to interference from other metal ions that interact with the 

'probe' ligand. Fe3+ binds with the same types of ligands that complex AI3+. In 

spectrophotometric and fluorimetric procedures interference from Fe3+ can often be 

masked using suitable 'masking agents', e,g. bipyridinel or 1,lO-phenanthroline/ascorbic 

acid. However, in electrochemical analyses of AI such masking agents are not appropriate 

because of the electro activity of the reducing agent. Furthermore, Fe masking agents are 

less appropriate to speciation analyses because perturbation of Fe-NOM eqUilibria will 

also affect AI-NOM equilibria (NOM = natural organic matter). 

PIA systems which incorporate a micro-column of suitable chelating resin (on

line) for the selective capture (matrix separation) and preconcentration of a test analyte 

may offer advantages over conventional speciation methods. In FIA on-line column 

procedures where an analyte is introduced to the flow system the operator is generally 

interested in (i) the complete (or reproducible) and selective 'capture' of the analyte species 

with the rejection of the interfering matrix to waste, followed by, the complete release of 

the analyte species to the detector, or alternatively (ii) the free passage of analyte to the 

detector and retention of interfering species. However, since both AI and Fe complex the 

same types of ligands then it is likely that Fe will be at least partially retained by chelating 

resins which complex AI. Hence scenarios, (i) and (ii) are not greatly applicable to the 

determination of AI in the presence of Fe (the interferent). This problem may be 

overcome by use of a method by which both AI and Fe are selectively retained by a 

chelating resin, followed by selective elution of one or both metals. 

The final section of work in this thesis addresses the subject of on-line matrix 

separation and/or preconcentration for the flow-through speciation of AI in natural waters 

and soil solutions. The work is directed towards the development of an AI speciation 

technique which may be used without the use of additional masking agents for Fe. This 

technique will involve the direct measurement of 'reactive' AI through the selective capture 

of AI on a suitable ehelating resin in a microcolumn (incorporated in an PIA system). The 
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factors which affect 'speciation' procedures (discussed throughout the earlier sections of 

work) are considered during the development of this new technique. 

The resultant PIA method is tested for (i) the extent of separation between 

reactive AI and Fe, (ii) the sequestering of AI from its citrate, oxalate, malonate and 

fluoride complexes and (iii) retention of AI-hydroxy polymers [e.g. Al13(OHh27+]. The 

method is applied to humic waters and soil solutions and the results for 'free' Al3+ are 

compared with those obtained from an alternative speciation method. The method's 

detection limit and linear working range are evaluated. 
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CHAPTER 2 

NUMERICAL ANALYSIS 

This chapter describes the mathematical treatment of potentiometric data for the 

evaluation of ligand protonation constants, formation constants for metal-ligand 

complexes and complexes at the surface of hydrous oxide particles. The chapter is divided 

into two parts. 

SECTION A: A brief description of the non-linear least squares procedure used 

to calculate formation constants from titration data is given. The analysis of solution 

equilibria data for aqueous metal-ligand and surface-ligand(metal) complexation is 

addressed. The methodology behind the evaluation of a complete equilibrium model is 

discussed. 

SECTION B: The conditions for accurate pH measurement are discussed. 

SECTION A: MATHEMATICAL TREATMENT OF POTENTIOMETRIC 

TITRATION DATA FOR THE DETERMINATION OF FORMATION CONSTANTS 

2.1 THERMODYNAMIC TREATMENT OF AQUEOUS EQUILIBRIA 

The complete characterisation of an eqUilibrium system comprises (i) the 

determination of the stoichiometries of any species forming in significant quantities and (li) 

the determination of each species' stability, as described by a thermodynamic eqUilibrium 

constant (commonly referred to as a formation constant). Thermodynamic equilibrium 

constants are a function of (a) temperature and (b) pressure. Methods frequently used for 

the study of solution equilibria include potentiometry, spectrophotometry, conductivity 

and calorimetry. The information provided by these methods on the equilibrium speciation 

is in the form of macroscopic measurements of individual species, i.e. a single 

measurement contains the sum of effects of all species present. Therefore, the 

characterisation of individual species (the equilibrium analysis) from this data must always 

be performed simultaneously with the quantification of the amount of each species 

(determination of formation constants). 

For a three component system, the equilibrium condition may be described by the 

equation: 

H M (H L) (p+mq)+ 
p qn r (2.1a) 
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and 

Rth 
fJp,q,r -

{H pMq (HnL)r (p+rnq )+} 

{H+}P {MID+}q {HnLl' 
(2.1b) 

== _(.....;:1_I...!...IP_Mq=(H_nL--...:),--r_)(_P_+ID_q_)+ __ • [H pMq (HnL)/p+rnq)+] 

(1 ) p (1 )q (1 )r [H+]P [MID+]q [HnL]r H+ Mm+ HnL 

(1 ) (p+rnq)+ 
HpMq(HnL)r ~ 

== (1 H+ )P (1 Mm+ )q (1 HilL) r • p,q,r 

where ~;,q,r is the thermodynamic equilibrium constant of the species with stoichiometry 

p (proton), q (metal), r (ligand). {X} is the activity, "Ix is the activity coefficient and [X] 

is the concentration of component 'X', The term, ~p,q,,., is a concentration dependent 

equilibrium constant. 

The activity coefficient relates the activity of each species to its concentration. 

The activity of a species will be equal to its concentration only in infinitely dilute solutions. 

As ionic strength increases, ions of opposite charge interact leading to a decrease in their 

effective activity [Fischer & Peters, 1970]. Thus, the ionic strength of the medium will 

affect the measured value of the concentration quotient, ~p,q,r' Under experimental 

conditions of low ionic strength, changes in equilibrium speciation will affect the "I-values 

of all surrounding species. The eqUilibrium analysis [determination of (p,q,r)-stoichio

metry and the corresponding ~-values] of data determined under such conditions will be 

practically impossible. 

This problem can be circumvented by using the constant ionic medium approach. 

This method utilises the principle that for a constant (and high) ionic strength medium, the 

activities of each of the participating ions and molecules remain practically constant as the 

ratio of reactant and product species is changed. In this situation, a concentration 

dependent equilibrium constant, ~p,q,,., can be defined which will be constant when the 

term describing an ion or molecule activity is constant under given experimental 

conditions. 

~ == ~th • (1 H+ )P (1 Mm+)q (1 HnL )r 

p,q,r p,q,r (1 ) (p+rnq)+ 
HpMq(HnL)r 

(2.1c) 
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This condition has been shown to hold as long as the equivalent concentrations of the 

investigated species do not exceed about 10 % of the ionic strength of the medium 

[Biedermann, 1975]. Depending on whether predominantly anionic or cationic complexes 

form in the system, the total cation or anion concentration of the medium can be chosen to 

be held constant, viz X mol L-1 Na(CI) or Y mol L-1 (K)N03. In the present work, a 

constant ionic strength of 0.10 mol L-1 K(CI) was used. 

An obvious drawback of this approach is that the resulting (concentration) 

equilibrium constants are only valid in the ionic medium for which they were determined. 

For the application of such equilibrium data to other media, electrolyte theory must be 

applied to obtain the required data (e.g standard-state data). 

The speciation of metal ions in aqueous environments is often very complex. 

This makes complete characterisation of all species and the determination of their 

formation constants difficult. In the search for a thermodynamic model it is recommended 

that, whenever possible, the data be divided into sub-sets for the separate analysis of (i) 

ligand acidlbase properties, (ii) metal ion hydrolysis, (iii) binary metal-ligand complexes 

and (iv) ternary complexes. All of these analyses are most easily pelformed using a non

linear least squares computer program. These programs enable the analyst to obtain 

immediate information regarding essential parameters such as 'goodness of fit'. They also 

provide outputs of residuals (e.g. Hcalc-Hexp' where H is the total titratable acidity) which, 

like goodness of fit, reflect discrepancies between the experimental data and the model 

(essential for finding and eliminating systematic errors). In the present work the non-linear 

least squares computer program LAKE [Ingri et al., 1996] was used for equilibrium 

analysis. 

2.1.1 LIGAND PROTONATION EQUILIBRIA.- Most organic ligands can be 

treated as weak acids (HnL). The titration of a weak acid with a strong base generates a 

series of species described by the two component equilibria (H+-Ligand): 

(2.L1a) 

where p can be a positive or negative integer (i.e. protonation or deprotonation 

respectively) and HnL is the defined zero proton level for the ligand (n 0,1,2, ... ). 

A formation constant, ~p,O,r' is used to describe the equilibria in terms of the 

stoichiometry of each component p, q and r respectively. In the example described here, 

the formation constant may also be referred to as a protonation constant: 
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~p,O,l (2.Llb) 

The law of mass action and the conditions for the concentrations applied to this 

reaction give equations (2. L lc) and (2.1.1d), where hand c are the equilibrium 

concentrations of H+ and HnL respectively. 

(2.Llc) 

(2.Lld) 

In the potentiometric titration, the total concentration of protons (lI) and ligand 

(C) are known from the initial concentration of titratable protons and the initial 

concentration of ligand, while h is measured potentiometrically as described in Chapter 3 

(3.10-3.12). The experimentally determined quantities H and C are corrected for dilution. 

The information from these equations is used to evaluate a function, Zc, which 

will form a basis for the calculation of ligand protonation constants from the 

potentiometric titration data. Zc is a function of -log h and describes the degree of 

protonation of a ligand: 

Zdexp] (2.Lle) 

The function Zc can be calculated from the experimentally determined values of 

H, C and h at each datum point in the titration. This value of Zc is referred to as Zd exp]. 

The term lew is the ionic product of water; lew = [H+][OH-]. 

Zc can also be expressed as a function of the evaluated protonation constants of 

the ligand and of the equilibrium hydrogen ion concentration, h. This value is referred to 

as Zdcalc]. 

Zdcalc] = i:p~ p,Q,lh
P 

1 + i:~ p,Q,]h
P 

(2.1.1f) 
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Hence, by assuming values for the ~p,O,l of the ligand (defined by equation 2.1.1b), 

Zdcalc] can be determined at each datum point. By treating the Ws as variable 

parameters, the function L(Zdexp]-Zdcalc])2 may be minimised over all datum points by 

means of non-linear least squares analysis. In this way the formation constants may be 

determined (this procedure is discussed in more detail in Section 2.1.4). 

2.1.2 METAL-LIGAND EQUILIBRIA.- The treatment of equilibrium data for a 

three-component system is approached in the same manner as the two component system. 

The system, H+-Mm+-HnL, can be described by equations of the general from: 

~p,O,l : 

~p,q,O : 

~p,q,r : 

H M (p+mq)+ 
p q 

(2.1.2a) 

(2.1.2b) 

where ~p,q,r> ~p,O,l and ~p,q,O are the formation constants for each reaction respectively, p 

can be a positive or negative integer (i.e. protonation or deprotonation respectively) and 

HnL and Mm+ define the zero proton level of these components (q, r and n are positive 

integers: 0,1,2, ... ). Equation (2.1.2a) denotes ligand protonation, (2.1.2b) denotes 

hydrolysis of the metal ion and (2.1.2c) denotes the formation of three component 

complexes. 

The law of mass action and the conditions for the total concentrations then give 

equations (2. 1. 2 d-f) , where h = [H+], b [Mm+] and c = [HnL] (free concentrations) and 

B is the total concentration of 'M'. 

(2.1.2d) 

(2.1.2e) 

(2.1.2f) 

The summations are taken over all species formed. 

Correspondingly, the experimental data can be treated using these equations and 

an equilibrium model evaluated. However, the equilibria involved in metal-ligand 

complexation are often very complex and it may take many attempts to reach a final 

model. i.e a large number of possible (p,q,r)-triplets exist (which define the stoichiometry 
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of the individual species) and many combinations of these may need to be tested before the 

best model is found. To aid in this process, several graphical procedures may be used. 

These are discussed in the next Section (2.1.3). 

2.1.3 FORMATION CURVES.- The use of graphical methods to aid the analysis of 

experimental data is an important process in the evaluation of an equilibrium model. 

These methods allow the analyst to obtain general information on the behaviour of the 

system. The shape of different 'formation curves' may reveal information on a series of 

mononuclear complexes forming or the presence of polynuclear or ternary complexes. 

Alternatively, formation curves are useful for the identification of errors, e.g. random 'bad' 

points and systematic errors that need to be eliminated. Approximate values for relevant 

formation constants may be estimated which often aid in the computer refinement of larger 

models. 

(A) Z( -log h) Curves.- Experimental data are possibly best visualised by the use of Z

curves. These curves are easily calculated and often form an integral part of model 

refinement. Z is defined as the average number of H+ (or OH-) bound per metal (B), ZB' 

or ligand (C), Zc, where Zc is defined as: 

Zdexp] (2.1.3a) 

As discussed in Section 2.1.1, Z-curves can be calculated from the experimental data or, 

alternatively, evaluated from expressions involving the trial formation constants for the 

species forming over the relevant -log h range. A comparison between Zdexp]-curves in 

the absence and presence of the metal ion will reveal the -log h range for and the extent of 

complexation. Furthermore, significant contribution of mixed hydroxy metal-ligand 

species becomes evident if the value of Zc exceeds n in HnL. 

(B) n (-log [L]) Curves.- Often referred to as Bjemrm plots [Bjerrum, 1915], n 
represents the average number of ligand molecules coordinated per metal ion. These 

curves reveal information on the extent to which a series of binary complexes, JvlLr, may 

form. n (-log [L n-]) can be calculated from experimentally determined H, B, C and h data: 

n [exp] = {C - (H - h + kw .. h-1) I Zc [calc]} 

B 
(2.1.3b) 
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where H is calculated from the zero proton level (H20, Mm+, L n-) and Zdcalc] is defined 

as in Section 2.1.1. 

Alternatively, n may be expressed as a function of the trial formation constants 

for the metal and ligand species and ofthe equilibrium ligand concentration, [L n-]: 

n [calc] = 
~ j[Ln

-] + 2~ 2[Ln ]2 + 3~ 3[Ln -P + .. . 

1+~ 0,1,1[L
fl
-] + ~ 0,1,2 [L

fl
-]2 + ~ 0,1,3 [L

n
-]3 + .. . 

(2.1.3c) 

Consequently, n[exp] can be determined for each datum point and a theoretical 

curve described by n [calc] can be calculated (much like comparing Zdexp] and 

ZdcalcD· 

The formation of a series of mononuclear complexes, ML/m-n)+, is indicated 

over the -log h range for which the n [exp] data coincide with the n [calc] curve. This 

condition is independent of BIC ratios and concentrations. If the ligand forms only weak 

complexes with the metal, then hydrolysis of the metal may occur. The formation of 

hydroxy and/or polymeric species is indicated by deviations from the family of coincident 

plots. Therefore, such a series of mononuclear complexes is only commonly observed 

when the ligand forms quite stable complexes with the metal or large excesses of ligand 

have been used, or for metals less affected by hydrolysis. 

2.1.4 EVALUATION OF THE EQUILIBRIUM MODEL.- The successful and 

scientifically convincing characterisation of an equilibrium system is determined by a 

number of prerequisites. The first of these is related to the collection of experimental data, 

both quality and information content; secondly we must consider the process of data 

evaluation. 

(A) Data Collection.- (i) The experimental data upon which the analysis is based must 

be true equilibrium data. This necessitates that the reversibility of the system has been 

tested by performing both forward (increasing -log h) and reverse (decreasing -log h) 

titrations. (ii) For the analysis of a three component system, the underlying sub-systems, 

e.g. ligand protonation or metal ion hydrolysis, must be either well characterised or 

negligible. In some cases the careful selection of experimental conditions can aid in 

studies where, for example metal hydrolysis is not well understood. (iii) Equilibrium 

analysis is generally based on techniques that provide macroscopic measurements (sum of 

effects from all species present) to generate information on the equilibrium speciation. For 

this reason, data should be collected over as broad a range as possible with regard to total 

metal ion and ligand concentration, metal to ligand ratio and -log h. 
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(B) Equilibrium Analysis.- Possibly the most important feature of any equilibrium 

analysis is that the presented model must give a good description of the experimental data. 

No systematic deviations should remain in the final model and the fit between experimental 

data and model curves should be within that expected for the technique used in the 

analysis. 

Because of the complexity of many equilibrium systems often the best approach 

to equilibrium analysis is to evaluate the data in an unbiased manner, i.e. assume no 

knowledge of what species are likely to exist. In such a procedure, the analyst should 

investigate all possible combinations of (p,q,r) stoichiometries to establish the model 

which gives the best fit to the experimental data. In practise, this approach is often over

looked as the analyst is often familiar with a similar system which has been previously 

characterised. If this latter approach is used, the analyst must be careful to recognise any 

systematic deviations (whether small or large) and if present should return to the unbiased 

approach of data analysis. 

Equilibrium models are usually developed for a specific purpose, e.g. modelling 

biofluids or natural waters. It is, therefore, of primary importance that the model should 

be valid for these conditions (e.g. pH range, ionic strength, temperature). 

An Unbiased Search: The information obtained from the different types of formation 

curves can be used to outline a strategy for the processing of the available data. The 

purity of the ligand is often indicated by the shape of the Zc curve (in the absence of 

metal). Estimates of acidic (or alkaline) impurities, often referred to as 'dirt', can be made 

and corrections for these introduced along with any adjustments to total ligand 

concentrations. Assuming an accurate knowledge of the ligand's acid/base properties, the 

analysis of three component data may be undertaken. 

As mentioned in Section 2.1.3(B), coincident Ii (log[L n-D curves indicates the 

presence of a series of MI.)m-n)+ complexes. The -log h range over which these 

complexes are observed to form may be used to evaluate approximate formation constants 

for this series of complexes. The next step (or steps) in the equilibrium analysis is the 

interpretation of the deviations from this 'mononuclear curve'. From this point forward, 

the n -curve will not aid our search. 

The search for a model explaining the data at -log h values beyond this series can 

be best performed by means of a procedure called a (p,q,r)-analysis. In this procedure it is 

assumed that within a certain data space region, only one new complex, HpMqLr, is 

formed. Different p,q,r combinations are systematically tested (involving the refinement of 

the corresponding formation constant, Pp,q)' The data region chosen should, at least 

partially, overlie the data space for which the model is already observed to 'fit', and all 

previously determined formation constants used to explain the data both within this range 
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and outside this range should be included but not altered. The 'best' species is the p,q,r 

combination that gives the lowest error squares sum U L(Hcalc-Hexp)2 or U = L(Zca1c

Zexp)2. This p,q,r combination may represent a true stoichiometry of a species or it may 

also represent an average composition of two or more coexisting complexes. The species 

is, however, accepted into the model and the procedure is continued until the entire data 

range has been covered and adequately explained. 

An important part of this unbiased approach is the careful examination of 

residuals (M = Hca1c-Hexp) and Z-curves throughout the analysis and, in particular, when 

the final model has been reached. Any systematic deviations (as a function of -log h, B, C 

or B/C) that are not within experimental uncertainties must be re-addressed. It is this 

process that is often the most time consuming and much time is often devoted to this 

repetitive but extremely necessary process. 

The discussion of the above unbiased approach for the determination of a 'correct' 

equilibrium model is incomplete. Many variations to the methodology for reaching a fmal 

model are available to the analyst, e.g. division of data into smaller subsets defined by C/B 

ratios (and/or in combination with specified -log h intervals) followed by new (p,q,r)

analysis. The discussion does, however, provide the reader with some idea of the 

methodology behind this procedure. Sometimes the analyst can be 'lucky' and one species, 

past the initial MLr series, is all that is required to explain the remaining data [Hedlund and 

Ohman, 1988; Marklund et al., 1986]. In other cases, several p,q,r combinations may 

appear to give an equally good fit to the data; in such a situation it is not until the model is 

nearly complete before one of these combinations can be discarded. It is possible that 

initial attempts to model the data will reveal that further experiments are required to 

discriminate between two equally good models. 

THERMODYNAMIC TREATMENT OF SURFACE COMPLEXATION 

The use of potentiometric techniques to characterise the acid/base and 

complexing properties of hydrous oxide particle surfaces has become an active area of 

research during the last 20-25 years [Huang and Stumm, 1973; Hohl and Stumm, 1976; 

Davis, 1982; Sjoberg and Lovgren, 1993; Laiti et al., 1995]. The thermodynamic 

equilibrium concepts that apply to solution coordination chemistry have been successfully 

applied to interactions at the particle/solution interface. A review of the literature, 

however, indicates the development of thermodynamic models that explain the physical 

and chemical nature of the mineral-water interface and the interaction of these interfaces 

with common ligands and metal ions is still quite limited. 
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CHEMICAL REACTIONS AT METAL OXIDE-WATER INTERFACES.

The hydration of a metal oxide surface is depicted in Figure 2.2.1. 

=XOH 

o = Oxygen .. = AI, Fe, Si, etc. 

Figure 2.2.1 Hydration of a metal oxide surface [redrawn from Westall, 1986]. 

In this process, water groups adsorb to the oxide surface, hydrolysis occurs and surface 

hydroxyl groups are formed. This model assumes the formation of two distinct hydroxyl 

groups at the surface; differing in the plane of metal ions to which they are coordinated. 

In practise, however, edges of oxide surfaces and imperfections in faces (kinks or steps) 

will mean that many other coordination positions for hydroxyl groups will exist. For 

modelling purposes only the dominant surface hydroxyl groups depicted in Figure 2.2.1 

will be considered. 

The oxide surface hydration process can be interpreted in terms of a diprotic 

weak acid model [Davis et al., 1978]. The model assumes an amphoteric character of the 

surface groups, =XOH, and the formation of =XOH2 + and groups: 

=XOH 

The law of mass action equations corresponding to these reactions are: 

[= XOH][H+] 

[= XOH2+] 

(2.2.1a) 

(2.2.1b) 

(2.2.1c) 
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XO- ][H+] +FlIIIRT -----ee l' 

XOH] 
(2.2.1d) 

where \If (V) is the electrostatic potential, with respect to the bulk solution, at the mean 

plane of adsorption (used to correct for the coulombic energy changes of the surface). F 

is the Faraday constant (C mor l ) and R is the gas constant (J K- I mor l ). The exponential 

term represents the electrostatic energy required to bring a charged species from the bulk 

solution to the plane of adsorption which has potential \If. Material and charge balances 

can be derived for these expressions and the constants K~l and K~2 evaluated. The 

evaluation procedure is, however, dependent on the assumptions regarding the 

complexation model used. The most common surface complexation models are discussed 

in Section 2.2.2. 

The hydrous oxide surface (Figure 2.2.1) represents an array of complex forming 

donor groups which may coordinate metal ions, organic ligands or metal complexes from 

the bulk solution [Davis and Leckie, 1978; Kummert and Stumm, 1980; Davis and Leckie, 

1980; McBride, 1982; Davis, 1984]. The metal ion at the oxide surface may be treated as 

a Lewis acid and the OH group may be replaced by coordinating ligands. The treatment 

of these surface complexes is addressed in Section 2.2.3 (constant capacitance model). 

2.2.2 CHEMICAL MODELLING OF SURFACE COMPLEXATION.- Several 

surface complexation models have been developed for the description of 

adsorption/desorption reactions at the mineral-water interface. These models are based on 

several fundamental concepts and differ primarily in the description of the electric double 

layer. In the current models, this description is based on the work of Stern (1924), who 

used a series of layered planes, onto which species could be adsorbed by chemical or 

electrostatic interactions, to describe the interface. 

Fundamental concepts: 

(a) The formation of surface complexes at the mineral-water interface occurs in a manner 

analogous to simple metal-ligand complexation reactions in solution. 

(b) Surface complexation equilibria can be quantitatively described by law of mass action 

equations. 

(c) A surface charge is created from the surface complexation reactions. 

(d) Charge dependent formation constants are required to account for the effect of surface 

charge on surface complexation. 
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(A) The Triple Layer Model.- The triple layer model, as depicted in Figure 2.2.2A, 

represents an extended version of the Stern model [Yates et al., 1974]. The ions most 

strongly associated with the surface (e.g. H+ and OH-, inner sphere complexes of strongly 

bound metals and ligands) are assigned to the innermost plane where they contribute to a 

charge 0'0 and experience a potential '1'0' Less strongly bound ions (e.g. electrolyte ions 

K+, Na+, cr, N03 , S042- and organic anions), attracted to the surface by specific 

chemical and/or electrostatic interactions, are adsorbed at the inner Helmholtz plane (IHP) 

as outer sphere complexes. The charge in this plane is 0'1 and the ions experience a 

potential '1'1' Beyond the IHP is a layer of charge bound at the surface by electrostatic 

forces only. This layer is known as the diffuse layer, or the Gouy-Chapman layer. The 

innermost part of the diffuse layer is termed the outer Helmholtz plane (OHP). The 

charge-potential (0'2, '1'2) relationships in the diffuse layer can be found by solving the 

Poisson-Boltzmann equation: 

(2.2.2a) 

where E is the dielectric constant of water, Eo the permittivity of vacuum, R the molar gas 

constant, T the absolute temperature and cb the electrolyte concentration in the bulk 

solution. The triple layer model can be regarded as composed of two constant capacitance 

layers (known as the compact layer with capacitances C1 and C2) and one diffuse layer. 

The total capacitance of the interface is given by the equation for three capacitances in 

series: 

1 1 1 
= + 

C total Ccompact Cdiffuse 

(B) The Constant Capacitance Model.- At high ionic strengths and high potentials, 

the diffuse layer capacitance (of the triple layer model) is much larger than the compact 

layer capacitance (C I + C2). In such a case the total capacitance becomes approximately 

equal to the compact layer capacitance. The electrostatic model for this limiting case is 

known as the constant capacitance model (Figure 2.2.2B). 

In the constant capacitance model all specifically adsorbed solutes are adsorbed in 

the same plane at the surface. Outer sphere complexation of weakly adsorbed electrolyte 

ions is not explicitly considered. The effects from these ions is included in the evaluated 

constants (which are regarded as conditional constants). The surface charge (0'0) is 

neutralised by a plane of electrostatically attracted counter ions and a constant capacitance 

(c) is used to relate 0'0 to the surface potential ('1'0): 
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(2.2.2b) 

No ionic strength dependence is included in the model, thus the capacitance and 

equilibrium constants determined are valid only for solutions of the same ionic 

composition. 

IHP OHP 

x 

Figure 2.2.2A The Triple Layer Model 

c 

x 

Figure 2.2.2B The Constant Capacitance Model 
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(C) The Diffuse Layer Model.~ The second limiting case for the triple layer model is 

for solutions of low ionic strength and relatively low potentials. In this situation the 

diffuse layer capacitance (of the triple layer model) is much less than the compact layer 

capacitance and the total capacitance becomes approximately equal to the diffuse layer 

capacitance. This electrostatic model is known as the diffuse layer model (Figure 2.2.2C). 

x 

- - '" 

Figure 2.2.2C The Diffuse Layer Model 

Like the constant capacitance model, only one plane of specifically adsorbed 

solutes is considered and outer sphere complexation of weakly adsorbed electrolyte ions is 

not explicitly considered. The electrostatically attracted counter ions are distributed 

throughout the diffuse layer and the surface charge-potential relationship is given by 

equation 2.2.2a (see triple layer model). Replacing cb (bulk electrolyte concentration) 

with I (ionic strength) in this equation implies that this model is applicable for variable 

ionic strengths [Stone et al., 1993]. 

Detailed discussions of the models described above have been the subject of 

several good reviews [Westall and Hohl, 1980; Westall, 1986; Davis and Kent, 1990; 

Schindler, 1990]. 

2.2.3 THE CONSTANT CAPACITANCE MODEL.- In the present studies the 

constant capacitance model was used for the evaluation of surface complexation equilibria. 

This model has been found to be quite adequate for describing ligand adsorption processes 

at the oxide mineral-water interface [Lovgren, 1991; Nilsson et al., 1992; Laiti et al., 

1995] and the need for more complex models (e.g. triple layer model) has not been 
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required. The data treatment procedure for this model is discussed below. A ligand, HnL, 

is used to illustrate the numeric analysis, however, the procedure is also applicable to 

adsorption of metal ions [Lovgren et al., 1990]. 

Data Treatment.- The equilibria involving H+, =XOH and HnL, can be expressed by 

the general equation: 

~p,q,r : pW + q(=XOH) + r(HnL) (2.2.3a) 

The equilibria in the two 2-component systems, H+-(=AlOH) and H+-HnL, can 

be expressed using the simplified equations (2.2.3b) and (2.2.3c) respectively: 

~p,O,l : (2.2.3b) 

(2.2.3c) 

It should be noted that ~p,q,,. and ~p,l,O are conditional constants and thus must 

be corrected for the coulombic energy of the charged sUliace to obtain the corresponding 

intrinsic constants: 

A _ A "ezF'l'IRT 
Pp,q,r(int) - Pp,q,r (2.2.3d) 

where z is the species charge and \jI is the potential at the oxide surface. 

The law of mass action and the conditions for the total concentrations of H+ (B), 

=XOH (B) and HnL (C) give equations (2.2.3e-f), where h, b and c represent the free 

concentrations (mol dm-3) of each component respectively. 

B = h kwh-1 + L P~p,q,O(int)"e-(PF'VIRT)hPbq + L P~p,o,,}l cr (2.2.3e) 

+ LpA (. )"e-(PF'VIRT)hPbqc,. Pp,q,r mt 

(2.2.3f) 

C - "" A lJJ r "" A " -(PF'l' IRT)hPbq r 
- C + .... rpp,O,"" c + .... rpp,q,r(int) e c (2.2.3g) 
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The surface charge (in mol dm-3) is obtained from: 

(2.2.3h) 

or, in electrostatic units (C m-2): 

cr 
s.a 

(2.2.3i) 

where F is the Faraday constant, s is the specific surface area (m-2 g-l) and a is the 

concentration of solid in g dm-3. Within the scope of the constant capacitance model, the 

surface potential, \jI, is related to the surface charge, cr, by the expression: 

(2.2.3j) 

where c is the specific capacitance (C V-I m-2). Combining the last two equations gives: 

(2.2.3k) 

In the calculations the least-squares computer program LAKE [Ingri et al., 1996] 

was used in combination with the modelling program SOLGASW ATER [Eriksson, 1979] 

modified to treat surface complexation according to the constant capacitance model. 

These calculations involved evaluating the mass balance equations (2.2.3e-f); the 

procedure or methodology employed was discussed in Section 2.1.3-2.1.4. 



SECTION B: THE MEASUREMENT OF pH 

2.3 

The concept of pH is unique amongst physicochemical quantities, in that 

(-log aH) involves a single ion activity coefficient which is immeasurable (Covington et al., 

1983). It is therefore defined operationally in terms of the method used to measure it. 

The accurate measurement of pH is essential for the determination of 

thermodynamic equilibrium data via potentiometry. To this extent, very rigorous 

conditions are required defining 'pH' and attainment of thermodynamic eqUilibrium. The 

temperature dependence for the glass electrode is usually of the order of 1 m V deg-1 

[Covington, 1969]. Therefore, it is essential that experiments are thermostated within ± 

0.05 °C of the desired temperature. 

In the present work, pH-drift conditions were managed by the computer which 

also controlled the auto burette. A 'delay time' was set for (i) the time period between 

acid/alkali addition and the first pH measurement and (ii) the period between successive 

pH measurements. The equilibrium condition was satisfied when a series of consecutive 

pH measurements agreed within a specified 'drift condition'. If the electrode drift 

condition was not satisfied (i.e. the drift limit exceeded) the data point was flagged and 

another delay period-(ii) initiated. After each pH measurement the drift condition was 

checked and the next burette addition was not made until the condition was obeyed. The 

adopted delay periods '(i)' and '(li)' and the 'drift condition' are dependent on the system 

being studied and are given in the relevant Chapters (4 & 5). 

2.3.1 pH MEASUREMENT.- The arrangement of the measuring cell can be divided 

into three parts: 0) the measuring electrode, (ii) the reference electrode and (iii) the liquid 

junction between the measming compartment and the reference compartment. The 

hydrogen electrode is probably the best primary standard for measurement of pH, 

however; the development of reliable, easy to handle and fast responding glass electrodes 

has drastically reduced their use [Covington and Prue, 1955; Henry et al., 1971]. 

The potential of single electrodes cannot be measured directly; it is therefore the 

potential difference (or electromotive force, e.m.f) between the glass electrode and the 

reference electrode that is determined. The quality of the reference electrode is therefore 

also of utmost importance. In potentiometry, two reference electrodes have been 

commonly employed for pH measurements: (i) the calomel (mercury-mercurous chloride) 

reference electrode or (ii) the silver-silver chloride (Ag/AgCI) reference electrode. The 

liquid junction of the calomel electrode consists of a semi-permeable diaphragm and the 

electrode compartment contains a concentrated salt solution (usually saturated KCI). The 

internal salt solution slowly permeates across the junction and means that liquid junction 
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potentials can be ignored. The most common approach for interconnecting the Ag/AgCI 

electrode with the glass electrode is via the use of a salt bridge. The alternative approach, 

in which both electrodes are immersed in the same solution, results in unstable potentials 

at the Ag/ AgCI electrode. For the salt bridge arrangement, a liquid junction potential is 

created where the two solutions of different composition meet. 

Despite the presence of the liquid junction potential, the Ag/AgCI electrode is 

probably the best reference electrode for pH measurements in solution equilibria studies. 

The calomel electrode releases small quantities of concentrated KCI into the test 

electrolyte solution and often results in significant changes in ionic strength over the 

duration of long titrations (>20 h). Furthermore, it is slow to reach temperature 

eqUilibrium and electrode potentials may vary with time (rarely reproducible to better than 

3-4 mY) [Covington et al., 1967]. 

At the liquid junction of the Ag/AgCI electrode, diffusion of ions will occur and 

create a liquid junction potential (Ej ). The e.m.f of this cell can be written as: 

(2.3.1a) 

where Ej is the potential caused by diffusion of ions across the liquid junction (E+ and R 
are the potentials for the respective half-cells). In this cell, the construction of the liquid 

junction is very important and the design must be such that predictable and reproducible 

potentials are obtained. The half-cell design commonly called the 'Wilhelm' type [Forsling 

et al., 1952] has been found to be ideal for these purposes. The liquid junction potentials 

of this half-cell have been found to be in fair agreement with the values predicted by the 

simple Henderson equation [Hefter, 1982]. Accurate expressions for the ionic medium 

dependence of this cell arrangement have been experimentally determined [Biedermann 

and Sillen, 1952; Sjoberg et al., 1983] . 

The expression for the complete cell arrangement is: 

Ag/AgCI I I mol L-1 KCI II test solution I glass electrode (2.3.1b) 

where I denotes the concentration of the background electrolyte. 

Assuming the activity coefficients to be constant, at 25°C, the e.m.f of this cell 

(in m V) is given by: 

E = EO + 59.l57.10g h + Ej (2.3.1c) 



Chapter 2: pH 57 

where EO is the apparatus constant determined prior to each titration (see Chapter 3, 

3.11.3) and the liquid junction potential, Ej , is calculated from: 

(2.3.1d) 

where kW is the ionic product of water and, 

(2.3.1e) 

In the present work a 0.10 M K(Cl) medium was used: log kW = -13.775 is the 

ionic product of water and jac = - 511.5 mV L mor l and jalk =238.7 mV L mor l are 

assumed liquid junction parameters [Sjoberg et ai., 1983]. Refer to Chapter 3 [3.11.3(B), 

p71] for definitions of jac andjalk repectively. 
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CHAPTER 3 

EXPERIMENTAL METHODS 

This chapter describes the experimental procedures and apparatus used 

throughout this thesis. It is divided into 2 parts. 

SECTION A: A description of the analytical procedures for reagent and 

solution preparation and non-potentiometric apparatus is given. 

SECTION B: The apparatus used for the potentiometric studies and the 

calibration procedures for the glass electrode are described. 

SECTION A: EXPERIMENTAL PROCEDURES AND ApPARATUS 

VOLUMETRIC EQUIPMENT 

All glassware was 'B' grade. Pipettes were calibrated by dispensing and weighing 

volumes of distilled water at constant temperature. Water density data (CRC Handbook 

of Chemistry and Physics) were used to convert the weight of water dispensed to volume 

at 25°C. Titration burettes (ABU80 autoburette and 645, 655 Multi-Dosimats, Metrohm) 

were calibrated as above. 

Volumetric glass and plasticware (for preparation and storage of solutions) was 

cleaned by soaking in ca. 10 % RN03 (BDH, AnalaR) for at least 24 h or in a solution ca. 

90 % H2S04, ca. 0.05 mol L-1 Cr2072- followed by 12 h soaking and repeat rinsing with 

triply distilled water (TDW). Other glassware and clean volumetric glassware was washed 

with detergents [Dec on 90; Johnson Professional, Handdisk (pH = 6.5) and Merck, Extran 

(pH = 2.5 and 11.5)], rinsed thoroughly with TDW and stored after drying procedures 

(vacuum drying). 

3.2 REAGENTS AND SOLUTION PREPARATION 

Solutions were prepared in Milli-Q deionised water (resistance 18 MQ) or freshly 

boiled distilled water (carbonate free). Unless otherwise specified, all working solutions 

(prepared from the respective standards) contained the appropriate amount of KCI to give 

a total ionic strength of 0.100 mol L-1 K(CI). Glass or teflon spatulas were used to 

dispense all solid samples. All solids were dried prior to use and stored in gla'>s 

desiccators over CaCl2 or silica gel. Light and temperature sensitive materials were stored 

under refrigeration (6°C). Solutions sensitive to light were stored in clear glassware 

wrapped with aluminium foil. All titration solutions were stored at 25 °C. 
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3.2.1 STANDARD ALKALI SOLUTIONS (KOH).- Standard KOH solutions were 

prepared in the concentration ranges 0.1-0.3 mol L-1 and 0.01-0.04 mol L-1 respectively. 

Separate procedures, differing in strategy for the exclusion of carbonate contamination, 

were used in the preparation of these solutions. These procedures are outlined below and 

both appeared effective. 

(A) Procedure 1.- Carbon dioxide-free water was prepared by boiling Milli-Q water 

for ca. 30 min and cooling in an ice bath under a stream of oxygen-free nitrogen. Using 

this water, KOH pellets (BDH, AnalaR) were rinsed rapidly to remove possible carbonate 

coatings (washings discarded), dissolved and made up to the appropriate volume. This 

solution was protected from intrusion of atmospheric CO2 using a rubber stopper. The 

solution was then standardised by titration against weighed amounts of Tris HCl (Koch

light, puriss). KOH solutions were restandardised after 4 weeks and were used for a 

maximum of six weeks (no change in concentration was ever observed). 

(B) Procedure 2.- Carbon dioxide-free water was prepared by boiling distilled water 

for ca. 30 min and cooling under a stream of oxygen-free argon. A saturated solution of 

KOH ca. 16-17 mol L-1 (Eka Nobel, Purissimum Pro Analysi) was prepared from CO2-

free water following washing procedures described above. A quantity of this solution, ca. 

30 mL, was passed through a porosity 4 sintered glass filter rapidly to remove K2C03(s) 

(which precipitates under saturated conditions) and ca. 10 mL of the filtrate was injected 

via a strong glass syringe into ca. 500 mL of freshly prepared carbon dioxide-free water 

under a flow of Ar(g) and sealed immediately. This solution was standardised the 

following day by titration against standard HCI solution [Bromocresol GreenfMethyl 

Orange (3: 1) indicator, BGMO]. From this standard alkali stock solution working alkali 

solutions were prepared accordingly with I = 0.10 mol L-1 K(CI) and sealed in Multi

Dosimat burettes (with a soda lime C02(grtrap inserted). These solutions were again 

standardised against standard HCl of an appropriate concentration via potentiometric 

titration. 

3.2.2 STANDARD ACID SOLUTIONS (HCl).- Standard HCI solutions were 

prepared by dilution of concentrated HCl (BDH, AnalaR or Merck, Pro Analysi) with 

freshly boiled Milli-Q water. HCl standards with concentrations greater than 0.1 mol L-1 

were standardised by titration (BGMO indicator) against weighed amounts of Tris [Fluka, 

Puriss Pro Analysi or Sigma (Trizma Base), reagent grade]. HCI standards with 

concentrations less than 0.1 mol L-1 were standardised by potentiometric titration (Gran 

potentiometry [Gran, 1952]) against standard alkali or coulometrically generated 

hydroxide. 
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3.2.3 ELECTROLYTE SOLUTIONS (KCl).- KCI (BDH, AnalaR or Merck, Pro 

Analysi) was dried at 120 DC for 12 h then stored in a desiccator over anhydrous CaCl2 or 

silica gel. All electrolyte solutions were prepared by dissolving the appropriate weight of 

dry KCI. NaCl (BDH, AnalaR) electrolyte solutions were prepared similarly. 

3.2.4 BUFFERS 

(A) Electrode Calibration Buffers.- Three primruy reference NBS standard buffers 

[Durst et ai., 1987] were used to calibrate the pH meter before electrochemical and 

spectrophotometric studies. All solids were BDH (AnalaR). 

Phthalate Buffer: (pH = 4.006): 10.12 g of potassium hydrogen phthalate 

(KOOC.C6H4.COOH), dried at 110 DC, was dissolved in 1 L of triply distilled water. 

Phosphate Buffer: (pH = 6.863): 3.388 g of potassium di-hydrogen phosphate 

(KH2P04) and 3.533 g of di-sodium hydrogen orthophosphate (Na2HP04), both dried at 

40 DC, were dissolved in 1 L of triply distilled water. 

Borax Buffer: (pH = 9.183):.3.80 g of di-sodium tetraborate decahydrate (Na2B407' 

10H20), not dried, was dissolved in 1 L of triply distilled water. 

(B) Electrochemical and Spectrophotometric Buffers.- MES [2-(N-morpho

lino)ethanesulfonic acid] (Calbiochem), acetate (BDH, AnalaR) and ammonium acetate 

[ammonia/acetic acid] (BDH, AnalaR) were used as buffers for both preliminary 

electrochemical investigations and in electrochemical or spectrophotometric FIA studies. 

These materials were used as supplied without further drying or purification. 

3.2.5 METAL ION SOLUTIONS 

(A) Aluminium(III) Solutions.- Al(III) solutions were prepared by dissolving 

AIC13.6H20 [ALFA (99.9995 %), or Baker Analysed, Reagent] in ca. 0.1 mol L-1 Hel. 

The Al content of the 'ALFA' solution was determined by gravimetric analysis (in 

triplicate) of Al as the 8-hydroxyquirtolinate complex [Bassett et ai., 1978]. In the 'Baker! 

solution [0.10 mol L-1 AI, 0.10 mol L-1 HCI], the Al content was determined by back 

titration of excess EDT A with Pb(N03h using xylenol orange indicatorlhexamine [Bassett 

et al., 1978]. Pb(N03h was dried at 120 DC prior to the preparation of a 0.05 mol L- I 

primary standard solution. EDTA was dried at 80 DC prior to use. A 0.1 mol L-1 EDTA 

solution was prepared from this material and standardised by titration against Pb(N03h, 
xylenol orange indicatorlHN03/hexamine. Working solutions were prepared by dilution 

of Al stock solutions. 



EXPERIMENTAL PROCEDURES AND APPARATUS 61 

(B) Copper(II) Solutions.- A previously prepared Cu(II) stock solution [Town, 1991] 

ca. 0.1 mol L-1 was used to prepare all working stock solutions (ca. 2 mmol L-1). This 

stock was prepared by dissolving Cu(N03h.3H20 (BDH, AnalaR) in 1 mmol L-1 HCI and 

its concentration standardised gravimetrically as the benzoin-a-oxinate and electrolytically 

by deposition on a platinum cathode [Bassett et ai., 1978]. 

(C) Iron(III) Solutions.- An Iron(III) stock solution was prepared by dissolving 

NH4Fe(S04h.12H20 (BDH, AnalaR) in 0.1 mol L-1 HCI (BDH, AnalaR) and Milli-Q 

water. This solution was not standardised. 

3.2.6 LIGAND SOLUTIONS.- Ligand solutions were prepared in Milli-Q or triply 

distilled water containing the appropriate amount of KCI to give a total ionic strength of 

0.10 mol L-1 KeCI). Standard solutions were wrapped with aluminium foil and stored at 

25°C. Ligand solutions for potentiometric work were standardised by potentiometric 

titration with standard KOH (Gran potentiometry, [Gran, 1952]) and were only used if the 

difference between the weighed and determined concentration was less than 2 %. Ligand 

solutions for electrochemical work 'were used without further purification (unless 

otherwise stated) and stored in the dark at 6°C. 

(A) Pyrocatechol Violet (PCV).- Reagent grade PCV {pyrocatechol sulfonphthalein, 

2-[ (3 ,4-dihydroxyphenyl )(3-hydroxy-4-oxo-cyclohexa-2,5-dien-l-y lidene )methyl]benzene

sulfonic acid, 3,3',4'-trihydroxy-fuchsone-2"-sulfonic acid} materials were obtained from 

the chemical companies: Koch-Light (now NBS Biologicals), Merck, Sigma and Aldrich. 

Following drying (under vacuum) at 105°C Koch-Light and Merck PCV were found to be 

the highest purity by visible absorption spectrophotometry (700-300 nm, Amax = 442 nm). 

Koch-Light, Merck and Sigma materials were used in experiments (see Chapters 4-8). 

PCV materials were dried to constant weight at 105°C under vacuum for 48 h to remove 

occluded acidic impurities (volatile) prior to solution preparation. Attempts at 

recrystallisation were unsuccessful. PCV solutions were membrane filtered (-0.025 /-lm). 

However, small residues of foreign acidic substances remained. 

(B) 4-Nitrocatechol.- 4-nitrocatechol (Sigma) was used without further purification. 

Stock 4-nitrocatechol solutions were prepared in 0.02 mol L-1 HCI to prevent ligand 

oxidation and minimise biological activity. 

(C) Chrome Azurol S (CAS).- Reagent grade CAS (3"-sulfo-2",6"-dichloro-3,3'

dimethyl-4-hydroxyfuchson-5,5'-dicarboxylic acid) was obtained from Aldrich and used as 

supplied. The dye content of this sample was 61.5 %, as estimated by comparison with a 

recrystallised sample [Hawke et al., 1995]. 
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(D) Rhodizonic Acid and Tetrahydroxy-l,4-quinone.- Rhodizonic acid (1,2-

dihydroxytetraquinone) was obtained from Sigma and used without further purification. 

Solutions were prepared daily under a nitrogen atmosphere to minimise possible oxidation 

and stored at 4 °C after use. The solid material was stored below 0 dc. 

Tetrahydroxy-l,4-quinone (tetrahydroxy-l ,4-benzoquinone) from Sigma was 

prepared in 0.01 mol L-1 HCl. 

(E) Citric, Malonic, Oxalic and Salicylic Acids.- Citric acid (BDH, AnalaR); malonic 

acid (Riedel-de Haen, AG); oxalic acid (Fisons, AR); salicylic acid (BDH, AnalaR). 

Solutions (5.0 mmol L-1) were prepared by dissolving required weights of each ligand 

(after drying but without further purification) in Milli-Q water (0.001 mol L-1 HCI). 

(F) Fluoride.- NaP (BDH, AnalaR) was used without further purification. A 5.0 mmol 

L-1 stock solution was prepared and stored in a plastic bottle. 

(G) Other Ligands.- A variety of ligands were investigated for electrochemical 

response in the absence and presence 'of AI(Im or Cu(II). These ligands were used as 

supplied: Purpurin [1,2,4-trihydroxyanthraquinone] (Sigma), purpurogallin [2,3,4,6-

tetrahydroxy-5H-benzo-cydohepten-5-one] (Sigma), PAR [4-(2-pyridylazo )resorcinol] 

(Sigma), TAN [1,-(2-thiazolyazo)-2-naphthol] (Sigma) and Tartrazine [3-carboxy-5-

hydroxy-l-p-sulfophenyl-4-[(P-sulfophenyl)azo ]pyrazole trisodium salt] (BDH). Samples 

of the pyridinones; Hmpp [3-hydroxy-2-methyl-4(IH)-pyridinone] and Hdpp [3-hydroxy-

1,2-dimethyl-4-pyridinone] were obtained from Prof. C. Orvig (UBC, Canada) via Prof. S. 

Sjoberg (Umea, Sweden). 

3.2.7 MICROANALYSIS.- Elemental analysis of samples (C, H and N) was 

performed at the University of Otago (New Zealand). 

3.2.8 OXINE RESIN.- 8-hydroxyquinoline (oxine) derivatised Fractogel resin was 

prepared using the method described by Landing et al. (1986). Two preparations were 

made using Fractogel TSK Toyopearl HW -65F (30-60 !lID) and HW -40C (50-100 J1,m). 

(A) Reagents.- Oxine (BDH, reagent grade), p-nitrobenzoyl chloride (Merck, CP), 

Et3N (BDH, GPR) , Na2S204 (BDH, GPR), NaN02 (H&W, AnalaR), CH2Cl2 (Merck, 

spectroscopic). Ethanol, acetone, acetic acid, NaOH and HCI were all BDH, AnalaR. 

H20 was triply distilled water. 

(B) Brief Method 

(i) Resin Preparation: 6 g of Fractogel resin slurry was rinsed 3 times with 100 mL of 

water to rinse away the NaN3 preservative present. The resin was filtered through glass 
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filters [Whatman GFID (4.25 cm)] and rinsed with (i) 2 times 50 mL 1.0 mol L-1 NaOH, 

(ii) 3 times 50 mL H20, (iii) 2 times 50 mL 1.0 mol L-1 HCI, (iv) 3 times 50 mL H20, (v) 

2 times 50 mL ethanol, (vi) 2 times 50 mL acetone, (vii) 2 times 50 mL CH20 2 and 

allowed to air dry (1.0 g). 

(U) Immobilisation Procedure: The rinsed and dried resin was placed in 20 mL CH20 2, 

1.05 mL Et3N and 0.425 g p-nitrobenzoyl chloride and stirred for 12 h at 40°C, The 

product was filtered, rinsed with 2 times 100 mL CH20 2 and allowed to air dry. 

Reduction of the nitro group was accomplished in 3 h at room temperature (16-20 °C) in a 

solution containing I g Na2S204/21 mL H20. The product was filtered and rinsed with 

H20. Diazotisation of this material was achieved in 45 min at 0 °C in a 20 mL solution of 

1 g NaN02 in 0.2 mol L-1 acetic acid. The yellow product was filtered and rinsed with 

ice-cold H20. This product was added to 0.2 g oxine in 10 mL of 95 % ethanol for 45 

min (0 °C) resulting in the formation of the red/orange oxine-derivatised geL 

(iii) Cleaning and Storage: The final product was filtered and rinsed with (i) 3 times 50 

mL H20, (ii) 2 times 50 mL 0.5 mol L-1 NaOH, (iii) 3 times 50 mL H20, (iv) 2 times 50 

mL 1.0 mol L-1 HCI, (v) 3 times 50 rnL H20. The derivatised gel was stored in H20. 

3.2.9 BOEHMITE SUSPENSIONS.- The boehmite used in the present study was 

finely powdered high purity, a-Al20 3 monohydrate, DISPERAL ® product manufactured 

by Condea Chemie. The surface area was 180 m2 g-l according to the BET method. 

Alumina stock suspensions, 20.00 g of boehmite L-1 [0.10 mol L-1 K(CI)], were prepared 

at least two weeks prior to use. The total surface hydroxyl group concentration for such a 

suspension had been determined previously as 10.2 mmol L-1 [Laiti et ai., unpub.]. 

3.3 FILTRATION AND CENTRIFUGATION 

3.3.1 FILTRATION.- Coloured ligands (PCV, CAS), humic waters and soil solutions 

required filtration before use or storage. These solutions were filtered consecutively 

through 0.45 J.lm and 0.025 J.lm membrane filters (Schleicher & Schuell). A Sartorius SM 

16510 filtration unit (capacity, 250 mL) was used for larger volumes (47 mm diameter 

filter); suction was applied via a water pump to effect filtration. For smaller sample 

volumes, a disposable syringe was used in conjunction with a hand held unit (Millipore, 

Swinex-2) to effect filtration through 25 mm filters. All filtration apparatus was free of 

metallic parts and was cleaned thoroughly (acid washed) before use. 

3.3.2 CENTRIFUGATION 

(A) Boehmite Work.- Beckman polypropylene (A Y, 2.3xlO em) centrifuge tubes (ca. 

40 mL) were used for the containment of samples. Oxygen exclusion was achieved using 

argon gas. A Beckman 12-21 centrifuge using a JA-20 rotor and running at a speed of 
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16500 rpm (32900 g) for 30 min was used for centrifuging. The centrifuge was 

thermostated at 25°C. 

(B) Soil Solunons.- Becton Dicldnson Labware polypropylene (FALCON® 2070, 

2.5xlO cm) centrifuge tubes (50 rnL) were used to accommodate the Teflon soil solution 

extraction tube (2x9 cm, with a 1 mm hole at bottom). A BTL bench centrifuge running 

at a speed of ca. 3500 rpm for 20 min at room temperature was used. 

Extraction Protocol 

(i) A circle of filter paper (Whatman 540, ca. 1.8 cm diameter) was cut and placed in the 

bottom of the soil solution extraction tube. 

(ii) The soil solution extraction tube was finnly packed with soil (discarding roots, other 

pieces of vegetation and stones). 

(iii) The filled soil solution extraction tube was placed in a centrifuge tube and capped. 

(iv) Three tubes of equal weight 0,5 g) were centrifuged at ca. 3000 rpm for 20 min 

(room temperature). 

(v) The soil solution extracted from each tube (ca. 3 rnL) was immediately transferred to 

a syringe and filtered through a 0.025 Jlm membrane filter (Schleicher & Schuell) using a 

Swinex-25 (Millipore) into a new centrifuge tube (FALCON® 2096, 15 mL). The fIlter 

was changed if required. 

(vi) Solutions that were not analysed within 4 h were stored refrigerated until 2 h before 

analysis. All analyses were performed within 36 h of extraction. 

3.4 SPECTROPHOTOMETRIC TITRATION SYSTEM 

CELL DESIGN.- A constant temperature titration cell was used to meet the demands 

of a system requiring rigorous exclusion of oxygen. The cell (total volume ca. 120 rnL) 

was fitted with a lid and sealed by means of ground-glass flanges. Ground-glass ports 

were located in the lid. A larger port accommodated a Gilmont micrometer syringe 

passing through a bored rubber stopper; a second port contained a ground glass stopper 

with attached plastic strings suspending a small glass boat containing KOH pellets (BDH, 

AnalaR). Two small central ports accommodated a nitrogen gas line and microline tubing 

which connected the titration cell to a 70 !1L spectrophotometric flow-cell via an Alitea C-

4V peristaltic pump. A magnetic stirrer was used. Nitrogen gas was scrubbed via gas 

wash bottles with acidic vanadium(II) solution over a zinc (mercury) amalgam followed by 

pyrogallate in 1 mol L-1 KOH solution. Both during the spectrophotometric 

measurements and for 2 h before, oxygen-free nitrogen was passed over the test solution. 
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A glass electrode/calomel electrode pair was used for pH measurements (see 

Section 3.11). Visible absorption spectra were recorded on a Perkin Elmer Lambda 2 

UV -VIS spectrophotometer for a series of wavelengths as a function of pH. 

3.5 ELECTROCHEMICAL INSTRUMENTATION 

VOLTAMMETRY.- EG & G Princeton Applied Research equipment was used. 

Cyclic voltammograms (CVs) were obtained using either: (i) a PAR 173 potentiostat 

coupled to a PAR 175 universal programmer and a Graphtec WX 1200 recorder or (ii) a 

model 273 A potentia stat with computer recording. 

3.5.2 ELECTRODES AND CELLS.- A three electrode 10 mL pyrex glass cell was 

used for all voltammetric studies. This consisted of a glassy carbon working electrode, a 

platinum wire counter electrode and a saturated calomel reference electrode (SCE). The 

design of these electrodes has been described previously [Xu, 1992]. 

Preparation and Treatment of the Glassy Carbon Electrodes: Glassy carbon electrodes 

were prepared from a 0.5 cm length of glassy carbon rod (0.3 cm diameter; Atomergic 

Chemetals, VC-lO) sealed in a Teflon rod (0.7 cm diameter). Electrode contact with the 

glassy carbon was effected with a central copper rod. 

Graphite electrodes were prepared from high-density graphite rod (0.6 cm 

diameter; PAR G0091) sealed in a Teflon rod (1.2 cm diameter). Electrode contact with 

the electrode was effected by a few drops of mercury and a copper wire. 

Newly fabricated carbon electrodes were polished metallographically to a mirror

like finish using polishing papers followed by 9, 6, 3 and 1 Jlm diamond paste. The 

electrodes were washed with acetone (BDH, AnalaR) followed by washing with triply 

distilled water and dried with filter paper. Between experiments the electrode was briefly 

polished (ca. 2 min) with 1 Jlm diamond paste, rinsed with acetone and triply distilled 

water and dried with filter paper. 

3.5.3 pH MEASUREMENTS.- A laboratory pH meter was used for solution pH 

measurements and prior to use the electrode was calibrated using standard buffer solutions 

(Section 3.2.4). 

3.6 SPECTROPHOTOMETRY 

3.6.1 VISffiLE ABSORPTION SPECTRA.- Visible absorption spectra were 

recorded on a Perkin Elmer Lambda 2 UV-VIS spectrophotometer, Hewlett Packard 

8452A diode array spectrophotometer, Shimadzu UV-2100 UV-Visible recording 
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spectrophotometer or a GBC model 918 UV-Visible spectrophotometer. Quartz 

spectrophotometric cells (1 cm) were used for batch analysis, while a 70 ilL flow-cell 

[Stama,3 mm (i.d.) X 10 mm] was used for FIA spectrophotometric studies. 

3.6.2 ELECTROTHERMAL ATOMIC ABSORPTION SPECTROPHOTOMETRY 
(ETAAS).- A Perkin-Elmer Zeemanl3030 Atomic Absorption Spectrometer 

(ETAAS) was used. HN03 was used as a modifier to minimise interference from the 

chloride medium. 

3.6.3 DRIFT SPECTROSCOPY.- The diffuse reflectance spectra were obtained 

using a Bruker 113 IFS FfIR spectrometer equipped with a diffuse reflectance unit 

(Harrick Scientific Corp.) and a DTGS detector. The compartment was purged with 

nitrogen for 30 min prior to collection of spectra. KEr was used as the non-absorbing 

matrix and background. The DRIFT spectra were obtained from a mixture of 10 mg of 

the sample and 0.5 g KBr. All spectra were recorded by averaging 2048 scans at a 

resolution of 4 cm- I . 

3.7 FLOW INJECTION ANALYSIS (FIA) 

An Alitea XV peristaltic pump was used to circulate solutions for all PIA studies. 

Microline (Cole Palmer) tubing of 0.51 mm i.d. was used to connect Ismatec tygon pump 

tubing, for manifold components and for reaction coils. Two injection systems were used: 

(i) a Rheodyne (5020) injection system (6-port) with 0.8 mm i.d. injection loops and (ii) a 

VICI actuator (CHEMINERT, C12-3110EH) injection system (lO-port) with 0.76 mm Ld. 

injection loops. The injection loops used for both systems were Teflon and connected 

using Activon (Omnifit, OM2301) two-way Teflon-tube couplers. Threaded Teflon-tube 

end fittings and grippers (OM2110, OM231O) were used to connect microline to the 

injection system and to inserted columns (see Chapter 10). Other connections were 

effected using silicon tube (Pharmacia) of 1.1 mm i.d. 

3.8 SPECIATION CALCULATIONS 

Speciation calculations were performed using the computer program 

SOLGASWATER [Eriksson, 1979]. The version of this program available for this work 

was capable of including surface complexes described by the constant capacitance model 

[as formulated in Chapter 2 (2.2.3)]. 

3.9 SOIL SOLUTIONS AND HUMIC WATERS 

All soils and waters were stored refrigerated prior to use. 
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SECTION B: POTENTIOMETRIC TITRATION SYSTEMS 

3.10 TITRATION SET-UP AND OPERATION 

The calibration procedures for the different electrode pairs are described in 

Section 3.11.3. The conditions which defmed the 'establishment of equilibrium' were 

similar for both systems and met the requirements described in Chapter 2 (2.3). Further 

details regarding drift conditions, titrant addition rates and volumes, and numbers of 

datum points etc. are given in the relevant Chapters (4 & 5). 

3.10.1 CELL ASSEMBLY.- Two potentiometric titration apparatus assemblies were 

used during the course of this thesis. These are described below. 

(A) Titration System 1.- A constant-temperature titration cell (capacity ca. 50-100 

rnL) was used. The cell, constructed of pyrex glass, was fitted with an airtight lid and 

sealed by means of ground-glass flanges. Ground-glass ports were located in the lid to 

accommodate the electrode system, a nitrogen gas line and a burette tip. The circulation 

of thermostated water, 25 ± 0.05 DC, around the double walled titration cell was sufficient 

to maintain a constant temperature. The titration cell was mounted on a 1 cm polystyrene 

plate directly above of magnetic stirrer. A Teflon-coated magnetic stirrer bar was used. A 

Radiometer ABU80 autoburette was used to dispense standard KOH into the titration 

vessel. Nitrogen gas was used to prevent intrusion of atmospheric contaminants (see 

Section 3.10.2). A glass electrode was used in conjunction with a calomel reference 

electrode for p[H+] measurements. The automation of this equipment has been described 

in detail previously [Town, 1991]. 

(B) Titration System A constant-temperature titration cell (capacity ca. 25-90 rnL) 

was used. The pyrex glass cell was clamped and sealed (via rubber O-ring) beneath a 

specially designed plastic lid which incorporated a series of snugly fitting entry ports for 

the insertion of electrodes, argon gas line and a burette tip or Pt-net (coulometry). 

Temperature was maintained constant by immersion of the cell in an oil-bath (HAAKE 21 

PR, D8 thermostat, paraffin oil) thermostated at 25 ± 0.05 DC. A magnetic stirrer 

(HAAKE MRZ3, MRS control box) was positioned below the oil-bath; stirring was 

effected via a Teflon-coated magnetic stirrer bar. Both volumetric (KOH or HCI) and 

coulometric titrations were performed. Metrohm 645 or 655 Multi-Dosimats were used 

to dispense alkali (or acid) into the titration vessel. A glass electrode was used in 

conjunction with a Ag/ AgCI reference electrode for -log h measurements. The coulometry 

system is described in detail in Section 3.11.4. Argon gas was used to prevent intrusion of 

atmospheric contaminants and is discussed in Section 3.10.2. 
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Mineral (Hydr )oxide Suspension Titrations 

The titration systems described above were developed for the titration of liquid 

phases. Chapter 5 of this thesis deals with the adsorption of PCV onto a mineral oxide

hydroxide surface in aqueous media. A significant part of this investigation required the 

potentiometric titration of suspensions of this solid phase. 

Titrations of suspensions were made using titration system-2. The small changes 

in apparatus required for these titrations are now described. The homogeneity of the test 

suspensions was maintained by use of a mechanically driven teflon rotor situated 

approximately 5 mrn above the bottom of the titration vessel (replacing magnetic stirrer). 

The Wilhelm bridge (Section 3.11.1B) for the Ag/ AgCI electrode was modified in the 

design of the 'I-tip'; this was removed and replaced with a straight tip design to minimise 

blocking of this junction by the small suspended particles. 

3.10.2 ATMOSPHERIC OXYGEN AND CARBON DIOXIDE REMOVAL.-

Atmospheric oxygen and carbon dioxide was removed from the titration cell (and test 

solutions) by purging with an oxygen-free inelt gas; nitrogen or argon. Prior to reaching 

the titration cell the 'oxygen-free' gas was subjected to a series of oxygen traps; 0.1 mol 

L-1 KCI (ionic medium), 10 % H2S04, pyrogallol acid in 10 % NaOH and finally 0.1 mol 

L-1 KCI again. The titration cell was purged with the oxygen-free gas for greater than 30 

min prior to any measurements and throughout all titrations a continuous flow of gas was 

maintained over the solution. 

3.11 ELECTRODE SYSTEMS 

3.11.1 GLASS ELECTRODES / REFERENCE ELECTRODES.- Several glass 

electrodes were used in combination with different reference electrodes. A Russell 

SWR757 electrode was used in combination with a Russell CR5 calomel reference 

electrode using saturated KCI (BDH, AnalaR) as the electrolyte solution. Ingold type 

201-NS electrodes were used in combination with a silver-silver chloride (Ag/AgCI) 

reference electrode. 

(A) Preparation of the Silver-Silver (Chloride) Reference Eledrode.- The 

electrode was prepared according to Brown (1934). 

Construction: A Pt wire of length 1-2 cm (ca. 1 mm diameter) was welded to a Cu wire 

and sealed through a glass tube. The copper wire (for external connection purposes) was 

spring-like so as to prevent breakage of the Pt-Cu weld. The glass tube was well sealed 

around the Pt wire so as to prevent solution entry. A quick-fit joint was positioned near 

the top of the tube for fitting to the titration celL The copper wire was sealed at the top 

to stop entry of moisture which may corrode the Pt-Cu weld. 
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Silver Surface Preparation: The Pt tip of the electrode was washed in warm cone. 

HN03, rinsed thoroughly with Milli-Q H20 and secondly ethanol and then heated in an 

ethanol t1ame until the tip was 'red hot'. Silver plating was effected by application of a 

0.1 rnA current for 24 h while positioned in 1 % KAg(CNh solution. During this time 

the wire formed a thin white Ag coating (plate). Immediately following this Ag plating 

the system was placed in a 100 mmol C l NaCI solution and anodised for ca. 2 h to form 

a chloride crust at the surface. The final surface appeared slightly pink. 

(B) Use of the Silver Chloride Electrode.- The new electrode was placed in a 

Wilhelm bridge and a few drops of 0.5 mol L-1 AgN03 added to prevent the Ag plating 

from being decomposed during electrolysis. The 'complete' Wilhelm bridge (0.10 mol 

L-1 KCI) was allowed to stabilise for one week before use (sealed from air during this 

period). 

Wilhelm Bridge: [For sling et al., 1952; Rossotti and Rossotti, 1961] Care should be 

taken to keep the bridge clear of any bubbles and the taps clear of grease build-up which 

may block solution t1ow. Between. all titrations the Wilhelm bridge was t1ushed 

thoroughly with fresh electrolyte solution to prevent the build-up of impurities (which 

affect the liquid junction potentials). Silver chloride is both light and temperature 

sensitive, so these conditions must be kept constant throughout the titration. 

3.11.2 HYDROGEN El.ECTRODES.- The hydrogen electrode may be used directly 

to mea<;ure pH in solutions containing only water as the reducible species (H20 + e-

~ V2H2(g) + OH-). However, the hydrogen electrode takes considerably longer to 

reach equilibrium than a correctly functioning glass electrode. For this reason the 

hydrogen electrode is generally used only to calibrate the glass electrode which, in turn, 

is used to measure pH. 

The Hydrogen electrode employed was of a modified Hildebrand design. The 

working of such electrodes has been described in detail [Rossotti and Rossotti, 1961; 

Bates, 1973]. 

(A) Preparation of the Hydrogen Electrode 

Construction: A rectangular Pt foil, ca. (1.5xO.7) cm2, was welded to a Pt wire (H2 

torch). The Pt wire was sealed through a closed glass tube so that the Pt foil was 

positioned 2-3 mm from the base of the tube. The Pt wire was connected internally by a 

spring-like copper wire. The Pt foil (and external wire) was cleaned in warm conc. 

HN03/HCl (1:3), rinsed thoroughly with Milli-Q H20 and secondly ethanol and then 

heated in an ethanol t1ame until it was 'red hot'. 
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Platinum Black Preparation: The clean Pt electrode was electrolysed for 3 min at 0.15 

A in a PtC14IPbAc2 solution to plate with 'black' (hence Platinum Black). [lg PtC14 
dissolved in 30 mL H20; add 0.1 mL 0.1 mol L-1 HCI and 20 mg PbAc2; re-use (very 

expensive!)]. A small Pt electrode was used as the anode. If insufficient 'black' was 

obtained more PbAc2 was added. Finally the foil was electrolysed (as cathode) in 0.1 

molL-1 H2S04 (10 %) for 15 min at 0.15 A. 

(D) Use of the Hydrogen Electrode.- The hydrogen electrode was housed in a glass 

(open bottom) tube (ca. 10 mm diameter). Near the bottom (ca. 8 mm) and on opposite 

sides of the tube, two small holes (ca. 5 mm dia.) were cut for the hydrogen gas to gently 

bubble out. The clean Pt-black electrode was carefully slid into this glass shield so that 

its end protruded (ca. 1 mm) from the bottom. The small holes at the base allowed the 

Pt-black surface to remain wet at the bottom (where the hydrogen gas never reached), to 

alternate wet/dry close to the gas exit holes and to remain dry above the holes. These 

conditions gave the desired properties to the catalytic Pt-black surface. Care was taken 

not to the damage the Pt-black coating. The surface was washed with Milli-Q H20; 

excess water was removed with a tissue by dabbing the end of the foil tip (without 

touching the main faces). 

In the titration vessel, the solution volume was sufficient to prevent significant 

splashing of the test solution by the continuous bubbling of hydrogen. The glass 

electrodes requiring calibration, the Wilhelm bridges (J-tips) for the Ag/AgCl reference 

electrode and the coulometry electrodes (Pt-basket and Ag counter electrode, see Section 

3.11.4) were all placed in this vessel. Finally the hydrogen electrode was inserted with a 

connection to the hydrogen gas tube. The hydrogen gas was subjected to the same 

0iC02 procedures as Argon gas. The gas outlet tube dipped slightly into the external 

oil-thermostat (for pressure maintenance). The titration vessel (extremely airtight) was 

allowed to equilibrate with respect to the hydrogen gas atmosphere (to constant pressure) 

for at least 1 h before initialisation of the coulometric titration procedure. 

3.11.3 ELECTRODE TESTING AND CALIBRATION PROCEDURES.- Good 

e.m.f. data are dependent upon good electrode calibration procedures. In the present 

work, the electrode couples (glass electrode/reference electrodes) were calibrated as (i) 

p[H+] or as (ii) -log h probes respectively. Glass electrodes (and rcference electrodes) are 

not immortal and will eventually malfunction. It is therefore desirable that response of the 

glass electrode is tested regularly. In the latter calibration procedure '(ii)' the response of 

the glass electrode was tested against the hydrogen electrode. 

(A) Electrode Calibration Procedures.- Two methods were employed for the 

calibration of the electrode couples. Procedure '(i)' was used for the ealibration of the 

glass electrode/calomel electrode pair and procedure '(ii)' was used for the calibration of 
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the glass electrode/silver-silver chloride electrode pair. In practise either method could be 

used for calibration purposes for each electrode couple. 

(i) p[IrJ Calibrations: p[H+] probe calibration was carried out by alkali titration of HCI 

(of known concentration) to pH ca, 11 in 0.10 mol L-1 KCI electrolyte. Plotting pH 

(observed) against p[H+] (calc.) gave linear relationships (r2 ;::: 0.99) over the pH ranges 

2.5-3.5 and 9.5-11.0. Electrodes were not used unless this condition was fulfilled. 

(ii) -log h Calibrations: The Nernstian response of the glass electrodes was tested 

against the hydrogen electrode [described in Section 3.11.3(B)]. Correctly functioning 

electrodes were chosen from these results. The electrode was calibrated by means of an 

EO titration (to near pH 4.0) in a solution of known H+-concentration. This titration was 

performed coulometrically (as described in Section 3.11.4). Consequently, a series of 

calibration points was generated for which the hydrogen ion concentration, h, can be 

stoichiometrically calculated and -log h is known. If the ligand exhibits negligible 

acid/base properties for -log h:S;; 3.5, then the ligand may be present during this calibration 

procedure. Likewise, hydrolysis of AI is negligible below this point and the calibration is 

best performed in the presence of the metal ion. 

(B) Testing of Glass Electrodes Against the Hydrogen Electrode.- An important 

part of the second electrode calibration procedure (discussed above) is the testing of the 

glass electrode before use. Glass electrodes were tested by comparing their response (one 

or several simultaneously) with the response of the hydrogen electrode. 

The hydrogen electrode defines the pH scale, according to the equation: 

(3.11.3) 

where, 

E = the measured potential, e.m.f, in mY. 

= the E-zero of the electrode. 

g = the Nemstian constant, 59.157 mY. 

EJac = the liquid junction potential due to H+, -511.5 m V L mor 1, @ 0.1 mol L-1. 

Ejalk = the liquid junction potential due to OH-, 238.7 mV L mol-I, @ 0.1 mol L-1. 

PH2 = the partial pressure (of the hydrogen atmosphere). 

By titration of a solution containing equimolar concentrations of suitable buffers 

ill the presence of both glass and hydrogen electrodes, data were collected which 

described the response of each electrode. For simplicity, pH measurements from the 

hydrogen electrode are now denoted pHh (or Eh) while those of the glass electrode are 
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denoted pHg (or Eg). [A suitable buffer system could contain, say, 6 mmol L-1 H+(Cr), 3 

mmol L-1 each of NaOAc, NaH2P04.H20 and B(OHh and 94 mmol L-1 NaCI; giving I = 
0.10 mol L-1 and initial pH = 2.8]. 

From this titration a plot of Eb-Eg vs pHh was constructed [pHb is calculated 

using Eb in expression (3.11.3) above] and this plot indicates the pH range for which pHg 

= pHb and hence the range over which the glass electrode will function accurately. The 

glass electrode is considered accurate if Eb and Eg differed by less than 0.3 mV over the 

pHb range. It is common at higher pHs (pH> 9.5-10) that the glass electrode begins to 

lose its accuracy and curvature will be observed in the plot. The glass electrode cannot be 

used accurately past such pH values. In the present studies the glass electrodes were only 

used if potentials were constant and reproducible within ± 0.3 m V for 2 :s; -log h :s; 9. 

3.11.4 COULOMETRY.- As an alternative to titrating with a strong base, 

coulometry offers a very precise method to gradually change the composition of the test 

solution. In such a titration, the pH is increased by coulometric addition of e- which 

generate OH-. 

At the working electrode (pt-net) the reaction is: 

(3.11.4a) 

while at the counter electrode (silver rod) the reaction (3.11.4b) occurs: 

Ag(s) + cr (3.11.4b) 

A complete representation of the cell reaction is: 

Pt (net) I test solution II X mol L-1 K(CI) I AgCl, Ag(s) (3.11.4c) 

For this cell, the number of reduced protons is equal to the number of electrons passed 

through the cell. This quantity can be calculated from Faraday's law: 

ne- = I·t/96485 As mol- l 

i.e. the addition of e- (and hence OH-) can be controlled through accurate control 

measures of electrical current and time. 

Construction and Preparation.- A Pt-basket electrode was used in combination with 

a silver reference electrode for all experiments. The pre-made Pt-basket (20 mm x 5 mm) 

was positioned at the end of aPt-wire (l mm diameter) passing through a rubber stopper. 
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The basket was cleaned prior to use by washing in warm acid [conc. HN03IHCI (1:3)] 

and thoroughly rinsed in TDW followed by ethanoL The basket was then heated in an 

ethanol flame until 'red hot' and used immediately after cooling. The silver reference 

electrode was prepared from a flat sheet of silver (1 mm thickness). This was moulded 

into a cylindrical spiral and sealed into a plastic quick-fit lid with araldite glue. This 

electrode was connected to the titration system via a second Wilhelm bridge [0.10 mol L-1 

K(CI) electrolyte]. 

3.12 TITRATION PROCEDURE 

The details regarding the titration procedures for the two titration set-ups differ 

primarily in the electrode systems and their calibration. The general procedure for 

potentiometric titrations of ligand or metal-ligand solutions and mineral (hydr)oxide or 

mineral (hydr)oxide-ligand suspensions is now described. 

All solutions were equilibrated at 25°C before volumes were dispensed and the 

test solution was purged with inert gas for 30 min before commencing a titration. Before 

every titration the· electrode pair [glass/calomel, glass/ Ag-AgCl] was calibrated as 

described in Section 3.11.3. For titration system-I, the electrolyte used for the calibration 

was removed before addition of the investigated test solution. In the case of titration 

system-2 the test solution (ligand/metal-ligand etc.) was added to the calibration 

electrolyte so as to minimise disturbances to the electrode system. In the case of metal

ligand titrations, the investigated metal ion, AI, was present in this calibration solution. 

Following the final addition of ligand to the test solution, ca. 30 min was allowed for pH 

stabilisation before the titration was commenced. The titrant was then dispensed via an 

automated procedure similar to that described previously by Town (1991). (Note: 

titration systems-1 and -2 used different autoburettes). At the completion of every 

titration the electrodes were re-calibrated again to permit correction for any drift in the 

electrode response over time (assumed linear during the course of the titration). 
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CHAPTER 4 

POTENTIOMETRIC STUDIES OF ALUMINIUM(III) - PYROCATECHOL 
VIOLET AND ALUMINIUM(III) - 4-NITROCATECHOL EQUILIBRIA 

4.1 INTRODUCTION 

Aluminium has long been recognised for its toxicity toward plants, aquatic 

organisms and humans [Chapter 1 (1.2)]. In natural systems Al exists in a competitive 

equilibrium with a large number of naturally occurring ligands. In waters and soil 

solutions Al is most frequently observed to be tightly bound by various forms of natural 

organic matter (NOM), ego humic substances. Also present in such systems are various 

forms of inorganic Al and Al-hydrolysis species. 

The toxicity of Al is dependent on its chemical form (i.e. its speciation) and is 

most commonly correlated with the sum of the free and labile forms. Thus the 

measurement of this fraction, rather than total Al, is of primary importance in soils and 

natural waters. As discussed in Chapter 1 (1.3), no direct methods exist that are either 

applicable (achieve discrimination amongst different species) or sensitive enough for the 

analysis of environmental concentrations of AI. 

The speciation (characterisation and quantification) of Al in an aquatic system is 

generally approached using two methods (used separately or in combination with each 

other). The first approach involves the use of a fractionation procedure [see Chapter 1 

(1.3)] to separate, and hence speciate, Al prior to its analysis. All fractionation procedures 

are operationally defined and undoubtedly detect somewhat different forms of AI. This 

means that there is no fundamental connection between the Al content of the fraction and 

the actual chemical species that are being assigned to the fraction. Reaction kinetics, 

which result in time dependent re-equilibration of samples during analysis, also severely 

affects the ease of use of these procedures. Small changes in operating conditions (which 

would, for example, be expected between different laboratories) may result in large 

differences in speciation results. 

The second approach commonly used for chemical speciation in aquatic systems 

is the use of chemical modelling [Schecher and Driscoll, 1987 and 1988; Lewis et al., 

1988; Ohman and Sjoberg, 1988; Bi, 1995]. In this approach, thermodynamic data are 

used together with total and/or free concentrations of reacting components in order to 

calculate the equilibrium concentrations of individual species. This approach has 

advantages over the analytical fractionation approach, in that it provides the analyst with 

predictive capabilities. The analytical approach reveals information only on the 'current 

situation' and can give no information on the consequences of a change in chemical 

conditions. However, several drawbacks also exist in the use of this theoretical approach. 
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The validity of much thermodynamic data is questionable and, further, large amounts of 

'required' data often does not exist in the database. In this procedure, the results obtained 

are directly related to the validity and completeness of the thelmodynamic model. Another 

difficulty regarding the theoretical approach is that the reacting components must be well 

characterised; the organic components of natural systems are, in particular, very difficult 

to characterise. 

As mentioned above, the toxicity of Al is most commonly correlated with the sum 

of the free and labile forms. Therefore, in toxicity studies, methods that can accurately 

discriminate between this fraction and all other AI fractions (e.g. strongly complexed or 

adsorbed AI) are the most usefuL Of the large number of AI fractionation procedures that 

have been developed for this purpose, the most commonly employed arc those using a 

suitable Al-complexing reagent (to achieve this discrimination) [Hodges, 1987; Royset, 

1985; Kerven, 1989; Clarke et al., 1992; Hawke and Powell, 1994]. 

4.1.1 SCOPE OF THIS WORK.- This thesis is directed towards the development of 

techniques for the speciation of Al in environmental samples. An integral part of this work 

involved the investigation of new anclJor commonly used ligands for the analysis of AI. As 

discussed above, a knowledge the reaction(s) between the equilibrium components based 

on thermodynamic data is invaluable to understanding a system's speciation. If this data is 

available for the reaction between a chemical reagent and the target metal, it provides the 

analyst with the ability to investigate experimental conditions quickly and avoid 

performing unnecessary experiments, i.e. experiments that will not work in theory are 

unlikely to work in practise. 

Pyrocatechol violet (PCV) and 4-nitrocatechol (4ncat) are ligands that are well 

known for their ability to complex AI. However, a lack of thermodynamic data exists for 

the reaction of these ligands with AI. In particular, no accurate data exists for the Al3+_ 

PCV equilibria and the data regarding the AI3+-4ncat system has not been determined over 

either pH or liganclJmetal ranges applicable for the use of 4ncat in the determination of AI. 

In the present work the eqUilibria between AI and (1) PCV and (ii) 4ncat have been 

studied. 

The chapter is divided into 2 parts. 

SECTION A: The equilibrium reactions between aluminium(IlI) and 

pyrocatechol violet (PCV) have been studied by potentiometric titration in aqueous 

solution, I = 0.10 M K(CI) , 25.0 0c, This work was performed at Umea University, 

Sweden. 

SECTION B: The equilibrium reactions between aluminium(IlI) and 4-

nitrocatechol were studied by potentiometric titration in aqueous solution, I = 0.10 M 

K(CI), 25.0 0c, 
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SECTION A: POTENTIOMETRIC STUDIES OF ALUMINIUM(III)

PYROCATECHOL VIOLET EQUILIBRIA 

4.2 PYROCATECHOL VIOLET (PCV) 

76 

A range of metallochromic dyes have been used for spectrophotometric or FIA

spectrophotometric analysis of AI in environmental systems, e.g. pyrocatechol violet 

(PCV) [RjZlyset, 1985; Dougan and Wilson, 1974], chrome azurol S (CAS) [Hawke and 

Powell, 1994], eriochrome cyanine R (ECR) [RjZlyset, 1985], oxine [Hodges, 1987] and 

aluminon [RjZlyset, 1985]. Several comparisons have been made between selected ligands 

[RjZlyset, 1985; Hawke and Powell, 1994; Hodges, 1987]. Thermodynamic data for the 

reaction between Al and these reagents are scarce. 

Several spectrophotometric studies of equilibria between AI and PCV (H4L, 

Figure 1) have been reported [Tikhonov and Bakhtina, 1984; Chiacchierini et al, 1974]. 

However, none of these has adequately analysed the equilibria. In a potentiometric study 

the formation of three complexes was proposed and equilibrium constants were given 

[Goina et al., 1970], however the values are anomalously high for 'catecholate' ligands. 

The lack of reliable data for H+-AI3+-pCV equilibria contributes to confusion over what 

AI species are being targeted during spectrophotometric analyses e.g., in the 60 s 

measurements of reactive AI in soil solutions [Kerven et al., 1989]. 

Figure 4.2 Pyrocatechol violet (PCV, H4L). 'Site P' and 'Site M' designate the 'catechol' 

and 'maltoI' functionalities respectively. 
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4.2.1 EXPERIMENTAL 

(A) Chemicals and Analysis.- All solutions were prepared from C0Z-free, boiled 

Milli-Q water and all working solutions were prepared in 0.10 mol L-1 K(CI) (Merck, 

p.a.), dried at 120°C. 

(i) Pyrocatechol Violet Solutions: PCV: pyrocatechol sulfonphthalein, 2-[(3,4-dihydr

oxyphenyl)(3-hydroxy4-oxo-cyclohexa-2,5-dien-1-ylidene )methyl]benzene sulfonic acid 

or 3,3',4'-trihydroxy-fuchsone-21!-sulfonic acid is depicted in Figure 4.2. 

Reagent grade PCV materials were obtained from the chemical companies 

Aldrich, BDH, Koch-Light (now NBS Biologicals), Merck and Sigma. The dye content of 

each of these materials was examined by spectrophotometric analysis of the Al-PCV 

complex (pH 6.2). The results indicated a large range of dye contents (and metal 

impurities); Koch-Light and Merck had absorbances twice that of Aldrich. Aldrich, BDH 

and Sigma materials were excluded from the present studies. 

PCV (Koch-Light or Merck) was dried to constant weight at 110°C under 

vacuum to remove occluded acidic impurities [see 'Dirt acid'; Section 4.2.1(D)] prior to 

solution preparation. Attempts at recrystallisation were unsuccessful. PCV solutions 

were membrane filtered (-0.025 /lID). However, small amounts of foreign acidic 

substances remained. The PCV and 'dirt acid' concentrations in ligand stock solutions 

were determined from potentiometric titration data using the computer program LAKE 

[Jngri et al., 1996]. The PCV content was found to be within 1-2 % of the value expected 

from weighing; the remaining weight was assumed to be that of occluded water or 'dirt 

acid'. 

(ii) Aluminium Solutions: A stock solution of A13+ (ca. 0.1 mol L-1) was prepared from 

Baker Analysed Reagent in ca. 0.1 mol L-1 HCI and was standardised as described in 

Chapter 3 [3.2.5(A)]. The Al3+ content determined was within 0.1 % of the weighed 

amount. 

(iii) Standard Alkali (KOH) and Acid (HCI) Solutions: Standard HCI (BDH, AnalaR) 

solutions were prepared and standardised as described in Chapter 3 [3.2.2]. Carbonate

free KOH (Eka Nobel, p.a.) solutions were prepared and standardised according to 

Chapter 3 [3.2.1(B)]. Dilute (ca. 0.01-0.04 mol L-1) KOH solutions were standardised 

potentiometrically against standard HCI. 

(B) Spectrophotometric Determination of log Kt.- This determination required 

rigorous exclusion of oxygen. The thermostatted cell and the spectrophotometric 

apparatus required for these measurements were described in Chapter 3 [3.4]. In these 

studies 5 titrations were performed with [PCV] = 30-80 ~mol L-1. This solution (ca. 50 

mL) was deoxygenated at ca. pH 4.5 and titrated to ca. pH 11.5. At this pH ~ 99 % of 
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the ligand is present as HL3-. The pH was measured using a glass electrode/calomel 

electrode pair {refer to Chapter 3 [3.11.3(A)] for calibration procedure, p[H+]}. The 

response of this electrode system was assumed to remain linear to pH:::: 13. 

Ligand absorption spectra were determined for 6 wavelengths (in the range 460-

550 nm) as a function of pH (11.5-12.8). The molar absorptivity for the fully 

deprotonated species, cA-, was determined following addition of KOH(s) to the celL 

(C) Spectrophotometric Titrations.- Spectrophotometric titrations of AI-PCV 

solutions were undertaken using the spectrophotometric apparatus described in Chapter 3 

[3.4] (without the 'KOH boat'). Two titrations were performed with (i) [PCV] :::: 60 ~mol 

L-1, [A13+] :::: 15 ~mol L-I (ligand/metal:::: 4.0) and (li) [PCV] 70 ~mol L-1, [AI3+] :::: 40 

).Lmol L-1 (ligand/metal:::: 1.75). 

(D) Potentiometric Titrations.- The titration set-up and cell arrangement is described 

in Chapter 3 [3.1O.1(B)]. The electrode pair was calibrated for the measurement of -log h 

as described in Chapter 3 [3.11.3A(ii)]. The free H+ concentration, h, was determined by 

measuring the e.m.f. of the cell described by equation 2.3.1b (see Chapter 2). In the 

present investigation, the combined data from the EO calibration titrations (coulometric 

reductions of H+ in a dilute HCI solution) were used to calculate a value of jac [the 'acid' 

liquid junction potential; see Chapter 2 (2.3,1) and Chapter 3 (3.11.3B)]. In this 

calculation, a plot of (E - 59.157.log h) vs. -log h will give a straight line of slope jac and 

intercept EO- The junction potential,jac' was determined as -519.8 mV L mor l (30':::: 34.2 

m V L mor 1 ) which is in good agreement with the (literature) value used in the 

calculations [Chapter 2 (2.3,1)]. 

The conditions defIning the establishment of pH equilibrium [see 'delay times', 

Chapter 2 (2.3)] were similar for all the titrations, however, longer equilibrium periods 

were used at CIB < 2 (where C and B denote the total concentrations of PCV and AI 

respectively). The delay time following the addition of each aliquot was the same as that 

between measurements. In titrations with CIB > 2 this delay time was 3 min, whereas for 

titrations with CIB < 2 a delay time of 6 min was employed. The equilibrium condition 

was satisfied when stable potentials within ± 0.1 mV (0.0017 -log h) were obtained. All 

titrations typically contained 15-40 data points. Titrations for determination of the 

dissociation constants log ~-l,O,l and log ~-2,O,1 for PCV and log kD for the 'dirt acid' 

were performed separately within the ranges 0,002 mol l:s; C:s; 0.01 mol L-1 and 2,0 :s; 

-log h :s; 9,5. 

In three-component titrations Band C were varied within the limits 0.0004 mol 

L-1 :s; B :s; 0.006 mol L-1 and 0.002 mol L-1 :s; C:s; 0.010 mol L-l, covering CIB ratios in 

the range 1-10. Dilution titrations were performed at CIB :::: 1 by addition of aliquots of 

AI-PCV solution (prepared via titration to 3.5 :s; -log h :s; 4.0) to pure ionic medium. 



Chapter 4: ALUMINIUM(III)-PYROCATECHOL VIOLET EQUILIBRIA 79 

The reproducibility and reversibility of equilibria were tested by performing both 

forward (increasing -log h) and backward (decreasing -log h) titrations. 

Coulometric titration of PCV: The ability to perform coulometric titrations throughout 

this work was an appealing concept due to the much higher precision of coulometric 

generation of OH- over volumetric addition [described in Chapter 3 (3.11.4)]. However, 

the ability to use coulometry for the titration of any material is dictated by whether or not 

the material will interfere in the coulometric procedure (see equation 3 .11.4a, Chapter 3), 

i.e. this may happen if the ligand can be easily oxidised or reduced. 

Preliminary investigations revealed that PCV affected (by an indeterminate side 

reaction) the coulometric generation of e- (and hence OH-) and coulometry could not be 

used for the study of the acicllbase and complexing properties of this ligand. This 

phenomenon has been reported previously for catechol [Ohman and Sjoberg, 1983]. 

Dirt acid: Metallocbromic reagents (e.g. PCV, CAS, ECR) available from any manu

facturer are often found to contain large quantities of foreign substances. The initial 

titration of PCV revealed the presence of considerable amounts of a 'dirt acid' (an 

unknown impurity which exhibits acicllbase properties). From a comparison of Zc-curves, 

the dirt acid could be observed to account for almost 10 % of titratable protons at -log h -

4.5 (but in total represented < 2 % of total titratable protons). 

The PCV materials were purified as described above [4.2.1A(i)] and the dirt acid 

impurities [suspected to be acetic acid impurities] largely removed under vacuum. Any 

remaining acidic impurities were accounted for by inclusion of a fourth component in the 

calculations (i.e. H+-AI3+-PCV-'Dirt'), which exhibited a single protonation constant, kD' 

in the model. 

4.2.2 DATA TREATMENT 

(A) Potentiometry.- Data treatment assumed the presence of three-component 

eqUilibria of the general form (4.2.2a) and the two-component equilibria (4.2.2b) and 

(4.2.2c): 

f3p,q,O: 
H Al (p+3q)+ 

p q 

H L(P-l)+ 
3+p 

(4.2.2b) 

(4.2.2c) 
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The law of mass action and the conditions for the total concentrations then give 

equations (4.2.2d-f), where equilibrium concentrations b ::: [Al3+] and c ::: [H3L-]. The 

summations are taken over all species formed: ~p,q,r' ~p,O,l and ~p,q,O are the equilibrium 

constants for the reactions C4.2.2a), (4.2.2b) and (4.2.2c), respectively. 

(4.2.2d) 

(4.2.2.e) 

C4.2.2.f) 

The aluminium hydrolysis species, defined according to equation C 4.2.2b), used in 

the calculations were: AIOH2+ (log ~-l,1,O ::: -5.33), Al(OHh2+ (log ~-2,1,O ::: -10.91), 

Al3COH)45+ (log ~-4,3,O::: -13.13), Al13(OHh/+ (log ~-32,13,O::: -107.41) and AI(OH)4-

(log ~-4 1 0::: -23.46) [Ohman et al., 1983; Brown et ai., 1985]. , , 

Because the dissociation ofthe sulfonate proton occurs at -log h < 1 [Wakley and 

Varga, 1972], the zero proton level is defined as a triprotic species, H3L -. The least

squares computer program LAKE [Ingri et ai., 1996] was used to determine sets of p,q,r 

triplets and the corresponding equilibrium constants that 'best' fit the experimental data 

[see Chapter 2 (2.1.4)]. The best model was the one which gave the lowest error squares 

sum UZC ::: [(Hcalc-Hexp)/C]2. Goodness of fit parameters are expressed as 

Uzc(pr)qxlO-3 and cr(Zc) where p,q,r designate the species present (i.e. UZcCOO)o is UZc 
before new species where included) and ZcC-Iog h) ::: (H-h+kw.h-1)lC. 

(B) Spectrophotometry.- The constant log K] was calculated by Agren's method 

[Agren, 1955]. The determined value of log KI was converted into the cumulative 

constant, log ~-3,O,1' where log Kl log K-3,O,1 log K2,O.l' 

A.gren's method: A modified version of Agren's equation was used for the calculation of 

the first protonation constant, K1, for the reaction: 

H++A- ~ HA (4.2.2g) 

This reaction is related to the hydrolysis reaction: 

(4.2.2h) 

for which 
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(4.2.2i) 

Given that the extinction coefficient, E, for the fully deprotonated ligand is known 

(i.e. tA- is known), then the modified version of Agren's equation can be used: 

(4.2.2j) 

4.2.3 DATA, CALCULATIONS, RESULTS.- The experimental results showing the 

complexation behaviour of the system are illustrated by the function ZcC -log h), i.e. the 

average number of OH- reacted per ligand, plotted as a function of -log h (Figure 4.2.3A). 

C 
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Figure 4.2.3A Part of the experimental data plotted as curves ZcC-Iog h) := 

(h-H-kwoh-1)/C for CIB ratios 1, 2, 3, 4.5, 5.7, 7.5, 10 and 00. The Zc function was 

calculated over the zero proton level H20, A13+, H3L-. All symbols represent total 

concentrations of At and PCV. The curves were calculated using the constants in Table 

4.2.3. 
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The data used to calculate log ~-1 oland log ~-2 oland log kD for the 'dirt acid' , , , , 

comprised 15 titrations with ca. 600 data points (log h range 2.2-9.8). The calculations 

established log ~-l,O,l (±3cr) = -7.71±0.01, log ~-2,O,l = -17.49±O.02 and log kD = 
-4.1±0.3. The first protonation constant was calculated spectrophotometric ally as log Kl 

= 12.72±0.03, giving log ~-3 01 = -30.21±0.05. Concentrations of 'dirt acid' and values of , , 

log kD differed slightly between PCV stock solutions. No PCV solution was used for 

studying the H+·AI3+-pCV system if the difference between the weighed and determined 

concentration of PCV was greater than 2 %. 

Prior to numerical analysis of the three-component system, a simulation of the 

expected complexation properties of pyrocatechol violet was made by using the substances 

catechol [Ohman and Sjoberg, 1983] and malto! [Hedlund and Ohman, 1988] in equal and 

representative concentrations. Here catechol is taken to approximate the 1,2-

dihydroxyaryl binding site (site 'P') and maltol the 2-hydroxy-p-quinomethide site (site 'M') 

of pyrocatechol violet. From the calculations it was seen that the 'maltoI' site would be 

expected to dominate AI binding at lower -log h values, whereas the 'catechol' site would 

not be expected to bind a significant fraction of Al until-log h > 7. 

The analysis of the three-component data, comprising 27 titrations with 780 data 

points was broken into two parts. The first comprised data with ClB ;:::: 4, selected to 

avoid any effects from possible polymeric-hydroxo species that might exist at lower ratios. 

Initial calculations indicated that the formation of polynUclear species would be negligible 

under these conditions. The model calculation for 'PCV' as described above had indicated 

that a series of mononuclear 'maltoI' complexes, AI(H2L)+, AI(H2Lh- and Al(H2Lh3-, 

could be expected to form at lower -log h values. The formation constants for these three 

species were evaluated from data for 10 titrations (182 datum points with 2.2 :::;; -log h :::;; 

4.0) by use of the program LAKE. The equilibrium constants obtained were log ~-111 = , , 

-0.19±0.05; log ~-21 2 = -1.05±0.05 and log ~-3 1 ~ = -2.53±0.09. NOTE: The use of a 
1 , , ,-

Bjerrum plot [see Chapter 2, 2.1.3(B)] was not applicable to this system because the 

proton displaced during complexation was that of the 'maltoI' moiety (log ~-2 0 1 , , 
log ~-1 0 1 -9.78). At the -log h range over which this complexation occurs the proton , , 

of the 'catechol' moiety has not yet been displaced, i.e. it is usually displaced before the 

proton of the maltol moiety (log ~-l,O,l = -7.71). This anomaly causes the Bjerrum 

expression to be either not applicable to this system or very complex and difficult to 

understand. 

These three species were then considered as known and a complete pqr-analysis 

(the testing of single p,q,r triplets or combinations of p,q,r triplets) was performed on 10 

titrations (175 datum points, 3.7 :::;; -log h::;; 7.0) to find species which best explained the 

experimental data up to -log h = 7.0. These calculations, for which UZC values are given 

in Figure 4.2.3B(i), indicated four compositions that could equally well explain most of the 

experimental data (circled values). However, a comparison of experimental Zc curves 
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with theoretical ones revealed systematic residuals still remaining, thereby indicating a 

need for at least one further species to be included in the model. A second pqr-analysis 

was therefore undertaken which successively included one of the four 'best' species 

indicated in Figure 4.2.3B(i) in combination with a second species with another p,q,r 

composition. The results of these calculations indicated significant improvement in UZc 
for only two of the four 'best' species. These results are presented in Figures 4.2.3B(ii) 

and 4.2.3B(iii). For the other two 'best' species no improvement could be obtained by 

including a second species. Figure 4.2.3B shows that the combination of the species 

(-4,1,2) (log ~-4,1,2 = 1O.26±0.1O) and (-5,1,3) (log ~-5,1,3 -13.03±0.13) gives the best 

fit to the experimental data, Uzc(pr)qxlO-3 = 0.72 and cr(Zd = 0.004. These constants 

can be ascribed to the products AI(HLh3- and AI(HLh(H2L)5- respectively. 

(i) 
-p 

9.64 10.50 11.20 4.58 
6 .. .. .. .. 

-, , , , , 

'2.23l :2.40l '2.66l ' 2.80~ 
5 , .. ~ , ... ~ , \ .. , \ .. , 

, - ' -

6.55 5.93 6.76 14.10 
4 .. .. .. .. 

1 2 3 4 r 

(ii) (iii) 
-p -p 
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3 t 2.66 2.66 2.66 
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Figure 4.2.3B Results of the pqr-analysis concerning the range 3.7 :::;; -log h :::;; 7.0. The 

diagrams give the error squares sums Uzc(pr)qxlO-3, assuming one new complex in (i) 

and two new complexes in (ii) and (iii) respectively. The four 'best' species are circled in 

Figure (i). In (ii) and (iii) the complex assumed known, from (i), has been starred and the 

Uzc(pr)q value given is the error squares sum for the combination of this species, also 

refined, with another p,q,r species, as shown. In the calculations, eqUilibrium constants 
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for AI hydrolysis and the species AI(H2L)+, AI(H2Lh- and AI(H2L)33- have been assumed 

to be known, cf the absence of error squares sum at (-3,1,3). The calculations were based 

on 175 datum points giving an initial sum of squares, Uzc(OO)ox1O-3 == 60.9. 

For the remaining data, to -log h == 9.6, the logical species remaining that could 

be included in the model were (-6,1,3) i.e. [AI(HLh6-] followed by the stepwise 

deprotonated species (-7,1,3) [Al(HL hL 7 -], (-8,1,3) [AI(HL )L2 8-] and (-9,1) 3) [AlL/-]. 

Statistical approximations [Perrin et al., 1981] were used to provide initial estimates of the 

equilibrium constants for the latter two of these species. Calculations indicated that there 

would be no measurable concentration of AlL/- below -log h == 9.6 and this species was 

not included in further analysis. Use of this series of complexes adequately explained all 

remaining data. In a final calculation on this data set (10 titrations and 447 data points, 

2.2 :::; -log h :::; 9.6) the equilibrium constants for all the above species except (-9,1,3) were 

varied on the whole data set. 

The second part of these calclJlations involved the analysis of data at CIB < 3.5. 

These calculations involved the use of 14 titrations, including 3 dilution titrations, and 280 

datum points over the range 2.2 :::; -log h :::; 4.2. An initial comparison of experimental and 

theoretical curves indicated almost no remaining Zc residuals for 3.0 < CIB < 3.5, 

however very large deviations could be seen at CIB < 2.1. Once again, pqr-analyses were 

performed on the experimental data to obtain the sets of p,q,r triplets giving the lowest 

value of UZC and thus best explaining the data. Preliminary analyses indicated that simple 

mononuclear species had little effect on improving the fit. Results from pqr-analyses with 

q == 1, 2, 3, 4 or 5 showed that the species that could 'best' explain the data were those 

with rlq == 1 and 2 :::; q :::; 4. However, no single species was adequate to explain all the 

data; therefore combinations of two species with rlq == 1 were considered. These 

calculations indicated that the combination of a species with r == q == 3 and another with rlq 

== 1 could adequately explain the data. The [mal result from these calculations was the 

inclusion of one species with r q == 3 (log ~-6J3J3 == -5.07±0.05) and another species with 

r == q == 6, (log ~-16J6J6 == -23.2±0.2). This gave Uzc(pr)qx1O-3 == 6.6 and cr(Zd == 0.02, 

where Uzc(OO)oxl0-3 == 415.4. The effect of these two species on the equilibrium 

constants determined for data with CIB > 4 was checked via a calculation using both data 

sets over the range 2.2 :::; -log h :::; 9.6. The result of this calculation indicated that the 

polynuclear species described above had very little effect on the species forming at higher 

values of CIB. The [mal results for all species forming in the binary and ternary systems 

are given in Table 4.2.3 and the fit of experimental data to the resulting theoretical curves 

has been visualised in Figure 4.2.3A. 
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Table 4.2.3 Binary and ternary complexes in the H+-Al3+-pyrocatechol violet system. 

The equilibrium constants (~p,q) are given according to the reaction: pH+ + qAl3+ + 
r(H3L-) HpAlq(H3L)/p+3q-r)+. 

p,q,r log (~p,q,r ±3cr) Proposed product formula 

(-1,0,1) -7.71±0.0IQ H2L2-

(-2,0,1) -17.49±0.02Q HL3-

(-3,0,1) -30.21±0.05Q L4-

(-1,1,1) -0.23±0.04 Al(H2L)+ 

(-2,1,2) -1.02±0.03 Al(H2Lh 

(-3,1,3) -2.57±0.06 Al(H2Lh3-

(-4,1,2) -10.21±0.09 AI(HLh 3-

(-5,1,3) -13.03±0.11 Al(H2L)(HL)25-

(-6,1,3) -21.1O±0.14 AI(HLh 6-

(-7,1,3) -30.46±0 . .25 Al(HLhL7-

(-8,1,3) -40.75±0.46 AI(HL)L2
8-

(-9,1,3) -52.0 (estimate) AlL3
9-

(-6,3,3) -5.07±0.05 Al3(H2Lh(OHh 0 

(-16,6,6) -23.2±0.2 Al6(H2L)6(OH) 104-

QWhere for the protonation of L 4-, log Kn = 12.72, 9.78 and 7.71 for n = 1-3 

respecti vely. 

With this final model, no systematic deviations remained. The computer program 

SOLGASW ATER [Eriksson, 1979] was used to calculate distribution diagrams. These 

are presented in Figure 4.2.3C. 

Spectrophotometric Titration Results.- The results from the spectrophotometric 

titrations were not used directly in the model development. They did, however, provide 

some information on the validity of the model at lower concentrations (i.e. potentiometric 

concentrations are millimolar whereas spectrophotometric concentrations are typically 

rnicromolar). 

A series of isosbestic points were present in the titration spectra. Model 

calculations of solutions with identical composition to those used in the titrations were 

made using the computer program SOLGASWATER (using the equilibrium constants 

given in Table 4.2.3). These results are presented in Figure 4.2.3D, where the 

experimentally determined and theoretical isosbestic point ranges are represented by the 

solid and broken lines respectively. 
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Figure 4.2.3C Distribution diagrams FiC-Iog h)B C for millimolar concentrations of PCV 

and Al3+: (i) C = 10.0 mmol L-l, B = 1.0 mmol L-1, (ii) C = 3.0 mmol L-1, B = 1.0 mmol 

L-1. Fi is defined asthe ratio of the aluminium concentration in an equilibrium species to 

the total aluminium concentration. 
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Figure 4.2.3D Distribution diagrams FiC-Iog h)B,C for solutions of identical composition 

to those of the spectrophotometric titrations. Definitions and conditions as for Fig 4.2.3C. 

(i) [PCV] 60 !-lmol L-l, [Al3+] = 15 !-lmol L-1 (ligand:metal = 4) and (ll) [PCV] 70 

!-lmol L-l, [Al3+] = 40 Jlmol L-1 (ligand:metal = 1.75). Here the experimentally 

determined and theoretical isosbestic point ranges are represented by the solid (--) and 

broken lines (-----) respectively. 
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The speciation of the AI-PCV system is very complex at lower C/B ratios. 

However, the -log h ranges for the isosbestic points found experimentally appear to match 

those expected for the calculated distribution of AI-PCV species. 

4.2.4 DISCUSSION.- The ligand deprotonation constants log ~-n,O,l reported in 

Table 4.2.3 are in reasonable agreement with those reported by other workers at the same 

ionic strength {(-7.77; -17.52) [Saraswat et al., 1979] and (-7.90; -17.84) [Biryuk and 

Ravitskaya, 1970]; n= 1 ,2}. However, the values determined previously for the third 

deprotonation constant (-11.71 and -11.82, n = 3 respectively) are significantly lower than 

the value reported here [log (~-3,o,d ~-2,O,1) = -12.72]. This difference may be related to 

the propensity of PCV to undergo oxidation at high -log h values and the resulting 

difficulty in accurately determining this dissociation constant. In our study log Kl was 

determined under strictly oxygen free conditions. This value can be compared with that 

for catechol (-13.43, Table 4.2.4). 

Table 4.2.4 Deprotonation and stability constants for catechola and maltolb 

Compound p,q,r log (~p,q) formula 

Catechol (-1,0,1) -9.26c HL-

(H2L) (-2,0,1) -22.69c L2-

(-2,1,1) -5.80 AIL+ 

(-4,1,2) -14.83 AIL2-

(-6,1,3) -28.54 AlL
3

3-

Maltol (-1,0,1) -8.38c L-

(HL) (-1,1,1) -0.13 AlL2+ 

(-2,1,2) -0.96 AIL2+ 

(-3,1,3) -2.67 AlL
3

0 

aO.1 M KCI [Kennedy and Powell, 1985], bO.6 M NaCI [Hedlund and Ohman, 1988]. 

cWhere for the protonation of catechol, L 2-, log Kl = 13.43 and log K2 = 9.26 and for 

maltol, L-, log KI = 8.38. 

The order in which the -OH groups deprotonate may be deduced from the 

spectral shifts OCCUlTing with changes in -log h and from the structure of the PCV 

molecule. The large colour change from orange/red (Amax = 442 urn) to blue/violet 

(I'max = 585 urn) that accompanies the first deprotonation indicates that proton loss is 

from the 1,2-dihydroxyaryl moiety; probably the para-OR. Deprotonation of the hydroxy 
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group on the p-quinomethide moiety would not be expected to develop enough electron 

delocalisation for such a colour change. This assignment of protonation constant indicates 

that in PCV the 1,2-dihydroxyaryl moiety has a significantly higher acidity than does 

catechol (-9.26, Table 2). This can be rationalised in terms of the electron withdrawing 

properties of the p-quinomethide moiety. A direct comparison of the acidity of the 

2-hydroxy-p-quinomethide moiety with model compounds is not possible but it is noted 

that the -OR group is significantly less acidic than the -OR in maltol (Table 4.2.4). 

Regarding the three-component system, the species in this series, AI(H2L)n, n = 
1-3, which form at -log h < 4.5 are probably chelates between Al3+ and the 2-hydroxy-p

quinomethide (site M) moiety. At higher -log h values the species forming more likely 

involve the 1,2-dihydroxyaryl (site P) moiety of PCV, Figure 4.2. These deductions are 

based on the simulation of expected complexation properties of PCV. Catechol is an 

appropriate model for the 1,2-dihydroxyaryl moiety on PCV, and maltol should 

approximate to the binding properties of the 2-hydroxy-p-quinomethide moiety. The 

inductive effects for maltol will be significantly different due to the pyranone oxygen. At 

intermediate -log h values there is the possibility of mixed site binding. This is consistent 

with the species composition (-5,1,3) i.e. AI(R2L)(HLh5-. 

A comparison may be made between the present results (Table 4.2.3) and the Al 

equilibria for catechol and malto} (Table 2). Similarities are apparent between the 

constants obtained for the species (-1,1,1), (-2,1,2) and (-3,1,3) of maltol [AILn] and PCV 

[AI(R2L)n]. However, significant differences are noted for the species (-4,1,2) and 

(-6,1,3) of catechol [AlL2, AIL3] in comparison to PCV [Al(HLh, AI(HL)3]' In the Al3+_ 

PCV system the equivalent species form at a lower -log h than in the Al3+-catechol 

system. This can be explained by the much larger first (and larger second) deprotonation 

constant for the 1,2-dihydroxyaryl moiety in PCV compared to that of catechol. 

Modelling calculations indicated that the 'catechol' site would not bind a significant 

fraction of AI until-log h > 7. Because of the stronger binding by the 1,2-dihydroxyaryl 

moiety in PCV, this site begins to dominate Al binding at ca. -log h = 5, i.e. lower than 

predicted from the modelling and consistent with the higher acidity of the 1,2-

dihydroxyaryl moiety of PCV. The only other stability constants for the R+-AI3+-pCV 

system were determined by Goina et al. (1970). Their results (log Kn ::: 25.12, 22.27 and 

20.74, n :::: 1-3 respectively) are anomalously high compared with other catecholate 

ligands. 

The observation that a series of one proton reactions occurs at -log h > 8 is 

consistent with (i) complexes having the 1,2-dihydroxyaryl moiety binding to AI (as in 

AI(HLh6-, Al(HLhL7- etc.), and (ii) the assignment of the second protonation constant of 

the free ligand to the -OH group on the 2-hydroxy-p-quinomethide moiety. The pKa 

calculated for formation of AI(HL)L2
8- from AI(HLhL7- (10.29) is significantly higher 

than the pKa of the group presumed to be deprotonating (9.78 for the free ligand); it is 
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also higher than that estimated from statistical considerations (9.36 + log 3) where 

log ~-7,1,3 - log ~-6,1,3 = 9.36. This observation may indicate that disturbance of the 

charge distribution by the AI centre significantly affects the dissociation of the conjugated 

pendant -OH group; an apparent shift of > 0.4 occurs in the pKa of the uncoordinated 

2-hydroxy-p-quinomethide proton. Further, conjugation within the ligands means that the 

pendant 2-hydroxy-p-quinomethide groups are not eleetronically independent. 

Dissociation of one sueh group Cto form AICHLhL 8-) affects the net phenoxide electron 

density about the AI3+ centre and lowers the acidity of the remaining pendant groups. A 

similar phenomenon has been reported previously for AI-protocatechuic acid complexes 

[Kennedy and Powell, 1985] where the apparent pKa of the carboxy group was shifted 

- +0.4. This contrasts with ligand systems where the coordinated and pendant groups are 

not conjugated; for example in the AI( dopamine h complexes dissociation constants for the 

non-coordinated -NH3 + groups are statistically related. 

Deprotonated pyrocatechol violet (H2L2-) can be represented by resonance 

structures involving conjugation between the 2-hydroxy-p-quinomethide (M) site and the 

monoprotonated 1,2~dihydroxyaryl site(P) (as depicted in Figure 4.2.4A). 

Figure 4.2.4A Possible resonance structures of the deprotonated pyrocatechol violet 
. H L2-mOIety, 2 . 

The conjugation in the pyrocatechol violet moiety H2L2- provides a mechanism for AI3+ 

bound at site M to become bound by site P without altering its chelation position. The 

complex merely undergoes a dcprotonation and an intramolecular electron shift. The 

formation of AICHLh3- from the tri-coordinated AI(H2Lh3- species can be thought of as 
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arising from such a mechanism. The transition from a tris species AI(H2L)33- to a bis 

species AI(HLh3- with increasing -log h may be rationalised in terms of the change in 

electron density surrounding the AI3+ centre. The charge stabilisation effected by two 

deprotonated 1,2-dihydroxyaryl moieties is, apparently, at least equivalent to three 

deprotonated 2-hydroxy-p-quinomethide moieties, resulting in a species of similar or 

greater stability. 

Titrations at lower C/B ratios indicated the species (-6,3,3) [AI3(H2Lh(OH)30] 

and (-16,6,6) [AI6(H2L)6(OHho4-] are fOlmed at -log h < 4.2 (Figure 4.2.3C). These 

titrations were terminated at -log h < 4.2 due to precipitation (observed in solutions with 

c/B = 1); this may be due to formation of polymerised or uncharged species. Calculations 

using the final constants indicated that these species exist up to -log h = 6.5. It is possible 

that they represent the summation of a larger series of polynuclear mixed hydroxo species. 

The verification of (-16,6,6) in the model required to fit the data at the higher 

-log h values was aided by dilution titrations. For these data polymers of low nuclearity 

were unable to explain the large systematic deviations recorded. The minimum in UZc 
was found at a nuclearity of six, whereby further increases in the nuclearity resulted in 

increased values of UZe In studies of the related phthalein dye CAS (which has salicylate 

and p-quinomethide-2-carboxylic acid residues), linear AI-CAS polymers (e.g. 

AIxH_xLl+x' x = 4 or 5) were reported forming at 2.5 < -log h < 6 [Hawke et al., 1995]. 

The formation of such polymers is not possible for PCY because deprotonation and 

coordination of the 1,2-dihydroxyaryl moiety does not occur below -log h "" 4. Therefore 

these polymers must involve either hydroxy and/or o-quinonoid (0-) bridges between 

adjacent Al3+ ions. Such polymeric units have been established for AI at low -log h in a 

great number of systems with organic ligands e.g. in the citrate, [AI3(OH)(alkoxide)3] 

[Ohman, 1988], and lactate and propionate complexes, [AI2(OHhL] [Marklund, 1990; 

Marklund and Ohman, 1990]. 

Spectrophotometric Analysis of Aluminium.- Determinations of AI in environmental 

samples are often carried out spectrophotometric ally using the formation of an AI-PCV 

complex at -log h "" 6. From spectrophotometric molar ratio plots it has been found that 

the AI:PCY ratio is 1:2 near pH 6 under spectrophotometric conditions ([PCY] ca. 20 

flM, [AI(III)] 0-10 1lM). SOLGASWATER calculations were made using the constants 

from these studies (Table 4.2.3) to determine the species in solution at -log h = 6 at 

spectrophotometric concentrations. The dominant species forming at -log h = 6 was 

AI(HLh3- (Figure 4.2.4B), consistent with spectrophotometric molar ratio plots. This 

species dominates in the -log h range ca. 4.9-8.0. However its formation is (near) 

quantitative (> 95 %) only in the range -log h = 5.6-6.5. 
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Figure 4.2.4B Distribution diagrams Fi ( -log h)B C for micromolar concentrations, 

C 20 !lmol L -1 and B = 4 !lmol L-1. Definition and :nethod as for Figure 4.2.3C. 

The suitability of a ligand for the analysis of AI will be impaired if the ligand 

interacts with untargeted materials. Mineral oxides and elay materials are abundant in 

many natural waters and soil solutions. Much is within the colloidal range and would not 

be removed by a 0.45 !lm filter. Therefore the potential solubilising effects of PCV on 

natural mineral oxides was investigated by making a number of model calculations using 

the computer program SOLGASW ATER. In these calculations a hypothetically one 

molar solution of gibbsite [log *Kso = 8.309, Palmer and Wesolowski (1992)J was 

equilibrated with water and PCV. From Figure 4.2.4C it can be seen that even at very low 

concentrations PCV increases the solubility of gibbsite over a large -log h range 

(if equilibrium is attained). At a typical analytical-log h (6.0) and PCV concentration (30 

!lmol L-1) the effect of gibbsite (assuming equilibrium) would be to enhance the apparent 

concentration of AI in solution by ca. 5 !lmol L -1. Attainment of equilibrium may require 

extremely long reaction times. It would, however, introduce a significant error in a typical 

working range of 0.5-10 !lmol L-1 AI. These calculations indicate that the error arising 

from the gibbsite dissolution will be minimised if (i) PCV is not used in large excess for 

spectrophotometric measurements, (ii) the -log h is kept as low as possible within the 

allowable window (5.8-6.6) for quantitative formation of AI(HLh3-, and (iii) the reaction 

time is short to ensure minimal dissolution of gibbsite. 
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Figure 4.2.4C The effects of pyrocatechol violet on the calculated solubility of gibbsite 

{log * KsO = 8.309; [Palmer and Wesolowski, 1992]}. 
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A significant, and on-going, project of this research group involves the 

investigation of amperometric and voltamrnetric techniques for the electrochemical 

analysis of AI. This work involves the characterisation of the solution equilibria and the 

electrochcmical behaviour of ligands that form stable complexes with AI and may produce 

a useful electrochemical response, which is suitably modified on binding to AI. The 

electrochemical analysis of AI is discussed in Chapter 7. 

The ligand, 4-nitrocatechol (4 ncat, Figure 4.3) has been investigated by this 

group [Lenihan, 1994] for the purpose of developing an FIA amperometric technique for 

AI analysis. 4ncat is known to forma very stable complex with AI, which will form 

quantitatively in the 1-10 !lmol L-1 AI range (10-50 !lmol L-1 ligand). Stability constants 

have been reported for the complexes AIL +, A1L2 and AlLl- (where H2L = 4ncat) from 

measurements in solutions with ligand:metal (CIB) ratios 3: 1 to 6: 1 and millimolar 

concentrations [Hakkinen, 1984c]. The pH ranges used in the calculation of these 

constants was pH 3.0 - 6.25. Under these conditions there was no evidence for the 

formation of ternary, hydroxy-AI-ligand species, which, by analogy with other 1,2-

dihydroxyaryl- systems, may be expected to form [Ohman and Sjoberg, 1983; Kennedy 

and Powell, 1985]. 

In the studies by Lenihan (1994) it was found that 4ncat will be most useful, for 

electroanalysis of AI, at pH 9.0. Unfortunately, data were not collected to this pH in the 

studies by Hillinen, and hence the model may not be valid above pH 6. Furthermore, the 

model was developed using only data at higher CIB ratios. It would be desirable to know 

whether any other species are likely to exist at lower CIB ratios. 

In the present work the deprotonation and Al3+ formation constants for 4ncat 

have been redetermined. 

Figure 4.3 4-nitrocatechol (4ncat, H2L). 
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4.3.1 EXPERIMENTAL 

(A) Chemicals and Analysis.- All solutions were prepared from CO2-free, boiled 

Milli-Q water and all working solutions were prepared in 0.10 M K(CI) (BDH, AnalaR), 

dried at 120°C. 

(i) 4-Nitrocatechol Solutions: 4ncat, 1,2-Dihydroxy-4-nitrobenzene is depicted in 

Figure 4.3. Reagent grade 4ncat was obtained from Sigma and used without further 

purification. Microanalysis established the composition: C, 46.51 %; H, 3.18 %; N, 9.10 

% (ef calc. for C6HS04N: C, 46.46 %; H, 3.25 %; N, 9.03 %. Stock 4ncat solutions 

were prepared in excess 0.02 mol L-1 HCI to prevent ligand oxidation and minimise 

biological activity. 

(ii) Aluminium Solutions: A stock solution of Al3+ (ca. 0.08 mol L-1) was prepared 

from AlCI3.6H20 [ALFA (99.9995 %)] in ca. 0.05 mol L-1 HCI and was standardised as 

described in Chapter 3 [3.2.5(A)]. 

(iii) Standard Alkali (KOH) and Acid (HCI) Solutions: Standard HCI (BDH, AnalaR) 

solutions were prepared and standardised as described in Chapter 3 [3.2.2]. Carbonate 

free KOH (BDH, AnalaR) solutions (ca. 0.2-0.3 mol L-1) were prepared and standardised 

according to Chapter 3 [3.2.1(A)]. 

(B) Potentiometric Titrations.- The titration set-up and cell alTangement is described 

in Chapter 3 [3.10.1(A)]. The electrode pair was calibrated for the measurement ofp[H+] 

as described in Chapter 3 [3.11.3A(i)]. Throughout titrations with CIB < 2.0, the 

minimum addition rate (125 ilL min-I) of alkali was used to minimise the localised 

formation of polymeric Al3+ hydrolysis products. The conditions defining the 

establishment of pH equilibrium [see 'delay times', Chapter 2 (2.3)] differed for each 

titration (longer equilibrium periods used at lower C/B ratios). Generally solution pH was 

monitored at 3-6 min intervals after the addition of each aliquot until the means of 3 

successive replicates (30 measurements) gave stable readings within ± 0.002 p[H+]. 

Titrations for determination of the dissociation constants log P-l.O,l and 

log P-2,O,l for 4ncat were performed separately within the ranges 0.0015 mol L-1 ::; C ::; 

0.004 mol L-1 (where C = total concentration of 4ncat). Each titration consisted of ca. 90 

datum points in the range 3.0::; p[H+] ::; 11.0. 

In three-component titrations Band C were varied within the limits 0.0004 

mol L-1 ::; B s:; 0.0012 mol L-1 and 0.0007 mol L-1 ::; C::; 0.0025 mol L-1, covering c/B 

ratios in the range 1-4 (B denotes the total Al concentration). Titrations typically had 100-

140 data points for CIB > 2.0 and 15-25 data points for CIB 1.0. 
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4.3.2 DATA TREATMENT 

Potentiometry.- Data treatment assumed the presence of three-component equilibria of 

the general form (4.3.2a) and the two-component equilibria (4.3.2b) and (4.3.2c): 

~p,q,r : 

~p,q,O : 

~p,O,1 : H TP+ 
2+r 

H AI (H L) (p+3q)+ 
p q 2 r (4.3.2a) 

(4.3.2b) 

(4.3.2c) 

The law of mass action and the conditions for the total concentrations are applied 

to these equilibria to give the equations 4.2.2d-f (see Section 4.2). Where, b [AI3+] and 

c [H2L]. 

The A13+ hydrolysis constants, (defined according to equation 4.3 .2b) were from 

Brown et ai. (1985). The formation constants for AI(OH)4 (log ~-4,1,O) and AI(OHh 

(log ~-3,1,O) were calculated by the method of Millero and Schreiber (1982) from the 

thermodynamic constants of Palmer and Wesolowski (1992) and Nordstrom and May 

(1989) respectively [assuming ),(AI(OH)4-) = ),(OH-)]. These AI hydrolysis species were: 

AIOH2+ (log ~-l,1,O = -5.33), AI(OHh2+ (log ~-2,1,O = -10.91), AI3(OH)4S+ (log ~-4,3,O 
-13.13), AI13(OHh27+ (log ~-32,13,O = 107.41), AI(OHh (log ~-3,1,O = -17.32) and 

AI(OH)4 (log ~-4,1,O = -23.3). 

The least-squares computer program SUPERQUAD [Gans et ai., 1985] was used 

to determine sets of p,q,r triplets and the corresponding equilibrium constants that 'best' fit 

the experimental data [see Chapter 2 (2.1.4)]. The best model was determined visually 

from SUPERQUAD outputs of residuals and from goodness of fit parameters, X2 and cr. 

4.3.3 DATA, CALCULATIONS, RESULTS.- The data used to calculate log ~-l,O,l 

and log ~-2,O,1 comprised 12 titrations with ca. 1000 datum points. The calculations 

established log ~-l,O,l (±3cr) = -6.67±0.02 and log ~-2,O, J = 17.55±0.08. 

Prior to numerical analysis of the three-component system, the data determined 

by Hakkinen (1984c) was used to calculate distribution diagrams. These calculations 

provided information on the pH range at which the species AlL +, AlL2 and AlLl- could 

be expected to form under the conditions used in the present experiments. It also 

indicated the important pH ranges over which binary or polymeric Alq(OH)n (3q-n)+ species 

are likely to form. 
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The analysis of the three-component data comprised 12 titrations with ca. 1100 

datum points. For titrations with CIB ~ 1, the titration curves showed a well defined 

inflection at p[H+] 4.6 (corresponding to titration of excess acid and formation of AlL, i.e. 

2 moles of OH- per mole of Al3+) followed by a second buffer region (characterised by 

excessive drift above p[H+] 5.25) and an inflection at p[H+] 6.4 [consistent with the 

formation of equimolar AIL2 and Al(OH)3]' For CIB - 2, titration curves showed a minor 

inflection at p[H+] 4.0 (corresponding to formation of AlL) and a major inflexion at p[H+] 

5.9 (corresponding to formation of AlL2) followed by a third buffer region characterising 

the formation of Al(oH)Ll-. Calculations used data up to p[H+] 8.2. The titrations at 

CIB > 3 showed inflexions at p[H+] 4.0 and 5.25 and a major inflexion at p[H+] 8.0, 

corresponding to the stepwise formation of AlL +, AlL2- and AIL3
3- respectively. 

For titration with 2.0 < CIB < 3.0, Zc [the moles of protons titrated per mole of 

ligand, see Chapter 2 (2.1.3) for definition] exceeded 2.0 at p[H+] > ca. 6 indicating a 

contribution of hydroxy species to the protonation equilibria. For titrations with 1.0 < CIB 

< 1.2, Zc exceeded 2.0 at p[H+] > 4.75; this indicated the contribution of metal-hydroxy 

and (possibly) metal-hydroxy-ligand species to the equilibrium model. 

The non-linear least squares analysis of the data was effected in terms of the 

equilibria: pH+ + qAl3+ + r(H2L) ~ HpAlqCH2L)/p+3q)+. The final results for 

all species forming in the binary and ternary systems are given in Table 4.3.3. 

Table 4.3.3 Binary and ternary complexes in the H+ _Al3+ -4-nitrocatechol system. The 

equilibrium constants (~p,q,r) are given according to the reaction: pH+ + qA13+ + 

r(H2L) ~ HpAlq(H2L)r(P+3q)+. 

p,q,r log (~p,q,r ±3cr) Proposed product formula 

(-1,0,1) -6.67±0.02 HL-

(-2,0,1) -I7.55±0.08 L2-

(-2,1,1) -3.80±0.04 AIL+ 

(-4,1,2) -9.66±0.05 AlL2 
(-5,1,2) -17. 17±0.45 AlL2(OH)2-

( -6,1,3) -18.27±0.07 AlL3
3-
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With this fmal model the computer program SOLGASWATER [Eriksson, 1979] 

was used to calculate distribution diagrams. These are presented in Figure 4.3.3. 

(i) 
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Figure 4.3.3 Distribution diagrams Fi(p[H+])B C for millimolar concentrations of 4ncat , 
and Al3+. Fi is defined as the ratio of the aluminium concentration in an equilibrium 

species to the total aluminium concentration. The calculations have been performed with 

the computer program SOLGASWATER with the equilibrium constants given in Table 

4.3.3. (i) [4ncat] = 2.0 mmol L-1; [Al3+] = 0.5 mmol L-1, (ii) [4ncat] = 2.0 mmol L-1; 

[A13+] = 1.0 mmol L-1 and (iii) [4ncat] = 1.0 mmol L-1; [A13+] = 1.0 mmol L-1. 
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4.3.4 DISCUSSION.- The protonation constants (25°C, 0.1 mol L-1 medium) for 

4ncat have been determined by a number of researchers. The results from the present 

work are in good agreement with this previous work (Table 4.3.4). 

Table 4.3.4A Protonation constants for 4-nitrocatechol (0.1 mol L -1 medium, 25 DC) 

Medium (0.1 mol L-1) log Pl,O,O log P2,O,O reference 

KCI 10.88(10) 17.55(08) This work 

KCl 10.95 17.73 Pichet et al., 1967 

KCI 10.88 17.65 -I!- (spectrophotometically) 

KCI 10.71 17.57 Hakoila et al., 1972 

KCl 10.64 17.42 -11- (spectrophotometically) 

KN03 10.74 17.44 Jameson and Wilson, 1972 

KCI 10.83 17.53 Halckinen, 1984c 

KN03 11.00 17.55 Das, 1989 

Hakkinen (1984) has determined the formation constants for the complexes with 

AI3+, Cd2+ and Be2+ [Hakkinen, 1984c], Mg2+, Ca2+, Sr2+ and Ba2+ [Hakkinen, 1985], 

Cu2+ and Zn2+, [Hakkinen, 1984a] and Mn2+, C02+, Ni2+ and Fe3+ [Hakldnen, 1984b], 

all in 0.1 mol L-1 KCI, 25°C, Data for the Ca2+ and Ni2+ complexes are reported for 0.1 

mol L-1 KN03, 25°C [Jameson and Wilson, 1972] and for Ga2+ in 0.1 mol L-1 KCI at 25 

°C [Pichet et al., 1967]. 

In Hakldnen's studies of the AI-4ncat system, titrations were limited to high CIB 

ratios (3-6) and the pH range 3.0-6.25. It was necessary for the present work to establish 

the speciation at lower CIB ratios (as may arise in FIA or voltammetric analysis) and in the 

pH range used for electroanalytical determinations [ca. pH 9; Lenihan, 1994]. The high 

CIB ratios used by Hakkinen would conceal the existence of metal-hydroxy-ligand species. 

Such species have been characterised in many Al3+-1,2-dihydroxyaryl systems. Both 

AIL(OH) and A1L2(OH)2- have been reported for 1,2-dihydroxynaphthalene-4-sulfonic 

acid [Ohman et al., 1983] and for catechol, protocatechuic acid and catechin [Ohman and 

Sjoberg, 1983; Kennedy and Powell, 1985]. The present work established the existence of 

the A1L2(OH)2-, log P-5,1,2 = 17.2 ± 0.4(3cr). Evidence for the existence of AIL(OH) 

was equivocal. It is, if formed, a very minor species around pH 5 in titrations at low CIB 

ratios; for this pH and stoichiometry pH drift is problematic. The characterisation of 

A1L2(OH)2- highlights the importance of measuring formation constants over a wide range 

of solution stoichiometries and pH. It also emphasises that calculations using published 
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formation constants should not employ solution stoichiometries or pH ranges widely 

different from those used in the experimental determinations. 

The constants log (~p,q,r ±3cr) determined in this work are given in Table 4.3.4B 

and compared with Hakkinen's ~n values (after conversion to ~p,q,r using his protonation 

constants). The results for complexes AJLn are in excellent agreement. Data are also 

given for other substituted 1,2-dihydroxyarylligands. 

Table 4.3.4B Comparison of ternary complexes in the H+ _Al3+ -4ncat system with 

Hakkinen's ~n values and other substituted 1,2-dihydroxyarylligands. All constants have 

been converted into the log ~p,q,r format using protonation constants from the relevant 

papers. Hence, the equilibrium constants (log ~p,q,r) are given according to the reaction: 

pH+ + qAl3+ + r(H2L) HpAIiH2L)r(P+3q)+. 

Ligand Speciest : AJL+ AJL2 AlL2(OH)2- AJL 3-
3 

log ~p,q,,., (p,q,r): (-2,1,1) (-4,1,2) (-5,1,2) (-6,1,3) 

4ncata -3.80 -9.66 -17.17 -18.27 

4ncatb -3.79 -9.68 -18.28 

CatecholC -4.54 -13.20 -21.17 -23.40 

Protocatechuic acidc -4.26 -13.03 -20.64 -22.19 

Catechinc -3.33 -12.63 -20.95 -22.68 

1,2-dihydroxynaphthalene- -5.34 -13.12 -21.15 -24.47 

4-sulfonic acidd 

a This work; b Hakkinen (1984c); C Kennedy and Powell (1985) and Kennedy et al. 

(1984); d Ohman and Sjoberg (1983). 

tHere L represents the equivalent 1,2-dihydroxyaryl ligand (H2L), i.e. the protons 

displaced during Al complexation are from the 'catechol' moiety. 

From Table 4.3.4B, the greater stability of AI complexes with 4ncat compared 

with other 1,2-dihydroxyruyl ligands can be observed. Only the equivalent catechin 

species, AlL +, is observed to be of greater stability in comparison to the corresponding Al-

4ncat species. 

The high stability of the Al-4ncat complexes is of great importance to the use of 

4ncat in the electroanalysis of Al in dilute solutions. In comparison to other 1,2-

dihydroxyaryl ligands, 4ncat will quantiatively complex Al at (i) lower pH and (li) lower 

concentrations of both metal and ligand. Both of these properties are very desirable and 
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will allow significantly lower detection limits to be obtained with this ligand. The 

Al-complexing properties of this ligand are presented as distribution diagrams (Figure 

4.3.4) calculated for environmental concentrations of AI and rnicromolar concentrations of 

4ncat (typical for FIA analysis). 

(i) 

p[H+] 

(ii) (iii) 

1.0 1.0 

Fi 

0.8 0.8 

0.6 0.6 

0.4 0.4 

0.2 0.2 

0.0 0.0 
2 4 6 8 10 2 4 6 8 10 

p[H+] p[H+] 

Figure 4.3.4 Distribution diagrams FiC-1og h)B C for rnicromolar concentrations of 4ncat , 

and AI3+ (typical concentrations at the detector in FIA analysis). Definitions and 

conditions as for Figure 4.2.4. (i) [4ncat] 25 !lmol L-]; [AI3+] = 5 !lillol L-1, (ii) [4ncat] 

= 25 !lmol L-1; [Al3+] = 10 !lmol L-1 and (iii) [4ncat] = 25 !lillol L-1; [AI3+] = 20 

!lmol L-1. 
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The distribution curves shown in Figure 4.3,4 indicate that the species 

AlL2(OH)2- will fonn in the pH range desired for FIA electroanalysis of Al. Furthermore, 

a significant excess of ligand is required (at ca. pH 9) to avoid the formation of the 

aluminate ion [Al(OH)4-] during analysis. 

The results presented in Figure 4.3.4 are for thermodynamic equilibrium 

conditions. In FIA work (as in most analytical methods) equilibrium is never reached; 

therefore, the analyst cannot be sure whether the secondary species [e.g. AlL2, AlL2(OH) 

or AlL3] have sufficient time to form [Hawke et ai., 1994]. Hawke et ai. investigated the 

metallochromic reagents CAS, ECR and PCV for the kinetic determination of reactive Al. 

These methods involved very short reaction times between the reagent and Al and it was 

observed that, under the time-scale of the studies, Al fonned a 1: 1 complex with PCV (ca. 

pH 6.2). Thermodynanlic calculations indicate (see Figure 4.2,4A) that the dominant 

species forming should be that of AICPCV)z (i.e. a 1:2 complex). 

The problems which chemical kinetics cause in the use of thermodynamic data for 

approximating experimental systems used for analysis is discussed in Chapter 6. 
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5.1 ADSORPTION OF ORGANIC LIGANDS AND METALS AT 
HYDROUS OXIDE SURFACES 

5.1.1 INTRODUCTION.- The potential of naturally occurring surfaces, viz iron 

(hydr)oxides (goethite), aluminium (hydr)oxides (alumina, boehmite, bayerite and 

gibbsite), clays (kaolinite and montmorillonite), in affecting the speciation of metals and 

adsorption of organic ligands has received a considerable amount of interest recently 

[Schindler, 1981; Sigg and Stumm, 1981; McBride, 1982; Davis, 1984; Tipping et al., 

1989; Nilsson et al., 1992; Gutzman and Langford, 1993; Laiti et al., 1995]. In natural 

waters, sediments and soil solution these minerals exist as colloids with large surface area.;; 

on which adsorption (of anions or cations) or complexation (of organic or inorganic 

anions) may occur. Fe and AI oxides are the predominant organic matter adsorbing 

surfaces present in soils and water systems. Si oxides with negatively charged surfaces in 

the pH range of natural waters are usually quite inert towards organics. 

The importance of solid surfaces in the control of coagulation, sedimentation, 

adsorption and other processes has highlighted the need for their inclusion in chemical or 

geochemical models. The properties of mineral surfaces are believed to be controlled by 

the physical and chemical processes occurring at the solidlliquid interface and are critically 

dependent on the coordinative reactions taking place at this interface. 

5.1.2 ADSORPTION OF NATURAL ORGANIC MATTER.- Davis (1981 and 

1982) investigated the adsorption of dissolved natural organic matter (NOM) on several 

hydrous oxides, including 'Y-alumina. Results revealed that under conditions 'typical' for 

natural waters, hydrous oxide surfaces were almost completely covered with organic 

material. Maximum adsorption for alumina was at pH 5, with almost no adsorption at pH 

10. It could be inferred from the results that the major adsorbing species were phenolic or 

other weakly acidic moieties. The importance of molecular weight on surface adsorption 

affinities was investigated by Davis and Gloor (1981). The alumina surface, exposed to 

lake water, exhibited a strong negative charge indicating a high degree of organic 

adsorption. It was found that organic compounds with molecular weight in excess of 

1000 formed strong complexes at the surface of 'Y-alumina, whereas organics with weights 

less than 500 were only weakly adsorbed. The pH-dependent adsorption of humic and 

fulvic acids on Al and Si oxides was investigated by Schulthess and Huang (1991). The 

results indicated that the AI sites present on the AI oxide (O-AI20 3) and kaolinite strongly 
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adsorbed organics. AI sites strongly adsorbed organic matter even at very high pH values, 

while Si sites adsorbed very little above pH 4. 

5.1.3 ADSORPTION OF METALS IN THE PRESENCE OF ORGANICS.- A 

number of researchers have reported studies indicating that ligands bound at oxide 

surfaces can both enhance and inhibit metal adsorption [Davis and Leckie, 1978]. 

Greenland (1971) found that organic matter bound to clays facilitated irreversible 

adsorption for Fe3+ and AI3+. Ca2+ exhibited reversible adsorption under such conditions, 

indicating that metals which can form strong complexes with organic matter are not 

readily desorbed from particle surfaces. The metal ion Cu2+ has been the most 

investigated in regard to adsorption behaviour at organically-coated oxides surfaces. This 

can, in part, be related to its ease of analysis and its affInity for a wide range of naturally 

occurring ligands (i.e. oxygen and nitrogen donors). 

The effect of surface bound organics on the metal uptake at a hydrous oxide 

surface was investigated by Davis and Leckie (1978). An amorphous iron oxide surface 

was subjected to both Cu2+ and several organic ligands including salicylic, protocatechuic 

(PCCA), glutamic, picolinic (2-carboxypyridine) and 2,3-pyrazinedicarboxylic (PDCA) 

acids. Strong adsorption behaviour was exhibited by aromatic compounds with adjacent 

carboxylic or phenolic groups (e.g. PDCA and PCCA). The maximum adsorption of 

picolinic acid was observed to occur at a pH close to the pKa of the carboxylic group, 

while PDCA has a steep desorption edge near pH 6 suggesting that surface complexation 

involves both carboxylic groups. The effects these ligands imparted on Cu adsorption 

differed considerably depending on the functionalities present on each ligand. Cu uptake 

was increased by glutamic acid and PDCA, i. e. these ligands contain sufficient complexing 

functionalities form mixed ligand-surface-metal complexes. Alternatively, picolinic acid 

effectively impaired adsorption by complexation in solution. 

Elliot and Huang (1979) attempted to suggest a mechanism for the combined 

adsorption of Cu2+ and the organic ligands nitrilotriacetic acid (NT A), glycine (Gly) and 

aspartic acid (Asp) on 'Y-alumina. The observed adsorption sequence was CuAsp > 

CuNTA > CuGly. The adsorbing Cu-Asp species, the divalent CuAsP22- entity, was 

perceived as experiencing a greater coulombic attraction for the positive alumina surface 

than the somewhat less adsorbed CuAspO species or the CuNTA- univalent anion. The 

lowest adsorption was exhibited by CuGly + which could be expected to be electrostatically 

repelled from the charged oxide surface. Thus electrostatic interactions appeared to be an 

important adsorption mechanism for the complexed Cu. Optimum adsorption conditions 

were when ligand/Cu was 1.0. Adsorption of Cu species decreased as this ratio was 

increased. This behaviour can be easily attributed to competitive adsorption by the ligand. 

Davis (1984) extended his earlier studies to consider the adsorption of trace 

metals on organically coated oxide surfaces. The complexation of Cu2+ with the adsorbed 
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organic matter was found to be stronger than complexation by the clean oxide (alumina) 

surface while, in contrast, the adsorption of Cd2+ was affected very little by the presence 

of organic material at the surface. The distribution of Cd between the aqueous and surface 

phases appeared to be controlled by surface hydroxyl complexation whereas Cu 

adsorption (and solution speciation) was dominated by organic matter complexation. The 

complexation of Cu could be adequately modelled using apparent stability constants for 

the surface-bound CU-ligand species of similar magnitude to values found for solution 

phase equilibria. 

The interaction of humic substances with Cu2+ at an alumina surface was 

investigated by Oden et al. (1993). The presence of NOM was found to affect the uptake 

of Cu2+ for all organic matter sources studied at pH 6.2 and 7.2 (the two pHs studied). 

The facilitatory or inhibitory effects of the humic materials on Cu transport appeared 

mixed; many binding mechanisms could be implied from the results. 

These results highlight the importance of considering colloidal particles as coated 

with natural organic compounds rather than clean oxide surfaces when considering the fate 

(distribution) of metals. AIso from this research it appears that the presence of large 

quantities of organic adsorbents on hydrous oxide surfaces could considerably mask the 

properties of the underlying solid, thus raising the question of 'whether adsorption models 

based on clean oxide surfaces are useful for a description of natural systems'. An 

understanding of the surface complexation behaviour of these complex systems cannot, 

however, be developed without a sound knowledge of the behaviour of the underlying 

systems. Therefore, in order to understand the properties of naturally occurring oxide 

surfaces, i.e. those covered with NOM, it is beneficial that models are initially developed 

for these surfaces in the absence of NOM. 

5.1.4 MECHANISMS O:F ADSORPTION OF LIGANDS ON HYDROUS OXIDE 

SURF ACES.- Robarge and Corey (1979) used an AI-saturated ion exchange resin to 

investigate the adsorption of phosphate by hydroxy-aluminium species. The AI-saturated 

resin was subjected to alkali to create a hydroxylated surface and the adsorption of 

phosphate was studied at low ionic strengths. Results indicated that the hydroxy-AI 

species were the primary phosphate adsorbing species. Maximum phosphate adsorption 

corresponded to the point where the amount of adsorbing surface was high and 

competition from hydroxyl ions for adsorption sites was minimal. 

Of a large range of low molecular weight organic ligands, aromatic acids with 

functional groups in the ortho position (in particular carboxylic and hydroxy substituents) 

have been found to adsorb most strongly at oxide surfaces. Kummert and Stumm (1980) 

investigated the adsorption behaviour of the aromatic acids, benzoic, phthalic and salicylic 

acid, and catechol on the surface of 'Y-AI203 using both adsorption and potentiometric 

titration curves. Complex formation was interpreted in terms of the fOlmation of 1: 1 
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complexes between a surface hydroxy group (=AlOH) and a single phenolic or carboxylic 

group (loss of H20). At higher pH values bidentate species were postulated to be formed 

with a single AI on the surface. Inner sphere complexes were indicated to foml in each 

case. In studies of the adsorption of catechol on gibbsite, boehmite and noncrystalline 

alumina [McBride, 1988], adsorption was attributed to =AIOH groups situated on edge 

sites. Conflicting with the model proposed by Kummert and Stumm, a 1: 1 binuclear 

complex was depicted as forming at these edge sites. Evidence of this behaviour was 

derived from both competitive studies with phosphate and acetate and from the nature of 

the infrared spectra of surface bound species at pH 7. Only phosphate was found to 

compete effectively with catechol for adsorption sites. 

Much work has been undertaken towards identifying the parameters of greatest 

importance (for modelling purposes) in the adsorption mechanisms of oxide surfaces. 

Stone et al. (1993) investigated the effects of pH and ionic strength on the adsorption of a 

series of alcohols and substituted aminophenols on oxide surfaces, including Al20 3. The 

most basic phenol groups (pKa > 9.9) exhibited very low or no adsorption on these 

surfaces; each compound existing as protonated or neutral species at pH values below the 

pHzpc (pH of the zero proton charge, i.e. net charge at the sUlface equals zero). Phenols 

with pKa's substantially less than the pHzpc exhibited adsorption properties which were 

greatest for those surfaces with high surface charge densities (e.g. Al203 which acquires a 

higher positive surface charge than most oxides). They adsorbed strongly at more acidic 

pH values. Non-specific adsorption (arising from long-range electrostatic forces) could 

completely explain the data. Aminophenols and a pyridinemethanol species did not adsorb 

strongly on Al20 3 due to the lower affinity of Al toward nitrogen donor groups. The 

conclusion was drawn that adsorption of organic ligands on such surfaces arises from a 

combination of both long-range electrostatic type interactions and near-range physical and 

chemical interactions. The effects of pH and ionic strength on adsorption processes was 

described as a direct consequence of (i) stoichiometry of surface complex formation, (ii) 

mass balance equations for ligands, protons and surface sites, and (iii) Poisson-Boltzmann 

terms which rclate ion concentrations at the oxide/water interface to concentrations in 

bulk solution. 

The relationship between the amount of adsorption and the isoelectric pH (pHiep) 

for the adsorption of phosphate and arsenate on a variety of hydrous oxide surfaces 

[')'-AI20 3, amorphous AI(OHh, anatase and crystalline Fe(OH)3] was studied by Anderson 

and Malotky (1979). These protolyzable ions are found to adsorb specifically on oxide 

surfaces resulting in a lower pHiep and raised pHzpc' Adsorption is dependent on both 

chemical and electrostatic forces. Anderson and Malotky's studies involved the use of 

linearised isoelectric adsorption isotherms which allowed the calculation of surface 

dissociation constants and hence the ability to model the adsorption-pHiep dependence of 

the systems. It was interpreted from the studies that a suitable model does not require the 
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use of multiple adsorption sites and adsorption potential does not vary with pH. The 

adsorption characteristics of a series of amino polycarboxylic acids on 'Y-Al203 were 

modelled employing hydrogen bond formation as the principle adsorption process (Bowers 

and Huang, 1985). Surface binding energies were in support of such a model, however, 

the correlations between observed and model data were not high. 

Surface complexation of organic ligands is primarily thought to involve the 

formation of inner-sphere complexes between a metal ion at the surface and the adsorbing 

ligand. Studies of the fluorescent complexes formed between aluminium and 8-hydroxy

quinoline-5-sulfonate at the aluminium oxide-water interface (Hering and Stumm, 1991) 

provided strong evidence for such species. Ogawa (1991) used IR spectroscopy to 

investigate the orientation of benzoic acid and terephthalic acid adsorbed on an alumina 

surface. Both acids adsorbed through the carboxylate anion with a vertical conformation 

of the benzene ring relative to the surface plane. Terephthalic acid also adsorbed as a 

dicarboxylate anion in a close-to-horizontal orientation. 

A number of studies have considered the competitive nature of adsorbates on 

aluminium oxide surfaces. The competitive adsorption of phosphate and oxalate anions as 

a function of pH and order of addition was studied by Violante et al. (1991). Both anions 

competed strongly for adsorption sites, decreasing the total adsorption of the other 

respectively. Oxalate dominated adsorption at acid pH values while the ability of 

phosphate to displace oxalate increased with increasing pH. Schulthess and McCarthy 

(1990) investigated the competitive effects of carbonate on the adsorption behaviour of 

acetic acid on 'Y-AI203 over a wide pH range. The observed affinity for adsorption of the 

aqueous ions on AI oxide was OH- > C03
2- > acetate (AcO-) > cr. This indicated the 

importance of controlling the concentrations of such ions in adsorption studies. 

Thomas et al. (1989a) investigated the importance of alumina porosity on the 

adsorption mechanisms of polar molecules. Two aluminas of similar surface area and 

electrical properties, but with differing textural properties (pore size/area) were studied in 

conjunction with two surfactants. The studies revealed, as expected, that the pore walls 

bear the most reactive sites and that the more porous of the two aluminas was the most 

reactive. The most reactive surface sites were interpreted to be the =AlOH2 + sites which 

would be situated at surface edges and on pore walls; adsorption on the external surface 

would begin only once these sites had been filled (i. e. at high ligand concentrations). The 

possibility of surface complexation reactions, specific adsorption involving hydrogen 

bonding and ion exchange were each hypothesised as explanations for increased 

adsorption with increasing pH. All of these mechanisms were considered plausible for 

adsorption on external surface sites. The structure of the adsorbed layer was found to be 

independent of alumina porosity. These studies were followed by adsorption experiments 

involving salicylate and the above alumina materials [Thomas et al., 1989b]. Adsorption 
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was greatest on the more porous alumina material and the same mechanisms for 

adsorption were considered most important. 

The processes of dissolution and precipitation of mineral phases is also influenced 

by complexation reactions occurring at the surfaces of minerals. The influence of ligands 

on dissolution processes, e.g. ligand-promoted dissolution, has been investigated [Furrer 

and Stumm, 1983 and 1986]. 

The mechanisms involved in the adsorption of ligands and metals at the surface of 

mineral oxides are now becoming better understood. Much of the current research is now 

being directed towards the modelling of these processes. The topic of 'adsorption 

mechanisms in aquatic surface chemistry' has been the subject of a number of good 

reviews or book topics [Stumm, 1986; Westall, 1987; Schindler, 1990; Stone, 1991; 

Schindler and Sposito, 1991]. 

SURFACE COMPLEXATION MODELS.- A large number of surface 

complexation models have been developed in recent decades [Sposito, 1983; Schindler 

and Stumm, 1987; Davis and Kent, 1990]. The more common of these include the 

constant capacitance model [Schindler and Gamsjager, 1972; Hohl and Stumm, 1976; 

Schindler, 1981], the diffuse layer model [Stumm et ai., 1970; Huang and Stumm, 1973], 

and the triple layer model [Stern, 1924; Davis et ai., 1978]. These models have been 

addressed in Chapter 2 (2.2). The fundamental concepts underlying each of these models 

are essentially the same, however differences exist in the manner by which the surface 

charge and potential of the interfacial region is described. In each model surface 

adsorption takes place at a finite number of specific coordination sites; mass balance 

equations are used to describe the surface adsorption reactions; and interactions at the 

surface result in a series of surface charges and potentials. Each of these models can 

adequately describe the surface reactions of aluminium oxides sufficiently well (Westall 

and Hohl, 1980). 

The assumption is made in most surface models that a proton becomes 

progressively more difficult to remove with each incremental removal of protons. The 

idea is taken into account by the introduction of an exponential term into the model 

equations which assumes that the surface charge causes a change in reactivity between the 

ions at the surface and in the bulk solution, which is described by a Boltzmann distribution. 

The resulting constants determined for these models are conditional constants and must be 

corrected for the coulombic energy of the surface charge to obtain the corresponding 

'intrinsic constants' [see Chapter 2 (2.2.3)]. Sposito (1983) observed that 'these surface 

complexation models are too successful'. From the large number of models it is 'very 

difficult to choose which model is more realistic, or establish why the Boltzmann 

distribution correction term is necessary'. 
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Schulthess and Sparks (1987) described a two site model for aluminium oxide 

which considered the effects of competitive pH- and salt-dependent reactions. The model 

successfully accounted for the proton isotherm behaviour of the aluminium oxide surface 

with mass balance equations, while the use of intrinsic equilibrium constants and 

exponential terms was avoided. Despite the success of the model derived by Schulthess 

and Sparks, the three 'commonly used models' mentioned above [discussed in Chapter 2 

(2.2.2)] have been very successful in explaining the adsorption behaviour of many metals 

and ligands at a variety of naturally occurring surfaces. 

The model used in the present study (the constant capacitance model) has been 

successfully used in treating the adsorption behaviour of metals and ligands at the surfaces 

of goethite [Lovgren, 1990; Nilsson, 1992; Nilsson, 1995]; 'V-alumina [Laiti et ai., 1995]; 

boehmite [Laiti and Ohman, unpub.] and zinc- and lead-sulfides [Ronngren et ai., 1991; 

Sun et al., 1991; Ronngren, 1992]. 

5.2 THE ADSORPTION BEHAVIOUR OF PYROCATECHOL 
VIOLET ON THE SURFACE OF BOEHMITE [a-AIO(OH)] 

5.2.1 INTRODUCTION.- Colloids in natural waters, sediments and soil solution 

represent large surface areas on which adsorption (of anions or cations) or complexation 

(of organic or inorganic anions) may occur. These surfaces carry a significant proportion 

of the humic substances 'dissolved' in natural waters and thus could control the availability 

ofligands that mask Al toxicity. 

This thesis is concerned with the determination of AI in natural waters and soil 

solutions. As discussed in Chapter 1 (1.3), the most common methods for performing 

these analyses involve the use of a reagent (e.g. metallochromic or redox-active ligands) 

that will complex AI. The surfaces present in natural waters have the potential to complex 

these reagents and interfere in AI determinations. In particular, any variety of aluminium 

oxide (or iron oxide) is likely to adsorb reagents suitable for Al complexation. 

Furthermore, possible ternary complexes (e.g. surface-ligand-metal) may form or the 

surfaces may undergo ligand-promoted dissolution (which in the case of aluminium oxides 

will result in an over-estimation of measured AI). 

In terms of stoichiometry, there is only one form of aluminium oxide, namely, 

alumina (AI20 3). However, large varieties of polymorphs, hydrated species, etc exist 

depending on formation conditions [Cotton and Wilkinson, 1988; Fredrikson, 1993]. Two 

forms of anhydrous Al20 3 exist, a-AI20 3 and 'Y-AI203, differing in the packing of the AI 

and oxide ions. a-AI20 3 occurs in nature as the mineral corundum; it is stable at high 

temperatures and is prepared by heating any hydrous oxide above 1000 0c. 'Y-AI203 is 

obtained by dehydration of hydrous oxides at low temperatures (~450 °C). In contrast to 
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'Y-Al203 which readily takes up water and dissolves in acids, a-A120 3 is very hard and 

resistant to hydration and attack by acids. Alumina also exists in several important 

hydrated forms corresponding to the stoichiometries AlO(OH) (boehmite and diaspore) 

and AI(OHh (gibbsite and bayerite). 

The phase chosen for the present studies, boehmite [a-AlO(OH)], has been found 

to be relatively stable under the conditions chosen for this work [Laiti and Ohman, 

unpub.]. Unlike other alumina materials, e.g. 'Y-alurnina, boehmite does not undergo 

rearrangements on contact with water [Laiti and Ohman, unpub.]. The material also 

reaches equilibrium quickly in 0.10 mol L-1 medium, thus enabling immediate titration. 

In the present study the adsorption behaviour of the metallochromic indicator 

pyrocatechol violet, H4L (Figure 5.2.2), on the surface of the aluminium-oxide hydroxide 

boehmite [a-AIO(OH)] has been investigated. The interaction of boehmite with organic 

ligands has been reported from a limited number of studies [McBride and Wesselink, 

1988; Madsen and Blokhus, 1994; Laiti and Ohman, unpub.]. The interaction of PCV 

with aluminium minerals is of interest due to its common use in spectrophotometric 

analysis of Al in natural waters and soil extracts [Kerven et aI, 1989]. 

The concept of treating surface complexation as thermodynamic equilibria in the 

same manner as solution equilibria is new to the scientific arena. In this approach a 

hydrous oxide surface is regarded as a polyelectrolyte consisting of amphoteric functional 

groups which are capable of forming complexes. In this work, the experimental data for 

surface complexation were evaluated on the basis of the electrostatic constant capacitance 

model [Schindler and Gamsjager, 1972]. The model is based on a linear relationship 

between the charge at the inner Helmholtz plane, representing the specifically adsorbed 

ions, and the surface potential. This model was chosen for these studies due to its 

simplicity. The assumptions and numeric analysis regarding this model are discussed in 

Chapter 2 (2.2.3). The acidity constants of the surface hydroxy groups at the boehmite

solution interface were evaluated as a prerequisite to studying the ligand adsorption 

behaviour. This work was performed at Umea University, Sweden. 
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5.2.2 EXPERIMENTAL 

(A) Chemicals and Analysis.- All suspensions and solutions were prepared, in a 

laboratory thermostatted at 25.0±0.5 DC, from COTfree, boiled Milli-Q water and all 

working solutions were prepared in 0.10 mol L-1 K(Cl) (Merck,p.a.; dried at 120 DC). 

(i) Boehmite Suspensions: Finely powdered high purity boehmite, a-Al20 3 monohyd

rate (DISPERAL, Condea Chemie), was used. The surface area was 180 m2 g-l 

according to the BET method. Boehmite suspensions were prepared at least two weeks 

prior to use (equilibration period) as 20.00 g (boehmite) L-1 ionic medium. The total 

surface hydroxyl group, =AlOH, concentration for such a suspension had been determined 

previously as 10.2 mmol L-1 [Laiti and Ohman, unpub.] using the procedure described by 

Hohl and Stumm (1976). The determination involves the measurement of the maximum 

exchange capacity of the =AIOH groups {i.e. [=AlOHhot = [=AlOH2
2+] + [=AIOHJ + 

[=AlO-] } . This is achieved by addition of known amounts of strong acid or base to a 

suspension followed by back titration, analysis of unreacted protons (calculated from 

-log h measurements) and calculation of the surface site concentration. Corrections are 

made for surface dissolution (both in the acidic and alkaline directions) which affects both 

suspension pH and particle concentration. 

(ii) Pyrocatechol Violet Solutions: PCV: 2-[(3,4-dihydroxy-phenyl)(3-hydroxy-4-oxo

cyclohexa-2,5-dien-l-ylidene)methyl]benzene sulfonic acid is depicted in Figure 5.2.2. 

PCV (Merck) solutions were prepared and standardised as described in Chapter 4 

[4.2. 1 (A)]. 

(iii) Standard Alkali (KOH) and Acid (Hel) Solutions: Standard HCl (BDH, AnalaR) 

solutions were prepared and standardised as described in Chapter 3 [3.2.2]. Carbonate

free KOH (Eka Nobel, p.a.) solutions were prepared and standardised according to 

Chapter 3 [3.2.1B]. Dilute (ca. 0.01-0.04 mol L-1) KOH solutions were standardised 

potentiometrically against standard HCl. 

Figure 5.2.2 Pyrocatechol violet (PCV, H4L). 
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(B) Potentiometric Titrations.- The titration set-up and cell arrangement is described 

in Chapter 3 [3.10.1(B)] - 'mineral (hydr)oxide suspension titrations'. The electrode pair 

was calibrated for the measurement of -log h as described in Chapter 3 [3.11.3A(ii)]. The 

free H+ concentration, h, was determined by measuring the e.m.f. of the cell described by 

Equation 2.3.1b (see Chapter 2). 

During titrations of boehmite in the absence of PCV (5.0 :s; -log h :s; 10.0) the 

initial total concentration of boehmite (=AlOH sites), B, was varied between the limits 

0.0015 mol L-1 :s; B :s; 0.0102 mol L- 1. During the three-component titrations (5.0:S; -log h 

:s; 9.0), the ratio between B and the total concentration of PCV, C, was held constant. The 

initial concentrations of B and C were varied within the limits 0.0027 mol L-1 :s; B :s; 

0.0097 mol L-1 and 0.0010 mol L-1 :s; C:s; 0.0049 mol L-t, covering CIB ratios in the 

range 0.10-1.78. 

The conditions defining the establishment of pH eqUilibrium [see 'delay times', 

Chapter 2 (2.3)] were the same for all the titrations. The delay time (30 min) following 

the addition of each aliquot was the same as that between measurements. In both systems 

equilibrium times varied considerably with the value of -log h and were generally shorter at 

lower -log h values. The criterion accepted for stable readings was a drift in the measured 

potential of less than 0.3 mV h-1 (0.005 -log h h-1). Typical equilibration times between 

each addition were 6 h. All titrations typically contained 8-20 datum points. 

The reproducibility and reversibility of equilibria were tested by performing both 

forward (increasing -log h) and backward (decreasing -log h) titrations. 

(C) Batch 'Adsorption' Titrations.- Spectrophotometric batch titrations (PCV 

adsorption) were undertaken to determine the amount of PCV, H3L-(aq)' remaining in 

solution after a period of exposure to a boehmite suspension. Beckman polypropylene 

(AY, 2.5xlO cm) centrifuge tubes (ca. 40 mL) were used for the containment of samples 

throughout the experiments. Oxygen exclusion was achieved using argon gas. A 

Beckman J2-21 centrifuge using a JA-20 rotor running at 16500 rpm (32900 g) for 30 min 

at 25°C was used for centrifugation. The spectrophotometer used for the analysis of PCV 

was a Shimadzu UV-2100 UV-Visible recording spectrophotometer. 

The titrations were carried out by the addition of a desired aliquot of boehmite 

suspension to a centrifuge tube, followed by bubbling with argon gas for at least 20 min. 

Aliquots of ionic medium, PCV and acid or alkali were then added quickly, but with care 

not to create a local excess of acid or alkali which may promote dissolution. The vessel 

was closed (with further care taken to exclude air) and mixing effected immediately. The 

total amounts of these constituents added were such that -log h values of 4.5-9.5 would be 

obtained. Homogeneity of suspensions was maintained by means of an end-to-end 

rotating test tube holder running at approximately 30 rpm. 
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In these experiments B and C were varied within the limits 0.004 mol L- 1 S; B S; 

0.010 mol L-1 and 0.0017 mol L-1 S; C S; 0.0043 mol L-l, covering CIB ratios in the range 

0.21-1.06. After a period of 72 h equilibration the test suspensions were centrifuged and 

an aliquot of the supernatant was removed and acidified to -log h = 3.5. The 

concentration of PCV was then analysed via the spectrophotometric measurement of 

H3L-(aq) at 442 nm (£ = 1.50x104). 

(D) Spectrophotometric Studies.- The adsorption of PCV at micromolar 

concentrations on boehmite (at concentrations typical of a natural water) was investigated. 

These studies were performed in the same manner as the spectrophotometric 'batch 

adsorption titrations' described above [5.2.2(C)]; however the work was performed in a 

different laboratory and without the care of temperature control or an inert atmosphere. 

Becton Dickinson Labware polypropylene (FALCON® 2070, 2.5x10 cm) 

centrifuge tubes (50 rnL) were used for the containment of samples throughout the 

experiments. A BTL bench centrifuge running at a speed of ca. 4000 rpm for 20 min at 

room temperature was used for centrifuging. The spectrophotometer used for the analysis 

of PCV was a Hewlett Packard 8452A diode array spectrophotometer. 

The titrations were carried out by the addition of a desired aliquot of boehmite 

suspension to a centrifuge tube, followed by aliquots of buffered ionic medium and PCV. 

The ionic medium was 0.05 mol L-1 MES (Calbiochem) buffer/0.05 mol L-1 KCI (BDH, 

AnalaR) at pH = 6.1. The boehmite stock solution was prepared as described above 

[5.2.2(A)] as 5.0 g L-1 (2.56 mmol L-1 total surface hydroxyl group, =:AIOH, 

concentration) and allowed to equilibrate for two weeks. A 5 mmol L-1 PCV (Koch

Light) stock solution was used. Homogeneity of suspensions was maintained by means of 

an end-to-end rotating device running at approximately 20 rpm. NOTE: This rotation 

device was not as efficient as the end-to-end rotator used in the 'batch titrations' above 

[5.2.2(C)] and boehmite was observed to stick to the tube walls. 

In these experiments the total concentration of PCV (C) was 20 !-lmol L-1 and the 

total concentration of boehmite (B) was varied within the range B = 0-100 mg L-1 (0-51 

!-lmol C 1 total surface hydroxyl group, =AIOH, concentration). After a period of 72 h 

equilibration the test suspensions were centrifuged and an aliquot of the supernatant was 

removed and acidified to -log h = 3.5. The concentration of PCV was then analysed via 

the spectrophotometric measurement of H3L-(aq) at 442 nm (8 = 1.50x104). 

(E) Aluminium Analysis.- The concentration of Al3+ at equilibrium in batch titrations 

was analysed to ascertain the extent of surface dissolution. A Perkin-Elmer Zeemanl3030 

atomic absorption spectrometer (ETAAS) was used. HN03 was used to minimise 

interference from the chloride medium. From batch titrations a total of 23 samples in the 
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range S.O s -log h :::; 9.S were analysed. Two potentiometric titrations, taken to -log h > 

8.S, were sampled (at completion) and analysed. 

(F) DRIFT Spectroscopy.- Diffuse reflectance infrared spectra were collected to 

provide structural information relating to possible surface bound species. The spectra 

were obtained using a Bruker 113 IFS FTIR spectrometer equipped with a diffuse 

reflectance unit (Harrick Scientific Corp.) and a DTGS detector. The compartment was 

purged with nitrogen for 30 min before collecting spectra. KEr was used as the non

absorbing matrix and background. Spectra were obtained from a mixture of 10 mg of the 

sample and 0.5 g KEr and were recorded by averaging 2048 scans at a resolution of 4 

cm- i . Spectra were recorded for centrifuge residues from several batch titration samples 

covering the range S.5 s -log h s 8.0. Prior to analysis residue samples were allowed to 

dry slowly under Ar. In order to subtract out the effects of the 'clean' boehmite surface 

and free PC V, the spectra of pure boehmite and PCV solids were also obtained. 

5.2.3 DATA TREATMENT 

Potentiometry.- The zero proton level defined in these studies treats the hydroxylated 

boehmite surface as =AIOH; it considers the ligand, PCV, as a triprotic species, H3L-, 

because the protonation of the sulfonate group occurs at -log h < 1 [Wakley and Varga, 

1972]. The boehmite surface contains hydroxyl groups that can bind andlor release 

protons and can also take part in complexation reactions with metal ions and ligands. 

The equilibria involving H+, =AIOH and PCV, can be expressed by the general 

equation: 

H (=A10H) (H L-) (p-r)+ p - q 3 r ~p,q,r (S.2.3a) 

The equilibria in the two 2-component systems, H+-(=A10H) and H+-H3L-, can 

be expressed using the simplified equations (S.2.3b) and (S.2.3c) respectively: 

pH+ +=A10H 

H L (p-r)+ 
3r+p r 

~p,l,O (S.2.3b) 

Pp,O,r (S.2.3c) 

It should be noted that Pp,q,r and ~p,l,O are conditional constants and thus must 

be corrected for the coulombic energy of the charged surface to obtain the corresponding 

intrinsic constants. This data treatment and the derivation of the corresponding mass 

balance expressions is discussed in Chapter 2 (2.2.3). 
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In the calculations the least-squares computer program LAKE (capable of 

treating multi-method data) [Ingri et al., 1996] was used in combination with the 

modelling program SOLGASW ATER [Eriksson, 1979] modified to treat surface 

complexation using the constant capacitance model. These calculations involved 

evaluating the mass balance equations [see Chapter 2 (2.2.3)] and were performed in an 

iterative procedure for the two data sets (potentiometric and batch data respectively). For 

LAKE calculations the best model was the one which gives the lowest error squares sum 

UZB = [(Hcalc-Hexp)lBf LAKE computations were performed using a Sun SPARC 

station. 

5.2.4 DATA, CALCULATIONS AND RESULTS.- The present investigation was 

divided into two parts. The first involved the determination of the acidlbase properties of 

the boehmite surface, as described by equations (S.2.4a) and (S.2.4b); in the second series 

of experiments the adsorption behaviour of PCV at the boehmite-medium interface was 

investigated. The initial investigation was performed as a series of potentiometric 

titrations, whereas in the 3-component ~ystem both potentiometric and spectrophotometric 

batch titrations were performed. The equilibrium constants describing the acidlbase 

reactions of PCV, (S.2.4c) and (S.2.4d), were taken from Table 4.2.3 (Chapter 4). 

=AlOH+H+ =AlOH2+ log ~ l,l,O(inl) (5.2.4a) 

=AlOH =AlO- +H+ log P-J,l,O(int) (5.2.4b) 

H3L- H2L2- +H+ 10g~_lOl , , = -7.71 (5.2.4c) 

H3L- HL3- + 2H+ log ~-2,O.l = -17.49 (5.2.4d) 

(A) The 2-Component System.- H+ -{Boehmite} 

The acidlbase hydrolysis reactions of the boehmite surface were studied in 5 

potentiometric titrations (43 datum points) in the range 5.0 :s; -log h :s; 10.0. These data 

are shown in Figure 5.2.4A, where ZB represents the average number of H+ reacted per 

.=AlOH group, ZB(-log h) = (H-h+kwh-1)1B. The reversibility was tested in three of these 

titrations. The system was found to be completely reversible when titrations were 

reversed prior to reaching -log h values at which sUliace dissolution was likely to occur. 

Surface dissolution was negligible over this -log h range (5.0 :s; -log h :s; 9.0) and during 

the time scale of these experiments. The constants evaluated, log P l,l,O(int) and 

log ~-l,l,O(int)' and the capacitance, c, are given in Table 5.2.4A. These values are in 

excellent agreement with those obtained by Laid and Ohman (unpub.). 
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Table 5.2.4A 

Species p,q,r 

(1,1,0) 

(-1,1,0) 

SURFACE COMPLEXATION 

log (~p,q,r(int) ±3cr) 

7,46 ± 0.04 

-9.87 ± 0.12 

specific capacitance 1.002 ± 0.028 F m-2 

aLaiti and Ohman, (unpub.). 
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Figure 5.2,4A Experimental data from titrations of boehmite in 0.10 mol L-1 K(CI) 

plotted as ZB versus -log h curves. ZB is defined as the average number of protons 

reacted per =AIOH. The symbols, ftlled and open, represent forward (increasing -log h) 

and backward (deceasing -log h) titrations respectively. The line was calculated using the 

proposed model. 

(B) The 3-Component System.- H+ -{Boehmite }-PCV 

The results for the 3-component system are illustrated in Figures 5.2,4B and 

5.2,4C. In Figure 5.2,4B, ZB' the average number of H+ reacted per surface site, 

{: ~g~}, has been plotted [ZB(-log h) (H-h+kwh-1)IB]. The fraction of PCV 
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adsorbed, (Xi [i = L(HnL
n-4)ads], versus -log h is plotted in Figure 5.2.4C. From these 

Figures it is clear that PCV is adsorbed to the boehmite surface. Preliminary calculations 

also showed that the proton effects caused by this adsorption are quite small. Regarding 

these observations, it is apparent that significant information on possible surface 

complexation reactions will be derived from the adsorption data. 

0.5 

-1.5 

-3.5 * 

* * 
-5.5 

* * * * * 

-7.5 1...--,---'--1..--1._1--...1..--1--1............1._'---'---'--1..--1."'-';'1.--....1 

5 6 7 8 -log h 9 

Figure 5.2.4B Part of the experimental data plotted as ZB curves where ZB is the average 

number of protons reacted per {: ~g~}. Both forward (increasing -log h) and 

backward (deceasing -log h) titrations are shown as described for Figure 5.2.4A. The 

lines were calculated using the proposed model. The quotient [PCVhotf[ {: ~g~ }]tot 

o (e), 0.20 (II), 0.44 C+), 0.64 (*), 0.84 (+), 1.40 (A), 1.68 (*) and 3.56(*). 

The evaluation of the model for the 3-component system involved testing of 

single complexes and combinations of complexes with different compositions. 

Monodentate, bidentate and bridging complexes were tested. Initial calculations indicated 

that mononuclear complexes could not provide an adequate fit to experimental data. Any 

combination of mononuclear species that provided even a crude fit to adsorption data 

resulted in very large proton effects. 
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Figure S.2.4C Adsorption curves, fij vs -log h, for PCY at the boehmite surface. fij 

represents the ratio between surface bound PCY, L= ~g~ }PCY, and aqueous PCY, 

L HnL n-4 (n=1-4). The solid lines were calculated using the proposed model (final 

model). The dashed lines were calculated using a 'single species' model (see 'Model 

evaluation' later in this Section). The quotient [PCY]tol[ { ~g~} ] tot = 0042 0.84 

c+), 1.25 

For batch titrations carried out with an excess of PCY to surface hydroxyl groups 

{i.e. [PCY]/[aAIOH] > I}, information can be derived relating to the stoichiometry of 

surface complexes forming. In Figure 5.2AD, a plot of the fraction of PCV adsorbed 

multiplied by the ratio [PCV]/[aAIOH] versus -log h is shown. From this graph it is 

apparent that the surface complexes forming will have stoichiometries (PCV/aAIOH) less 

than 1 (and most likely 0.5). Further calculations indicated that the dominating species 

would be binuclear, i.e. the PCV molecule bridging two metal centres. 
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Figure S.2.4D A plot of the fraction of PCV adsorbed multiplied by the ratio 

[PCV]/[=AlOH], Fb versus -log h. The symbols represent the corresponding data shown 

in Figure S.2.4C. The dashed line represents the data trend. 

As a result of these observations, the zero proton level was redefined to treat a 

f . {= AlOH} H {= AlOH} d . b' I b' din . h sur ace site as = AlOH' ere == AlOH eSlgnates a muc ear m g SIte were 

the adjacent hydroxy groups are identical and dependent. The total concentration of 

{:~g~} sites, B', is half the total surface hydroxy concentration, i.e. S.l mmol L-1 in 

stock suspensions. New expressions for the general 2-component, W -{== :*lg~ }, 
and 3-component, H+ -{: 1ig~ } -PCV, equilibria are: 

+ {=AlOH} 
pH + ==AlOH 

H {=AlOH }p+ 
p ==AlOH 

H { AlOH} (H L-) (p-r)+ 
p AlOH q 3 r 

~p,1(2),O (S.2.4e) 

~p,q(2),r (S.2.4f) 
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where q(2) specifies bidentate { ~g~} sites. The basis for the revised treatment of 

the 2-component and 3-component systems and their corresponding equilibrium constants 

is explored in the Discussion. 

Complexation in the H+-{:~g~ }-PCV system was studied in 10 

potentiometric titrations (143 data points) in the range 5.0 :::; -log h :::; 9.0 (0.20 :::; CIB' :::; 

3.56) and 5 batch titrations (27 data points) in the range 5.0 :::; -log h :::; 8.5 (0.42:::; CIE' :::; 

2.10). An upper -log h value of 8.0 was used if the titration was to be reversed. The 

dissolution of the surface at -log h > 8.5 was found to be greater in the presence of PCV 

than in its absence. In batch titrations the -log h range was restricted by oxidation of the 

ligand (oxygen could not be excluded as thoroughly as in the potentiometric titrations). 

The complexation reactions were found to be quite reversible at CIB' ratios less than 1.68 

(as evident in Figure 5.2.4B); the reversibility was not tested at ratios greater than this. 

Only with an excess of surface sites (B'IC?:: 2) was all PCV adsorbed from solution. As a 

result of the weak adsorption behaviour it was not possible to perform experiments 

whereby complete surface saturation w.as reached. Such experiments are often important 

in determining the stoichiometry of adsorption processes. 

Model Evaluation: The evaluation of the model was performed as a series of iterative 

calculations utilising both the least-squares program LAKE and the modelling program 

SOLGASW ATER. Based on potentiometric data only, a series of single species models 

were evaluated. Each of these adequately explained the potentiometric data, however, for 

most of them very poor fits to adsorption data were obtained. Of these models the best 

description of both potentiometric and batch titration data involved the formation of the 

species with stoichiometry [-1,1(2),1], log ~-1,1(2),1(int) = 1.52. The fit of this species to 

the batch titration data is indicated in Figure 5.2.4C (dashed line). No other single-species 

model calculated, based on either data set, could provide a better fit to the batch titration 

data without resulting in a very unsatisfactory fit to potentiometric data. 

Systematically testing of p,q,r-combinations for the equilibria described in 

Equation 5.2.4f was undertaken to investigate combinations of complexes that could 

better explain the data. These calculations revealed that the dominating species in the 

equilibria would have the stoichiometry [-1,1(2),1] but a secondary species was needed to 

improve the fit to the batch titration data. The inclusion of the species [0,1(2),1] into the 

model improved the fit to adsorption data {in combination with the species [-1,1(2),J]}, 

however, a much greater improvement of fit was obtained by including the species 

[1,1(2),1] into the model. The species [+2,1(2),1] and [-2,1(2),1] were also tested. The 

possibility of including all three species {[-1,1(2),J], [0,1(2),1] and [l,J(2),1]} was 

considered. However, there was insufficient data to fit these three species accurately and 
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the fit, in comparison to the model with just two species {[-1,1(2),1] and [i,1(2),1]}, 

could not be improved. 

The fmal model contained two species: [1,1(2),1], log ~1,1(2),J(int) = 12.50±0.25 

and [-1,1(2),1], log ~-1,1(2),J(int) = 2.75±O.20. The errors given here are based upon a 

visual inspection (sensitivity analysis) of the fit to the experimental data. At no stage 

during the calculations was any attempt made to adjust the acid/base equilibrium constants 

or the specific capacitance for the boehmite surface. The final constants are given in Table 

5 2 4B al . h h 'd ( AlOR}')'d/b 'l'b . . . ong WIt t e reVIse AlOR SIte aC1 ase eqU11 flum constants. 

Distribution diagrams for the batch titrations are presented in Figure 5.2.4E. 

Table S.2.4B 

p,q,r 

[1,1(2),1] 

[-1,1(2),1] 

[-2,1(2),0] 

[-1,1(2),0] 

[1,1(2),0] 

[2,1(2),0] 

.. log (~p,q(2),r(int) ±3cr) 

12.50±0.25 

2.75±0.20 

-19.74 

-9.57 

7.76 

14.92 

specific capacitance 1.002 ± 0.028 F m-2 

Proposed formula 
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Figure 5.2.4E Distribution diagrams for the batch adsorption titrations with 

[PCV]tot"[{= ~g~ }Jtot = (i) 0.42, (ii) 0.84, (iii) 1.25, and (iv) 2.10. ui defined in 

Figure 5.2.4C. The solid lines denote the species forming, the symbols represent 

experimental data and the dashed line was calcu1ated using the proposed modeL 
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The DRIFT spectra are shown in Figure 5.2.4F. Although precautions were 

taken to prevent degradation of the samples (e.g. oxidation of bound ligand) it was noted 

that for samples prepared at -log h ;:::: 7 spectra were not reproducible after a period of 

exposure to air (:::; 30 min). 

(i ii) 

2000 1500 1000 

Figure 5.2.4F DRIFT spectra for several batch titration residues. The approximate 

-log h for the samples were (i) 5.0, Oi) 5.0, (iii) 6.0, (iv) 7.0 and (v) 8.0. 



Chapter . SURFACE COMPLEXATION 123 

(C) Spectrophotometric Studies.- Typically natural waters contain Fe or AI oxide 

materials at concentrations ca. 10 mg L-1 [Cosby et ai., 1981; Laxen, 1985]. Such 

'surfaces' may adsorb reagents during speciation analyses of these waters. Therefore the 

adsorption of PCV at micromolar concentrations on boehmite (at concentrations typical of 

a natural water) was investigated. Model calculations were made using the computer 

program SOLGASWATER and the experimental model described in Table 5.2.4B to 

predict 'expected' amounts of PCV adsorbed from solutions (PH 6.1) containing varying 

amounts of boehmite. Batch experiments were performed with solutions (suspensions) 

containing 20 !lmol L-1 PCV and varying amounts of the AI-oxide hydroxide boehmite 

(0-100 mg L-1). The results from these studies are shown in Figure 5.2.4G. 

40 • 
F· • • , .. 

30 

'*' '*' 

20 

10 

20 40 60 80 100 
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Figure S.2.4G The adsorption of PCV (20 !lmoIL-1) onto boehmite [0-100 mg L-1 (0-51 

!lmol L-1 total surface hydroxyl group, =sAIOH, concentration)]. Fi represents the percent 

of PCV present as a surface bound species. The solid line denotes the fraction of adsorbed 

PCV, Fi, calculated from the equilibrium model. The differently shaded symbols represent 

different experiments respectively. 

5.2.5 DISCUSSION.- The acidlbase constants and specific capacitance reported for 

boehmite are in excellent agreement with those determined by Laiti and Ohman [Table 

5.2.4A]. In Figure 5.2.5ACi) the distribution diagram is presented for the titration of a 
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10.2 nunol L-1 boehmite [=AIOH] solution. The constant capacitance model appeared 

quite suitable for providing a description of surface equilibria under these conditions. 

During the analysis of the 3-component system initial calculations, performed 

using the equilibrium expressions (S.2.3a) and (S.2.3b), indicated that the dominating 

surface bound species would be binuclear. To avoid problems arising in the mass balance 

equations, the zero proton level was redefined to treat a surface site as {: ~g~ }. In 

this treatment, the 2-component system is described by the formation of the 4 possible 

hydrolysis species: [-2,1(2),0], [-1,1(2),0], [1,1(2),0] and [2,1(2),0], i.e. {: ~g }2-, 
{ AlOH}- {= AlOH 2}+ {= AIOH2 }2+ 

Ala ,~ AlOH and ~ AlOH 2 • The determination of their correspond-

ing equilibrium constants could not be made on such few data over the limited -log h 

range. This calculation wa.;;; made statistically [King, 1965] from the values determined 

earlier (Table 1), giving log ~-2,1(2),O(int) = 19.74, log ~-1,1(2),O(int) = -9.S7, 

log f31,1(2),O(int) = 7.76 and log ~2,1(2),O(int) = 14.92, and stepwise protonation constants, 

log Kn (n=l-4), 10.17, 9.S7, 7.76 and 7.17 respectively. The specific capacitance, c, was 

not changed. In this manner, the formation of binuclear species at the surface could be 

treated correctly. In Figure S.2.SA(ii), the distribution of the acid-base species is 

presented in accord with this newly defined model. Because this is strictly a mathematical 

manipulation, the resulting fit between data and model curves (Uz ) is identical to the 
B 

previous model involving just two species. 

(i) (ii) 
1.0 1.0 -

(Xi 5AIOH (Xi =AIOH 
=AIOH 

0.8 0.8 

5AIOH+ 
0.6 0.6 

0.4 0.4 
= AIOH2+ 
=AIOH 

=AIOH2+ 
aAIO-

0.2 =AIO- 0.2 
=AIOH 2+ 

aAIOH 

0.0 0.0 
4 5 6 7 8 9 4 5 6 7 8 9 

-log h -log h 

Figure S.2.SA Distribution of species for boehmite suspension. (i) [=AlOH] tot = 10.2 

I L-l d (") [{= AlOH }] nuno an II = AlOH tot S.l nunol L-1. (Xi represents the ratio between the 

concentrations of the individual surface species and the total surface concentration. 
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From spectrophotometric measurements of free ligand concentrations, no 

desorption edge was found within the -log h range studied (Figure S.2.4C). The lack of 

either adsorption or desorption edges is consistent with the large -log h range over which 

PCV complexes Al3+ [Chapter 4 (4.2.3)]. The adsorption of PCV is slightly enhanced in 

more alkaline suspensions indicating that the main interaction is not just electrostatic but 

involves surface complexation. 

Over the time scale of batch titrations, PCV considerably enhanced surface 

dissolution at -log h ~ 8.S whereas for -log h values S.0-8.0 surface dissolution was 

negligible. No surface dissolution was observed during potentiometric titrations; this may 

be due to the shorter exposure to high -log h. The dissolution studies of aluminium oxide

C in the presence of 8-hydroxyquinoline-S-sulfonate at pH = 7.6S [Hering and Stumm, 

1991] indicated continuous ligand-promoted dissolution occurred over time periods> 1 h. 

In the present experiments dissolution did not occur as quickly, indicating that the AI-PCV 

surface complexation is weaker or that the interaction of PCV at two surface hydroxy sites 

may inhibit immediate dissolution of individual AI ions. 

In Chapter 4 (Figure4.2.4C) the expected dissolution effect of PCV on the 

naturally occurring aluminium oxide 'gibbsite' was predicted. From these calculations it 

was found that PCV could be expected to increase the dissolution of the oxide over a wide 

-log h range. These calculations did not take surface complexation into account. The 

present study indicated that PCV is adsorbed to the aluminium hydroxide colloids. The 

model developed to describe this adsorption behaviour involved two species [i,1(2),1] and 

[-1,1(2),1] with log Pp,q(2),r(int) := 12.S0±O.2S and 2.7S±O.20 respectively. A calculation, 

using this model, indicated that in the presence of excess PCV, 1 mg L-1 ().lg L-1) of 

boehmite will remove approximately 0.1 mmol ().lmol) PCV from solution. Such 

adsorption could contribute significant errors in the measurement of Al (or other metal 

species) in natural waters or soil solution. It is likely that such problems arise for other 

metallochromic reagents also. 

It is possible to calculate a constant for the first equilibrium occurring in the 

boehmite-PCV system: 

AIOH 2 }+ H .L-
AIOH + 3 log K= 4.76 (S.2.Sa) 

The constant for the surface complexation (S.2.5a) may also be compared with 

values determined for the complexation of phthalate and phenylphosphonate at the 

boehmite-water interface. In the case of phthalate outer sphere complexation has been 

postulated via the reaction: =AIOH2 + + L2- =AIOH2 +L2-, with log K = 1.78 

[Nordin et ai., (unpub.)]. Outer sphere complexation is considerably weaker than inner 
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sphere complexation and this difference is, in part, reflected in the lower log K for this 

reaction. For phenylphosphonic acid, a binuclear binding model is proposed [Laiti and 

Ohman, (unpub.)]. This reaction has a formation constant, log K:::: 9.53 for {=== ~g~ } 
+ H2L {=== ~}L. It is well known that phosphate adsorbs strongly to mineral 

surfaces [Violante et al., (1991); Nilsson et al., (1992)]. The greater strength of binding 

by phenylphosphonic acid to boehmite reflects both of these properties. 

(A) DRIFT Spectra.- Solution complexation studies [Chapter 4 (4.2.3)] indicated that 

the 2-hydroxy-p-quinomethide moiety dominates Al3+ binding at -log h :::;; 4.5 and at higher 

-log h values there is a shift to phenoxide binding (at the 1,2-dihydroxyaryl moiety). The 

DRIFT studies (Figure 5.2.4F) did not aid the modelling process but provided valuable 

information relating to the structure of the species at the surface. The spectra are 

indicative of inner sphere complexes forming. In general the spectra appeared similar and 

mostly independent of -log h. However, the intensity of the absorption band at 1685 cm-1, 

characteristic of v(C=O), increased with increasing -log h. This may indicate that the 2-

hydroxy-p-quinomethide moiety, which contains such a functional group, is becoming less 

surface bound as -log h increases. Catechol, 1,2-dihydroxybenzene, has major absorption 

bands at 1495 and 1255 cm-1 [McBride and Wesselink, 1988]. The decrease in absorption 

near 1495 cm-1 with increasing -log h may indicate that the 1,2-dihydroxyaryl moiety of 

PCV is interacting with the surface and becoming progressively more bound. The DRIFT 

studies indicate that a shift in the binding mode of the surface bound species may occur 

with increasing -log h. 

In an infrared study of catechol adsorption on boehmite [McBride and Wesselink, 

1988] binuclear complexation was invoked. Their studies were in contrast to an earlier 

study of catechol adsorption on "I-alumina [Kummert and Stumm, 1980] where the mode 

of binding was assumed to be via a mononuclear complex. In this work the formation of 

two binuclear complexes provides a good description of the surface adsorption processes 

for PCV at the boehmite-water interface. 

(B) Mechanism of Complexation.- Several structural descriptions of the surface 

bound species are plausible. Although PCV is significantly larger than catechol, it contains 

two metal binding sites (i.e. 2-hydroxy-p-quinomethide and 1,2-dihydroxyaryl moieties). 

The PCV molecule is -1 nm2 (based on the catechol structure) and the distance between 

donor atom pairs - 0.25 nm. The surface area and total surface hydroxyl group 

. f b hmi . I 1 {== AlOH}. -2 B d thi· f . d concentratIOn 0 oe te rrnp y - == AlOH SIte nm. ase on s m ormatIOn an 

the model developed, three possible surface binding modes are apparent. PCV may bind 

via (a) one moiety involving two 'sufficiently close' surface hydroxyl groups [===AlOH], i.e. 

at a {: ~g~ } site, (b) both chelate moieties simultaneously to non-paired (i.e. more 
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widely spaced) surface hydroxy groups or alternatively, (c) one moiety to a mononuclear 

surface site while the dimensions of the molecule and/or weaker interactions from the 

other moiety prevent a second (neighbouring) ==AIOH group from dissociating (in accord 

with the acidlbase properties). 

Studies by Laiti and Ohman (unpub.) indicated that phenylphosphonic acid (PPA) 

is coordinated to one proton active site and 'blocking' the other (possibly hydrogen 

bonding). The two binding moieties of PP A are closer than those in PCV implying that 

the surface hydroxyl groups involved must be closer than that indicated by the surface 

concentration (i.e. the surface hydroxyl groups are not evenly distributed and are more or 

less 'paired', thus forming a bidentate 'site'). Ogawa (1991) studied the adsorption of 

benzoic acid on an alumina surface and concluded that adsorption occurred predominantly 

in the vertical orientation. The structure of PCV would indicate that if it was bound 

vertically then both complexing moieties would not be in a favourable position for strong 

binding. Complexation via the 1,2-dihydroxyaryl moiety, with a second pKa > 12, would 

be unlikely to occur at low -log h values unless orientations were favourable. Therefore, if 

both functionalities are simultaneously involved in surface binding, PCV must interact at a 

shallow angle to the surface so that both moieties are in favourable orientations. The 

DRIFT spectra indicated a shift in binding modes as a function of -log h. If the 2-

hydroxy-p-quinomethide moiety is to be considered as unbound at higher -log h values, as 

a result of increased phenoxide binding, then it is likely that only one binding site of PCV 

is required for complex formation. 

These observations indicate that PCV attaches to the boehmite surface 

predominantly via complexation at one moiety and this complexation involves two ==AlOH 

groups. If the surface hydroxyl groups are not close enough for this interaction then it 

must be invoked that the second ==AlOH group is affected by a mechanism not involving 

direct complexation. A mechanism for the complexation is proposed (Figure 5.2.5B). 

Details regarding the intermediate steps [(b) and (c)] have been discussed previously 

[Chapter 4 (4.2.4)]. The PCV molecules bound at the surface are likely to affect the 

surface potential description provided by the constant capacitance model. Preliminary 

calculations in which the charge on PCV was varied indicated that the negatively charged 

sulfonate group does affect the behaviour of PCV at the surface. PCV (H3L-) was given a 

charge of -1 in the model and the two species, [1,1(2),1] and [-1,1(2),1], have net charges 

of 0 and -2 respectively. 
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Figure S.2.SB Proposed mechanism for pev binding at the boehmite-water intelface. 
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The study of this system involved the use of 3 techniques aimed at providing 

information on solution equilibria and the complexation reactions taking place. A series of 

potentiometric titrations at different ratios of ligand concentration to number of surface 

sites were performed to obtain accurate and detailed information relating to proton 

stoichiometry during possible complexation reactions. Batch titrations, involving the 

equilibration of a boehmite-PCV suspension and subsequent analysis of free PCV and 

AI3+, were performed to provide information on total PCV adsorption and possible 

dissolution effects at the surface. Benefit was gained from combining potentiometric and 

ligand adsorption data into one calculation, with simultaneous minimisation of errors 

(between model and data). It was also important, however, to balance the weighting in 

such a calculation so that data of higher accuracy took preference in the final model 

calculation. 

(C) Spectrophotometric Studies.- The adsorption of PCV at micromolar concen

trations on boehmite (at concentrations typical of a natural water) was investigated. From 

Figure 5.2.4G it is apparent that a major discrepancy exists between the model used in the 

calculations and the experimental conditions. There are, however, several possible sources 

of error that may account for most of this discrepancy. 

The conditions (temperature control, inert atmosphere, pH measurement and 

purity of the components) used in the development of this model were very well 

controlled. In the experiments discussed here the experimental conditions were 'far less 

controlled', i.e. the experimental conditions were designed to imitate the 'average 

experimental conditions' used by an analyst performing AI speciation experiments. 

Temperature control is often not employed by analysts and an inert atmosphere would 

never be considered in Al analysis; pH measurements are typically made using a laboratory 

pH meter (i.e. ±O.l units). 

In these experiments it was observed that boehmite 'stuck' to the walls of the 

centrifuge tubes. If the boehmite became attached to the walls immediately during an 

experiment then this could result in a loss of PCV -adsorbing surface sites and, hence, an 

expected increase in free PCV (aq) relative to model predictions. During the batch 

experiments (used for model development) centrifugation was performed in a temperature 

controlled centrifuge, i.e. the samples did not over-heat during centrifugation. 

Temperature control was not possible in the centrifuge used in the latter experiments 

(discussed here). Samples were noticeably 'warm' when removed from the centrifuge and 

this may have resulted in small sample re-equilibration during centrifugation (20 min). No 

temperature control (room temperature ca. 16-18 DC) was used throughout the adsorption 

period (72 h). 

Possibly the most important source of error in the design of these experiments 

may have been the use of a buffer. Schulthess and McCarthy (1990) highlighted the 
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importance of controlling the concentrations of electrolyte ions in adsorption studies. 

These studies investigated the competitive nature of carbonate and acetic acid for 

adsorption sites on "{-Al20 3 over a wide pH range. In the present studies, the system used 

during model development contained only the components: H+-boehmite-PCV-K+-Cl-'. 

However, during the experiments discussed here, a buffer was necessary for maintaining 

the pH of each batch at pH ::: 6.1. The bufler used was 0.05 mol L-1 MES 

[2-(N-morpholino)ethanesulfonic acid]; this 'ligand' has a pKa of 6.1 (25°C). At pH 6.1 

the boehmite surface can be expected to be predominantly positively charged; this may be 

sufficient to electrostatically attract the negatively charged buffer, {C6H12NO}-S03-, ions 

(approximately 50 % of the MES) and result in some blocking of surface sites. Although 

electrostatic adsorption of sulfate complexes is likely to be very weak, the great excess of 

the buffer over PCV (0.05 mol L-1 MES vs 20 ~mol L-1 PCV) makes this the best 

explanation for the discrepancies observed in Figure 5.2.4G. 

From Figure 5.2.4G it is clear that PCV will be adsorbed by oxide particles at 

concentrations typical of natural waters. For a 20 ~mol L-1 pev solutions approximately 

5 % could be expected to become adsorbed by oxide particles at 10 mg L-1. The results 

also highlight the difficulties in quantitatively predicting surface adsorption from model 

systems developed using 'clean systems', i.e. only small differences between the system the 

model was developed for and the 'new' experimental conditions may result in predictions 

becoming quite 'unsatisfactory'. 
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CHAPTER 6 

COMPARISON OF CHROMOPHORES AND REACTION KINETICS 
IN COMPETITIVE' REAGENT-AI-LIGAND' SYSTEMS 

This chapter describes the evaluation of interferences for three metallochromic 

reagents (using computer modelling) and the effects of complexation kinetics on the 

determination of 'labile' Al in the presence of two Al complexing ligands. It is divided into 

2 parts. 

SECTION A: A comparison of the chromophores chrome azurol S (CAS), 

eriochrome cyanine R (ECR) and pyrocatechol violet (PCV) for the determination of Al 

was made. These studies were performed using computer modelling calculations. The pH 

and mass action effects were calculated for the representative 'interferents' citrate, oxalate, 

salicylate and fluoride. 

SECTION B: The effects of complexation kinetics on the use of PCV for the 

determination of 'labile' Al in the comp~titive systems: 'PCV-Al3+-citrate' and 'PCV-AI3+

oxalate' was investigated. These studies also validate the' H+ _Al3+ -pyrocatechol violet' 

equilibrium data (presented in Chapter 4) for typical analytical conditions. 

SECTION A: COMPARISON OF CHROMOPHORES 

CAS/ECR/PCV 

6.1 INTRODUCTION 

The interest in reagents with the ability to determine (i) 'total Al' and (ii) 'free or 

labile Al' has increased considerably in recent years. In the first of these determinations, 

'total Al' should represent the total aqueous AI concentration of an analyte solution. In 

contrast, a determination of 'free or labile Al' should measure only the fraction of Al that is 

free or weakly bound (hence labile). This fraction typically comprises the hexaaquo Al ion 

Al(H20)63+, monomeric AI-hydroxy species, inorganic Al-ligand complexes (AIX, e.g. X 

F, P04
3-, S042-), or labile AI-organic complexes (AlL, e.g. L = phthalate, salicylate). 

Techniques for the determination of 'total Al' are often more accurate than those 

for the determination of 'free or labile Al' and do not involve the operational defInitions 

fundamental to the latter. Techniques applicable to the determination of 'free or labile Al' 

(the Al of greatest environmental concern) have been discussed in Chapter 1 (1.3). 

Common to both of these methods is the used of a reagent (R) that will form a strong 

complex, Al-R, and exhibit desirable properties (e.g. spectrophotometric, electrochemical) 



CHAPTER 6: COMPARISON OF CHROMOPHORES 132 

that allow its accurate measurement. Spectrophotometric analyses have been the most 

utilised [R¢yset, 1985; Hawke and Powell, 1994; Hodges, 1987]. 

As discussed in Chapter 4 (4.2) numerous chromogenic reagents have been 

investigated for the spectrophotometric or PIA-spectrophotometric analysis of AI in 

environmental systems, e.g. pyrocatechol violet (PCY), chrome azurol S (CAS), 

eriochrome cyanine R (ECR) , 8-hydroxyquinoline (oxine), ferron and aluminon. The 

characteristics of each of these reagents (e.g. optimum pH, "'max and molar extinction 

coefficient, 8, for the AI-reagent complex) differ significantly. Likewise, the functional 

groups involved in AI complexation, the thermodynamic stability and the stoichiometry of 

the resulting AI-reagent complex differ for each of these reagents. The particular 

characteristics of the reagent and the AI-reagent complex affect the method's sensitivity. 

Furthermore, these characteristics affect the degree to which other AI-complexing ligands 

may interfere in Al determinations. 

A number of researchers have compared chromogenic reagents and discussed 

their applicability to the determination of AI in natural waters [R¢yset, 1985; R¢yset and 

Sullivan, 1986; Hodges, 1987; Lewis 'et aI., 1988; Hawke and Powell, 1994] or in the 

assay of phytotoxic aluminium [Wright et aI., 1987; Noble et aI., 1988; Parker et al., 

1988; AIva et aI., 1989]. 

Determining Aluminium in Natural Waters: R¢yset (1985) compared the reagents 

PCV, aluminon, ECR and ECRJCTA (cetyltrimethylammonium bromide) for the PIA

spectrophotometric determination of Al in water. The most sensitive of these methods 

was the ECRfCTA technique [detection limit (D.L.) == 1 Ilg AI L-1], compared with a D.L. 

of 5 Ilg AI 1 for the PCV and ECR techniques. The potential interferents fluoride, 

phosphate and iron were investigated and tolerance levels discussed. Pe interferences 

could be masked in all methods by using suitable reagents (e.g. hydroxyl ammonium 

chloridell,lO-phenanthroline or ascorbic acid). Phosphate interferences were negligible at 

P04
3- concentrations typical of natural waters. Fluoride, however, exhibited significant 

interference in all methods, particularly for the ECRJCTA and aluminon methods. The 

PCV and ECR methods were not significantly affected by fluoride at concentrations below 

0.5 mg L-1 (typical of natural waters). 

The potential interference from dissolved humic substances on PCV, ECR and 

oxine methods was investigated by R¢yset and Sullivan (1986). These organic acids form 

stable complexes with AI and will potentially result in underestimations of both total 

monomeric and nonlabile monomeric AI [NOTE: for 'Driscoll fractionation protocols' labile 

monomeric Al (often correlated with toxicity) is calculated as the difference between these 

two fractions]. Interference was apparent in all three methods at dissolved organic carbon 

(DOC) concentrations above 10 mg L-1 and the interpretation of AI speciation for 

methods using Driscoll's fractionation protocol [as described in Chapter 1 (1.3)] becomes 
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increasingly difficult at higher DOC concentrations. Furthermore, interferences were 

observed to be pH dependent (as may be expected for substances exhibiting a variety of 

complexing moieties e.g. phenolic and carboxylic groups). 

Hodges (1987) compared five procedures for the speciation of AI. The reactive 

AI values obtained by the oxine method (15 s) correlated well with those from the indirect 

fluoride electrode procedure in predicting Al3+ and 'toxic Al' [Al3+ + AIOH2+ + 
AI(OHh +] concentrations. However, the studies also indicated the difficulty in using 

chromogenic reagents (ferron and oxine) for estimating Al3+ and toxic AI concentrations 

in natural waters with high DOC concentrations. 

The monomeric AI concentrations estimated using PCV, oxine and fluoride 

electrode methods in the presence of a variety of organic ligands (including humic and 

fulvic acids) were investigated by Lewis et al. (1988). Ligands with phenolic and/or 

carboxylic groups in ortho positions caused significant reduction in apparent monomeric 

AI concentrations. The greatest reductions were caused by citric acid and CDTA. The 

extent of these effects was dependent on ligand configuration and complexing moieties 

present, the stability of the measured AI-ligand complex, pH and reaction kinetics. 

Furthermore, the studies indicated that (if not controlled adequately) factors such as (i) 

measurement pH, (ii) reagent concentration and AI/reagent ratio, and (iii) dissociation 

kinetics of the AI-ligand complex relative to the kinetics of the measurement reaction, will 

significantly affect the value of monomeric Al estimated. 

Recently Hawke and Powell (1994) compared the chromogenic reagents CAS, 

ECR and PCV for the kinetic determination of reactive AI in natural waters and soil 

solutions. The effects of pH, ionic strength, buffer composition and reagent concentration 

were investigated. PCV was found to be more aggressive towards 'complexed' AI than 

CAS and ECR. Furthermore, the absorbance for the AI-PCV complex <Amax ::: 580 run) 

was observed to vary with time. Mass action effects observed using different reagent 

concentrations highlighted the potential for stripping of Al from labile AI-ligand 

complexes. These effects ,were dependent on the complexing characteristics of both the 

reagent and the ligand, i.e. the complexing moieties present and both the lability and 

stability of the Al-ligand(reagent) complexes. The lowest D.L. for the determination of 

'kinetically-labile' (10 s reaction) and 'equilibrium reactive' (10 min reaction) was obtained 

for CAS (D.L.::: 60 runol L-1). 

Assaying Phytotoxic Aluminium: The use of chromogenic reagents for the assay of 

phytotoxic AI in soil and nutrient solutions has been subject to considerable research 

recently. Numerous studies have indicated that the presence of anions including S042-

and P- alleviate Al toxicity in culture solutions [Chapter 1 (1.2)]. Wright et aI. (1987) 

showed that oxine (15 s reaction) and aluminon (30 min reaction) were better predictors 
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of phytotoxic AI in soil solutions than ferron (30 s reaction). However, the extent to 

which these reagents may strip AI from organically complexed forms was not investigated. 

A comparison of aluminon and oxine methods for the assaying of phytotoxic Al in 

the presence of was investigated by Noble et al. (1988). These studies were performed 

in nutrient solutions for which the concentrations of AI3+ and AI-F complexes were 

predicted using the computer program GEOCHEM. Significant correlations (non-linear, 

r2 > 0.97) were found between (i) 'predicted' AI3+ and (ii) labile AI (oxine method) and 

soybean tap root length. The aluminon method measured a significant fraction of the AI 

complexed by F and tap root length was poorly correlated with this measurement. 

Alva et al. (1989) evaluated the oxine, aluminon and ferron AI assay techniques. 

These studies were, in particular, directed towards the use of these reagents to measure 

AI3+ while excluding AI complexed by Fand soi- from the measured fraction (the effect 

of reaction time was investigated). All three methods were observed to effectively exclude 

AI complexed by F, however the reagents failed to exclude AI complexed by soi
(regardless of reaction time). It is therefore likely that these reagents will overestimate 

phytotoxic AI in the presence of high concentrations of soi- (i.e. high AlSO/ 

concentrations). For soil solutions with high AIS04 + concentrations, the use of computer

based speciation modelling, following the complete characterisation of anion and cation 

concentrations, may be a better predictor of Al toxicity than currently available methods. 

The ability of a method to differentiate between monomeric and polymeric 

hydroxy-AI species is also of relevance to assaying phytotoxic AI. Parker et ai. (1988) 

investigated the reagents oxine, aluminon and ferron for this purpose. The three reagents 

were ranked in the order: oxine > ferron > aluminon, with respect to precision in 

estimating mononuclear AI in solutions with molar ratios of OHiAI up to 2.25. The 

studies demonstrated the use of ferron for the kinetic analysis of the mononuclear AI 

fraction. 

6.1.1 SCOPE OF THIS WORK.- Recently, thermodynamic speciation models 

(computer based) have been employed to predict solution 'AI-toxicity' by calculating 

theoretical distributions of the various AI species present in the solution. These 

calculations utilise solution pH and the total concentrations of AI and other cations and 

anions in solution. Unfortunately, when this approach is applied to natural systems (in 

contrast to synthetic solutions) the analysis of all cations and anions (including organic 

ligands) must be undertaken. This is a tedious procedure and often the organic 

components cannot be accurately characterised. Therefore, this approach has been utilised 

only when the analyte solution can be easily characterised, or for synthetic solutions (e.g. 

nutrient solutions). 
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As discussed above, a number of research groups have compared various 

reagents for their ability to measure AI in the presence of potentially interfering cations 

and anions common to natural waters and soil solutions (e.g. Fe3+, F, Po4
3-, soi- and 

organic acids viz citric, malonic, humic and fulvic acids etc.). These studies have been 

performed experimentally and, because of their time-consuming nature, the concentration 

ranges of reagent and 'interfering' ligands as well as pH are often limited (i.e. interferents 

are usually evaluated experimentally under narrowly defined analytical conditions). 

A complementary approach to evaluating interferences is to carry out computer 

modelling studies using equilibrium constants. This approach is not often feasible due to a 

lack of appropriate equilibrium data for either the interferent or the colorimetric reagent. 

Recently, however, equilibrium constants have been published for two commonly used AI 

chromophores: chrome azurol S (CAS) [Hawke et al., 1995], and eriochrome cyanine R 

(ECR) [Hawke et al., 1996]. In Chapter 4 the equilibrium constants for pyrocatechol 

violet (PCV) were determined. In Figure 6.1.1 the structures of the three metallochromic 

reagents (i) CAS, (ii) ECR and (iii) PCV are given. 

In the present work a comparison is made between the abilities of the reagents 

CAS, ECR and PCV to determine total AI in natural systems. This comparison is based 

on calculations for competitive equilibria between the reagent (R) and ligand (L) for AI. 

The ligands (potential interferents) used were citrate, oxalate, salicylate and fluoride 

(representing ligands with Al-complexing properties 'typical' of soils and natural waters) 

and the calculations were made over the pH range 4.5 - 6.5. The pH and mass action 

effects of the representative interferents on the 3 chromophores were calculated. The 

implications of the calculations for assays of total Al and toxic AI are discussed. 

HO~ Lo 
HOOCJQlC~COOH 

CI~CI 
S03H 

HO~ Lo 
HOOCJQlC~COOH 

©rS03H 

(i) (li) 
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(m) 

Figure 6.1.1 Structures of the metallochromic reagents (i) CAS, (ii) ECR and (iii) PCV. 

6.1.2 EXPERIMENTAL 

Modelling calculatioris for the effect of interfering ligands on CAS, ECR and 

PCV assays for AI were performed using the computer program SOLGASWATER 

[Erikisson, 1979]. The chosen pH range (4.5 6.5) reflects the pH of natural systems 

(especially soil solutions), and encompasses the pH optima for chromophore 

complexation. The calculations used a pH scale based on concentration, p[H+], rather 

than activity, pa(W), as used by most analysts. However, the 2 scales are sufficiently 

similar for the purposes of this study. 

Choice of model ligands was constrained by availability of stability constants. 

The ligands chosen were the strong organic complexant citrate [Ohman, 1988], the weaker 

complexants oxalate [Sjoberg and Ohman, 1985] and salicylate [Ohman and Sjoberg, 

1983] and the strong inorganic complexant fluoride [Nordstrom and May, 1989]. Stability 

constants for the chromophores were from: CAS [Hawke et ai., 1995], ECR [Hawke et 

al., 1996] and PCV [Chapter 4, Table 4.2.3] and, as for the AI3+ hydrolysis constants, 

were determined for I = 0.1 mol L-1. The AI3+ hydrolysis constants were from Brown et 

ai. (1985). The formation constant for AI(OH)4- (log ~-4,1,O) was calculated by the 

method of Millero and Schreiber (1982) from the thermodynamic constant of Palmer and 

Wesolowski (1992) [assuming 'Y(AI(OH)4-) = 'Y(OH-)]. Constants were not available for 

all the ligands at I ::: 0.1 mol L-1, but were available at I 0.6 mol L-1 (P-: I = 0.53 mol 

L- 1). While the difference in ionic strengths was not ideal, it was a consistent factor. 

The constants for the reagents CAS and ECR are given in Table 6.1.2A 

(constants for PCV are given in Chapter 4, Table 4.2.3) along with the AI3+ hydrolysis 

constants. The thermodynamic data for the ligands (citrate, oxalate, salicylate and 

fluoride) were obtained from the references cited above and are given in Table 6.1.2B. 
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Table 6.1.2A Thermodynamic data for the systems: H+-Al3+-reagent (R) (where R = 
CAS or ECR) and H+-Al3+ (aluminium hydrolysis). The equilibrium constants (Pp,q".) are 

given according to the reaction: pH+ + qAl3+ + rR3- ~ HpAlqR/p+3q-3r)+. 

Species 

CAS (L3-) 

LH 4--1 
HL2-

H2L

AlH_IL

Al2H_IY

A13H_2L2+ 

Al4H_4LS7-

Al4H_3LS6-

ECR (L3-) 

HL2-

H2L-

AlH L--1 

Al3H_2Y+ 

Al4H_3LS6-

Al4H_4LS7-

Al
4

H_sLs8-

AI-hydrolysis 

AlOH2+ 

Al(OHh+ 

Al3(OH)4S+ 

Al(OH)4-

Al13(OHh/:' 

(p,q,r) 

(-1,0,1) 

(1,0,1) 

(2,0,1) 

(-1,1,1) 

(-1,2,2) 

( -2,3,2) 

( -4,4,5) 

(-3,4,5) 

(1,0,1) 

(2,0,1) 

(-1,1,1) 

(-2,3,2) 

(-3,4,5) 

( -4,4,5) 

( -5,4,5) 

( -1,1,0) 

(-2,1,0) 

( -4,3,0) 

(-4,1,0) 

(-32,13,0) 

( -1,0,0) 

log Pp,q,r 

-11.64 

4.64 

6.93 

2.01 

12.92 

12.29 

26.57 

31.35 

4.42 

6.93 

1.75 

13.44 

29.07 

25.30 

20.67 

-5.33 

-10.91 

-13.13 

-23.30 

-107.41 

13.78 
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Table 6.1.2B Thermodynamic data and equilibrium constants (Pp,q,r) for the systems: H+

A13+ -ligand (L), where L = citrate, oxalate, salicylate and fluoride respectively. 

Species (p,q,r) log Pp,q,r 

Citric acid (H3L) 

H2L- (-1,0,1) -2.77 
HL2- (-2,0,1) -6.85 
L3- (-3,0,1) 12.07 

AlHL+ (-2,1,1) -2.68 
AlLO (-3,1,1) -4.92 
AlL2

3- (-6,1,2) 12.53 

Al3 (()H) (H_1L)34- (-13,3,3) 1.77 

Al(H_ILr (-4,1,1) -8.48 

Al()H(H_1L)2- (-5,1,1) -14.71 

A13(()H)4(H_1L)37- ( -16,3,3) -47.11 

Oxalic acid (H2L) 

HL- (-1,0,1) -0.97 
L2- (-2,0,1) -4.54 

AlHL2+ (-1,1,1) 1.40 

AlL+ (-2,1,1) 1.43 

AlL2 (-4,1,2) 1.85 

AlLl- (-6,1,3) 1.26 

Al3(()HbL3 ° (-9,3,3) -4.28 

Al2(()HhL44- (-10,2,4) -4.62 

Salicylic acid (H2L) 

HL- (-1,0,1) -2.72 
L2- (-2,0,1) -15.82 
AlL+ (-2,1,1) -3.05 
AlL2- (-4,1,1) -8.39 

Al()HL2
2- (-5,1,2) 15.99 

Al(()HhLl- (-6,1,2) -23.31 

Fluoride (F) 

HF (1,0,1) 3.14 
AlF2+ (0,1,1) 6.13 

AIF2+ (0,1,2) 11.15 
AlF30 (0,1,3) 15.00 
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Concentrations chosen for the modelling reflected analytical and regulatory 

requirements. The WHO guideline for total Al in drinking water (7.4 !lmol L-1 0.2 ppm) 

was used. Chromophore concentrations were 20 !-lmol L -1 (typical of kinetic PIA methods 

[Hawke and Powell, 1994]) and 100 !lmol L-1 (typical of conventional colorimetry). This 

range also allowed exploration of mass action effects. Ligand concentrations were 

20 !lmol L-1 (citrate, fluoride, oxalate) or 500 !lmol L-1 (salicylate). 

6.1.3 RESULTS 

(A) Speciation in the Systems: W~AI3+-Reagent and W-AI3+~Ligand.- The 

speciation of the W-AI3+-reagent(R) and H+-AI3+-ligand(L) systems has been described 

fully in the relevant papers. In brief, the equilibria of CAS and ECR are very similar and 

dominated by the formation of a single monomeric species at the concentrations and pH 

range chosen for these studies (4.5 - 6.5). Small amounts of polymeric species form over 

this pH range. Unlike CAS and ECR, at spectrophotometric concentrations PCV does not 

complex AI strongly over this entire pH range [see Figure 4.2.4B (Chapter 4)]. At pH < 

5.5 complexation is incomplete and a mixture of species is formed, including polymeric 

species at lower PCV/AI ratios. At pH > 5.5 complexation is strong and dominated by the 

formation of the species AI(PCVh. 

Citrate binds AI strongly (> 90 %) over the chosen pH range and at pH > 5.7 

greater than 99 % of AI is complexed by citrate. Increased ligand and/or metal 

concentrations do not significantly affect the outcome of these results. Oxalate binds> 90 

% of AI at pH < 5.5 whereas at higher pH values oxalate is displaced by OH-. Salicylate 

binds> 80 % of AI over the chosen pH range with maximum binding at pH = 5.5. 

Fluoride, at pH < 5.5, complexes greater than 80 % of AI but as pH increases above this 

value OH- quickly displaces fluoride and there is almost no complexation at pH = 6.5. For 

these ligands, lower ligand concentrations and lower ligand! Al ratios increase the rate at 

which OH- displaces the ligand, especially over pH ranges where binding is not optimal. 

(B) Speciation in the Competitive W-AI3+.Ligand-Reagent Systems 

(i) Citrate: Citrate binds AI very strongly (Figure 6.1.3A). Addition of the chromophores 

to the modelling calculation showed that neither CAS nor ECR are effective in 

sequestering AI from citrate. At 20 J.Lmol L-1 chromophore concentration, CAS and ECR 

removed < 10 % of AI from citrate at pH 4.5, decreasing to < 2 % at pH 6.5. In contrast, 

PCV showed decreasing interference from citrate (increasing sequestration of AI) with 

increasing pH. Increasing each chromophore concentration fivefold, from 20 /lmol L-1 to 

100 f.ill101 L-l, decreased citrate interference. At the optimum pH for each chromophore 

determined by the original investigators {CAS, pH 5.0 [Pakalns, 1965]; PCV, pH 6.2 

[Dougan and Wilson, 1974]; ECR, pH 5.5 [Hill, 1966]}, the amount of sequestered AI 
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increased 3-fold (CAS, 7...., 23 %; PCV, 30...., 90 %), or 4-fold (ECR, 1.5 ...., 6 %). For 

PCV at 100 Ilffiol L- l , increasing the pH from 6.2 to 6.5 led to negligible citrate 

interference. The above calculations clearly demonstrate the importance of both pH and 

mass action effects in controlling interference levels. However, equilibration in the H+

AI3+_PCV (20 Ilffiol L- l ) - citrate system requires in excess of 300 min at pH 6.2 (see 

SECTION B of this Chapter). 

(0 
0.8 

0.6 

AI-PCV, 

0.4 

0.2 

AI-Cit AI-CAS 
-/ AI-ECR 

---:. ~-- -::::::-
0.0 L--'-_......I::::::;;±;;;~~~...;;;;;~:::=....::::;:;....:=...:a 
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AI-Cit -' 

6.5 
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Figure 6.1.3A Calculated AI speciation in the presence of 20 Ilmol L -1 citrate, and 

(i) 20 Ilmol L-1 cluomophore and (ii) 100 Ilmol L- l chromophore at 7.4 Ilmol L- l total 

AI. Ui represents the fraction of AI complexed by each chromophore. Also shown is the 

fraction of non-com pIe xed Al in the absence of chromophore (-411-). 
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(ii) Oxalate: Oxalate is a significantly weaker ligand than citrate. Thus, at 20 J-lmol L-1 

oxalate and 20 J.lillol L-1 PCV [Figure 6. 1. 3B (i)] , oxalate showed negligible interference at 

pH ~ 6.0. In contrast to citrate, oxalate interference with CAS and ECR determinations of 

AI decreased with increasing pH up to pH 6.2. This is a consequence of the different pH 

dependence of complexation, with AI complexation by oxalate being essentially complete 

at pH < 4.5. CAS and ECR showed least interference at pH 5.8 - 6.2. 

1.0 

a. 
I 

0.8 

(0 
0.6 

'AI-PCV 
0.4 AI-OX8 

0.2 

0.0 L----'-_--L._-'--_.L---''-----L_--'----l 

4.5 5.0 5.5 6.0 6.5 

p[H+] 

0.8 

(ii) 

0.6 

0.4 , AI-PCV 
AI-F 

0.2 

0.0 '----'-_......L..._-'--_.L----''----'-_---'---' 

4.5 5.0 5.5 6.0 6.5 
p[H+] 

Figure 6.1.3B Calculated AI speciation in the presence of 20 Ilmol L-1 oxalate (i) or 

fluoride (ii), and 20 Ilmol L-1 chromophore at 7.4 Ilmol L- 1 total AI. Refer to Figure 

6.1.3A for definitions and description of curves. 
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(iii) Fluoride: Fluoride [Figure 6.1.3B(ii)] gave similar results to oxalate. AI 

complexation by both oxalate and fluoride decreased substantially at pH > 5.5, a 

consequence of the comparative strength of A13+ hydrolysis. 

(iv) Salicylate: Acid-base effects were clearly demonstrated by salicylate (Figure 6.1.3C). 

The fraction of AI bound by 20 !lmol L-1 ligand in the absence of chromophore increased 

to a maximum around pH 5.5, then decreased through competition from hydrolysis. The 

relatively high pH for maximum binding, compared with oxalate and fluoride, is due to the 

weakly acidic phenolic proton (pKa"'" 12) on salicylate. At 500 !lmol L-1 salicylate and 20 

!lmol L-1 chromophore, PCV sequestered virtually all of the AI above pH 6.3. Increasing 

the CAS or ECR chromophore concentration to 100 !lmol L-1 essentially removed the 

interference shown in Figure 6.1.3C. 

1.0 

0.6 

0.4 
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- AI-ECR - - -- -' 
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-..... 
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0.0 '--~'-----''---'---'---'---'---'---' 
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Figure 6.1.3C Calculated AI speciation in the presence of 500 !-lmo] L-1 salicylate and 

20 !-lmol L-1 chromophore at 7.4 J.1mol L-1 total AI. See Figure 6.1.3A for definitions and 

description of curves. 
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6.1.4 DISCUSSION 

The equilibrium calculations showed that PCV is the chromophore least 

susceptible to interference from Al-binding ligands. Because of its low background 

absorbance at the wavelength and pH used for analysis, it is also the chromophore for 

which mass action effects can best be utilised. By using high PCV concentrations and a 

relatively high pH ("" 6.5), interference from the ligands discussed in the present study 

should be minimal for common environmental samples (assuming equilibrium in the 

analyte-chromophore-interferent reaction). 

The results of the equilibrium interference calculations showed that PCV's 

susceptibility to interference decreased with increasing pH, regardless of the competing 

ligand. In contrast, CAS and ECR reflected the pH dependence of Al complexing by the 

interferent ligand. With assays using CAS and ECR, the pH at which the competing 

ligands interfered least was in the order citrate (pH < 4.5) < salicylate (pH 5.2) < oxalate "" 

fluoride (pH 6.1) (from Figures 6.1.3A-C). Organic matter from soils and natural waters 

contains both salicylate and carboxylate functional groups. Therefore, manipUlating pH to 

minimise interference when using CAS or ECR is a futile exercise in soil and water 

analysis. 

Using mass action effects to overcome interference is limited by the blank 

absorbance. At the respective Amax and pH optima, the extinction coefficients for the pure 

chromophores are 5400 {CAS [Hawke et al., 1995]}, 11100 {ECR [Hawke et al., 1996]} 

and 1500 {PCV [these studies]}. If an upper limit on blank absorbance of 0.7 was 

imposed, then maximum chromophore concentrations would be 130 /lmol L-1 (CAS), 63 

/lmol L-1 (ECR) and 470 /lffiol L-1 (PCV). Therefore, the greatest potential for use of 

mass action effects is with PCV. 

The focus of regulatory requirements is on the determination of total Al. 

However, much current research is aimed at measuring the toxic fraction. In the sense 

that the chromophore should not sequester Al bound to naturally occurring ligands, this 

requires that interference be maximised rather than minimised. Figures 6.1.3A-C show 

that all chromophores (but particularly PCV) overestimate free Al3+, irrespective of 

ligand. The results therefore support other work [Hawke and Powell, 1994] showing that 

PCV is unsuitable for determinations of free (toxic) Al because of its aggressiveness 

towards complexed AI. While PCV causes minimal disruption of the primary equilibria at 

low pH (4.8 - 5.0), low spectrophotometric sensitivity at this pH may cause such analyses 

to be of little practical value. The most promising use of Al chromophores is therefore in 

kinetic, rather than equilibrium assays [Hawke and Powell, 1994]. 

The significance of the slow equilibria in the W-A13+_PCV system under 

spectrophotometric conditions has been previously demonstrated by Hawke and Powell 

(1994). In experiments carried out in a flow injection system they demonstrated that 
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several hours were required for complete colour development with A13+ standards. For 

experimental studies, slow equilibria may result in interference assessments being 

operational in nature. For modelling studies, the result may be interference assessments 

which do not match the effects experienced in routine analysis. 
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In natural water and soil environments, AI exists in competitive equilibria with a 

large number of naturally occurring ligands. The relative rates at which AI species are 

formed in these complicated multiple ligand systems will be important in describing the 

distribution of AI species, i.e. natural systems are quite 'dynamic' and the kinetics of 

chemical processes may be particularly important in controlling speciation. If equilibrium 

is assumed (as it was in SECTION A of this Chapter) these factors will be overlooked. 

Pankow and Morgan (1981) indicated that often the condition of thermodynamic 

equilibrium may be rarely obtained in natural water environments. 

The rate of AI complexation has only recently been addressed in the context of 

environmental systems [Lopez-Quintela et al., 1984; Plankey et al., 1986; Plankey and 

Patterson, 1987]. Plankey et al. investigated fluoride and fulvic acid complexation 

respectively, and complexation was found to be strongly pH and temperature dependent. 

Plankey et al. (1995) studied the kinetics of Al complex formation with three different soil 

fulvic acids (in the pH range 2.4-3.6). Two kinetically different AI binding sites were 

distinguished in all three fulvic acids and although quite different AI binding behaviour was 

observed for each acid the proton binding behaviour was quite similar. When the 

experiments were carried out in acetate buffered solutions the nature of AI complexation 

was significantly affected. In the presence of buffer AI bound first at the less acidic sites of 

the fulvic acid (apparently salicylic acid moieties), whereas in the absence of buffer the AI 

was bound at the stronger acid sites. Recently, a kinetic analysis was applied to the 

speciation of AI in river water and snow [Lu et al., 1994]. The application of this iterative 

convolution method proved successful in kinetically distinguishing AI species according to 

their dissociation rate constants. 

The dynamics of AI complexation in multiple ligand systems was studied by 

Anderson and Bertsch (1988). These studies were undertaken in the presence of fluoride 

(F), oxalate (Ox) and citrate (Cit) using an ion chromatographic speciation method to 

calculate rate constants (J'J) for the formation of each species. The results contrasted with 

the accepted concept that concurrent reactions are assumed to proceed via independent 

kinetic pathways. The rate constant for the formation of AJF2+, for example, was 

observed to increase in the presence of Ox and Cit. In contrast, the rate constant for the 

formation of AIOx- was much more rapid than that of AIF2+ and was unaffected by the 

presence of The rate of complexation of AI by Cit was sufficiently fast that a rate 

constant could not be measured. 
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The rate enhancing effects of Ox and Cit on the formation of AlF2+ observed in 

the studies by Anderson and Bertsch may be attributed to one of two possible 

mechanisms: (i) a mixed complex transition state is formed where the rapidly complexing 

ligands Ox and Cit form a 'reduced charge AI-species' with greater rates of water 

exchange, which creates favourable conditions for the penetration of and displacement 

of the inner sphere Ox or Cit, or (ii) F may exchange directly with the inner sphere Ox or 

Cit. Another unusual observation from these studies was that the formation of AICit in the 

presence of initially exceeded the thermodynamically predicted concentration, followed 

by a slower re-equilibration to a lower solution concentration (as the slower formation of 

AI-F species proceeded). This behaviour was not observed for the formation of AIOx- in 

the presence of . These studies highlight the importance of understanding multiple 

ligand systems and their importance in controlling dynamic concentrations of metal ions 

and metal ligand complexes in the environment. 

Al speciation analyses: The application of any reagent to the determination of total Al or 

for performing speciation analyses (e.g. measurement of free or labile AI) is limited, to 

some extent, by the aggressiveness of the reagent towards AI complexed by other ligands, 

e.g. NOM. In measurements of total AI using chromogenic reagents, samples are usually 

acidified prior to analysis. This acidification is assumed to result in the complete release of 

complexed AI and thus enables its reaction and subsequent determination with a suitable 

reagent. The release of AI from stable or inert complexes is, however, controlled by 

chemical kinetics and therefore the complete release of AI from these complexes (upon 

acidification) may not occur unless reaction times are sufficiently long. In contrast to total 

AI determinations, for speciation measurements it is desirable that the reagent should only 

interact with free AI, i.e. AI3+, AI(OH)2+, AI(OHh +. 

Most reagents used for the determination of AI react rapidly and form strong 

complexes with AI. Unfortunately, these reagents sequester significant amounts of AI 

from both weak and moderate strength AI complexes. Many reagents (e.g. PCV), if given 

time, sequester AI from stable AI-organic complexes. This feature of all speciation 

techniques renders the results 'operationally defined' according to the thermodynamics and 

the reaction kinetics of the overall 'reagent-AI-ligand(s)' system(s). Many speciation 

techniques developed recently have based their 'speciation protocol' on the reaction 

kinetics of a suitable reagent with Al [Clarke et al., 1992; Hawke and Powell, 1994]. 

Lewis et at. (1988) investigated the effects of humic and fulvic acids and various 

other ligands on the determination of monomeric AI. As discussed in SECTION A (6.1) the 

extent to which a competing ligand may affect results is dependent, to some degree, on the 

kinetics of both the measurement reaction and the dissociation of AI-ligand complexes. 

The strongly AI-complexing ligands citrate and CDT A caused the greatest reduction in 

determined monomeric AI. Tartrate caused a significantly larger reduction in monomeric 
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AI concentrations determined by PCV and oxine methods than did malate (despite their 

similar structures). 

The comparison of the oxine, ferron and aluminon methods for differentiating 

between mono- and polynuclear hydroxy-aluminium complexes made by Parker et al. 

(1988) also addressed the 'unavoidable' question of chemical ldnetics. Many of the 

polynuclear AI species that have been proposed as forming in water or soil environments 

are generally viewed as metastable products (by-products of oxide dissolution processes 

or precursors to oxide formation). The toxicity of these species may, however, vary 

greatly [Chapter 1 (1.2)]. The reaction of oxine with mononuclear AI was found to be 

essentially instantaneous whereas ferron and aluminon reacted more slowly and allowed 

the mixtures of mono- and polynuclear AI-hydroxide species to be kinetically modelled as 

two simultaneous reactions. 

Bartlett et al. (1987) described a method utilising PCV for the kinetic 

fractionation of reactive AI in soil solutions. The method operationally identified three 

fractions of AI as rapidly reacting (RR) , moderately rapidly reacting (MR) and totally 

reactive (TR). The RR fraction (from'20 soil extracts) was correlated with the oxine AI 

measured by the James et ai. (1983) method. Other studies have also indicated that PCV 

and oxine react with similar labile forms of Al [Sullivan et ai., 1986]. 

6.2.1 SCOPE OF THIS W ORK.- The model calculations in SECTION A of this 

Chapter were used to determine the degree of interference expected from several naturally 

occurring ligands (viz citrate, oxalate, salicylate and fluoride) on the measurement of total 

AI by the chromophores CAS, ECR and PCV. The direction of much current research is, 

however, now towards the speciation of AI in natural water and soil samples, i.e. the 

measurement of the 'free and labile' fraction of AI, rather than just the determination of 

total reactive AI. 

The recent recognition that natural systems are quite dynamic has challenged the 

use of 'equilibrium approximations' as a tool for the analysis of metal ion speciation 

[Langford and Cook, 1995]. As highlighted above, the kinetics of complexation and 

dissociation processes will affect the results obtained during the analysis of 'labile Al' and 

these affects may be different for different sample compositions. 

The aim of this SECTION was to (i) validate the H+ -AI 3 + -PCV model (determined 

in Chapter 4) for spectrophotometric conditions and (ii) investigate the time scales for the 

establishment of equilibrium in the competitive systems: H+-AI3+-citrate-PCV and 

H+ _Al3+ -oxalate-PCV. 

The model validation studies were performed using experimental conditions [i.e. 

concentrations of Al, PCV, ligand (citrate, oxalate) and pH] identical to those used in the 

model calculations (SECTION A of this Chapter). The two ligands chosen for this work, 
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citrate and oxalate, exhibit strong and moderate binding affinities for AI respectively and 

were expected to result in significant effects (as predicted from the calculations) that could 

be accurately measured. Preliminary studies investigated the stoichiometry (molar ratio) 

of the dominant AI-PCV species forming in the absence of competing ligand. The effect 

of equilibration time on these molar ratio curves was investigated. 

6.2.2 EXPERIMENTAL 

(A) Chemicals and Analysis.- All solutions were prepared from CO2-free, boiled 

Milli-Q water and all working solutions were prepared in 0.10 mol L-1 K(CI) (Merck, 

p.a.), dried at 120 DC. 

(i) Pyrocatechol Violet Solutions: PCV is depicted in Figure 6.1. 1 (iii). A 5.0 mmol L-1 

PCV (vacuum dried Koch-Light) stock solution (prepared in 1 mmol L-1 HCI) was used 

for all experiments. This solution was not standardised, however its purity was believed to 

be at least 97 % dye content. 

(ii) Ligand Solutions: Citricacid (BDH, AnalaR) and oxalic acid (Fisons, AR) solids 

were used after drying (silica gel, 25 DC) but without further purification. 5.0 mmol L-1 

stock solutions were prepared. 

(iii) Aluminium Solutions: A 2.0 mmol L-1 AI stock solution was prepared in 0.02 mol 

L-1 HCI by dilution of the 'ALFA' stock solution described in Chapter 3 [3.2.5(A)]. 

(iv) Alkali (KOH) and Acid (HCI) Solutions: HCl solutions were prepared by dilution 

of concentrated HCl (BDH, AnalaR). Carbonate-free KOH (BDH, AnalaR) solutions 

were prepared according to Chapter 3 [3.2.1(A)]. These solutions were not standardised. 

(v) Buffer Solution: A MES (Sigma) buffer solution (pKa 6.1 at 25°C) was prepared 

ca. 0.05 mol L -1 (pH = 6.2). 

(B) Spectrophotometric Titrations.- These measurements required rigorous exclusion 

of oxygen. The thermostatted cell and the spectrophotometric apparatus required for 

these measurements was described in Chapter 3 [3.4] (without the 'KOH boat'). 

Absorbance data were recorded using a Hewlett Packard 8452A diode array 

spectrophotometer. 

A Radiometer PHM 64 research pH meter was used for pH measurements; this 

instrument was calibrated against standard buffers (phthalate, pH 4.01 and phosphate, pH 

6.86) prepared according to the experimental section [3.2.4(A)]. An Alitea XV peristaltic 

pump was used to circulate the test liquid through microline tubing (Cole Palmer, 0.51 

mm i.d.) to a 70 ilL flow-cell [Stama, 3 mm (i.d.) x 10 mm] positioned in the 

spectrophotometer. 
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Titration procedure: Titrations of mixtures of Al3+ (7.4 )lmol L-1), citrate (20 )lmol L-1; 

or oxalate, 100 )lmol L-1), plus PCV (20 Jlffiol L-1 or 100 )lmol L-1) were carried out in 

0.10 mol L-1 KCI at 25°C (after 150 min pre-equilibration) from pH 5.0 to pH 6.5. 

Equilibration times between KOH additions were varied in the range 45 - 400 min. 

Additions of all reagents were made via a calibrated micro-pipette or 25 mL glass pipette. 

The test solution (ca. 50 mL), used for obtaining a blank signal, contained 0.02 

mol L-1 MES buffer and the desired amounts of all equilibrium components except PCV. 

The 'spectrophotometer blank' was usually measured at pH 5.0 and was made directly 

before addition of PCV. Adjustment of pH was effected by small additions « 2.5 mL 

total) of COTfree KOH solution. 

Equilibration: The metal-ligand system was initially allowed to equilibrate in the absence 

of PCV at pH ca. 5.0. This equilibration period was ca. 60 min for solutions containing 

oxalic acid (or in the absence of ligand) and ca. 120 min for solutions containing citric 

acid. Such long equilibration periods are both necessary and sufficient for equilibration in 

these systems [Ohman, 1988J. 

(C) AI-PCV Stoichiometry and Linearity of Titration Curves.- Two preliminaty 

studies were undertaken before the competitive spectrophotometric titrations: (i) the 

stoichiometry of the dominant Al-PCV species forming (pH 6.2) in the absence of 

competing ligand was investigated and (ii) the linearity of Al-PCV spectrophotometric 

titration curves at pH 6.2 was checked and the effect of equilibration time (following each 

incremental addition of Al) on the slope of these curves investigated. These studies were 

performed with the same apparatus and experimental conditions as discussed above 

{[PCV] = 20 Jlffiol L-1 or 100 )lmol L-1}. The spectra were measured following a 10-20 

min equilibrium period after each addition of AI. 

(D) Batch Experiments With Other Ligands.- A series of experiments were 

performed comparing AI-PCV reaction rates for solutions initially containing PCV and a 

'second' ligand. The ligands citrate, oxalate, malonate, salicylate and fluoride were 

investigated. In these 'batch' experiments aliquots of ligand and PCV were added to MES 

buffer solution (pH = 6.2) and allowed to equilibrate for 10 min. Al was then added and 

the formation of the AI-PCV complex observed visually. 

6.2.3 DATA TREATMENT 

(A) Data Analysis.- The calculation of the fraction of Al measured by PCV was 

performed as a ratio of the spectrophotometric signal ["-max (AI-PCV) = 578 nm] for 

experiments perfoffi1Cd in the presence and absence of competing ligand. The only 

corrections made to these measurements were from the 'background absorption' for the 

free ligand (PCV) at this wavelength [calculated using changes at "-max (PCV) = 442 nm] 
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and small effects from dilution. Total errors for each datum point shown in the Figures 

(6.2.4A-C) are estimated as < 2.5 %. 

The model curves were calculated using the computer program SOLGAS

WATER [Eriksson, 1979J and the thermodynamic equilibrium data described in SECTION 

A (6.1.2) of this Chapter. 

(B) Sensitivity Analysis.- The sources of thermodynamic data used for the H+-AI3+

PCV and H+-AI3+-ligand systems were given in SECTION A (6.1.2). As discussed in that 

SECTION, no reliable constants were available for all the H+-AI3+-ligand systems in 0.1 mol 

L- 1 media. The constants used were for 0.6 mol L-1 media and were considered accurate 

and suitable for those studies. The differences in ionic strength (I = 0.1 vs. 0.6) may, 

however, impose small errors in this work. 

In order to determine the size of any possible ionic strength effects, a sensitivity 

analysis was performed. In this calculation small variations were made to the constants of 

the dominating AI-ligand species (viz the major species appearing in Figures 6.2.5A & B). 

These effects were considered in relation to the data measured above. Ail calculations 

were performed using the computer program SOLGASW A TER. 

6.2.4 RESULTS 

(A) AI-PCV Stoichiometry and Linearity of Titration Curves.- These results are 

presented in Figure 6.2.4A for 20 Ilmo} L -1 and 100 Ilffiol L -1 PCV solutions respectively. 
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Figure 6.2.4A Titration curves for 20 Ilmol L-1 and 100 Ilmol L-1 PCV solutions (pH 

6.2). Equilibration times between additions of AI (and measurement of spectra) were 15 

min for the 20 Ilmol L-1 PCV titration and 10 min (dashed line) and 20 min (solid line) 

respectively for the 100 Ilffiol L -1 PCV titrations. 
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From the 20 !lmol L-1 PCV titration curve it is apparent that the dominant 

species forming at pH 6.2 has the stoichiometry Al(PCVh (i.e. PCV/Al = 2.0). This is in 

accord with the thermodynamic model (see Chapter 4, Figure 4.2.4B). At 100 !lmol L-1 

PCV, the curve remains linear (r2 > 0.99) over the entire AI concentration range 

investigated, i.e. the 'limiting' stoichiometry for Al(PCVh is not reached. It is apparent 

from these curves (10 min and 20 min equilibration times respectively) that the AI-PCV 

reaction is quite time dependent. This feature was particularly important in the design of 

the subsequent competitive ligand titration experiments. 

(B) Competitive Equilibria 

(i) The W-A13+.citrate-PCV system: The results for titrations in the presence of citrate 

are shown in Figure 6.2.4B, expressed as the fraction of AI measured by PCV (Fi). 
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Figure 6.2.4B Spectrophotometric titration of the H+-AI3+-citrate-PCV system. The 

titration mixtures comprised 7.4 !lmol L-1 AI3+, 20 !lmol citrate and 20 !lmol L-1 

(solid line) or 100 /lffiol L-1 (dashed line) PCV respectively. Here Fi is the fraction of AI 

measured by PCV [calculated as described in the 'data treatment' (6.2.3)]. Three 

experiments are shown for the 100 !lmol L-1 PCV titrations (with equilibration times of 

45, 120 and 300 min respectively) whereas only one experiment (400 min equilibration 

time) is shown for the 20 /lffiol L -I PCV titration. 
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In all the AI3+-citrate-PCV titrations the measured AI (i.e. Al-PCV) depended 

strongly on the equilibration time following KOH additions. The experiments for 100 

!lmol L-1 PCV titrations (Figure 6.2.4B) clearly show the extent of these affects. 

Acceptable fits of measured Al to that predicted from the model calculations were 

obtained only for equilibration times 2 300 min. 

(ii) The W-AI3+-oxalate-PCV system: The results for titrations in the presence of 

oxalate are shown in Figure 6.2.4C. In this system acceptable fits were also obtained, 

however, the equilibration times required for oxalate were much shorter (150-180 min) 

than those for citrate. 
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Figure 6.2.4C Spectrophotometric titration of the H+-Al3+-oxalate-PCV system 

(equilibration time of 150 min). The titration mixtures complised 7.4 !lmol L-1 A13+, 20 

!lmol L-1 oxalate and 20 !lmol L-1 (solid line) or 100 !lmol L-1 (dashed line) PCV 

respectively. The definition of Fi is given in Figure 6.2.4B. 

(C) Batch Experiments: Kinetics of Other W-AP+.Ligand-PCV Systems.- A series 

of experiments were performed comparing AI-pev reaction rates for solutions initially 

containing PCV and a 'second' ligand, viz citrate, oxalate, malonate, salicylate or fluoride 

(pH 6.2). When AI was added the initial rates of colour development (visually 

determined) were oxalate"", "'" malonate> salicylate » no competing ligand> citrate. 
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After leaving these solutions to equilibrate for 24 h all solutions appeared the same colour 

indicating that PCV eventually displaced AI quantitatively from all of these ligands. 

6.2.5 DISCUSSION 

(A) Competitive EquUibria.- The experimental results for the competitive equilibria 

with citrate and oxalate (Figures 6.2.4B and C) confIrm the applicability of the determined 

PCV constants (which were obtained potentiometrically) to spectrophotometric 

conditions. Also apparent from these experiments is the large differences in the kinetics of 

the respective citrate and oxalate equilibria. 

In the experiments with citric acid and 100 ~mol L-1 PCV (Figure 6.2.4B) the 

time required to reach equilibrium was investigated in detaiL The initial experiment used 

equilibration times of 45 min between pH adjustments. It quickly became apparent that 

either the model or experimental conditions were inappropriate. Increased delay periods 

between measurements resulted in signifIcantly better results. Using equilibration periods 

of 300-400 min only very small chang<?s in spectral absorbance occurred after this period 

(regarded as negligible). 

For the oxalic acid system (Figure 6.2.4C) problems were also initially 

encountered as a result of inadequate equilibration time. The fIrst experiments performed 

both in the presence and absence of oxalate used 30 min delays between measurements. 

Using these data to calculate the measured fraction of AI, results greater than 100 % were 

obtained at pH 2 5.8. Later experiments revealed that this effect was due to kinetic 

enhancements of the reaction of PCV with AI in the presence of oxalate [see Section 

6.2.5(C) for discussion] relative to standards. SpecifIcally, AI-PCV standards did not 

achieve equilibrium within 30 min. In all fInal experiments, for oxalic acid and 'PCV only' 

studies, equilibration times were 150-180 min (after this delay period changes in spectral 

absorbance with time were negligible). 

The differences in the kinetics of these two ligand systems may be best explained 

by considering the structure of the ligands and also by looking at the speciation present 

(thermodynamic equilibrium) during the titrations. Distribution diagrams are presented in 

Figures 6.2.5A & B for the speciation present in solutions 'identical' to those used in the 

current experiments. 

For the H+-AI3+-citrate-PCV system the speciation calculations indicate that AI

citrate species dominate the equilibria over the lower pH range (pH < 6.0) for both reagent 

concentrations and up to ca. pH = 6.2 for the 20 ~mol L-1 PCV titrations. The polymeric 

species (-13,3,3) [AI3(OH)4(H_1Cit)/-] is predicted as forming to ca. 10 % in both 

titrations, whereas the dominating AI-Cit species has the stoichiometry (-4,1,1) 

[AI(H_1Citn. 
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Figure 6.2.SA Distribution diagrams Fi for 7.4 !lmol L-1 Al, 20 !lmol L-1 citrate and (i) 

20 !lmol L-1 or (ii) 100 !lmol L-1 PCV. Fi is defined as the ratio of the aluminium 

concentration in an equilibrium species to the total aluminium concentration. The dashed 

lines represent Al-ligand species whereas the solid lines represent Al-PCV species. The 

p,q,r stoichiometries are given (where r is the 'ligand' or PCV respectively). 
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Figure 6.2.58 Distribution diagrams Fi for 7.4 !lmol L-1 AI, 20 !lmol L-1 oxalate and (i) 

20 !lmol L-1 or (ii) 100 !lmol C 1 PCV. Refer to Figure 6.2.SA for definitions and 

description of curves. 
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Ohman (1988) found that AI-citrate equilibria proceed very slowly via 

complicated equilibrium reactions. In the present studies very slow equilibria were 

observed. These observations are consistent with the observations of Ohman and indicate 

that in kinetic analyses of 'monomeric AI', AI-citrate species are likely to be unmeasurable. 

MaIjenum et al. (1978) ascribed the low rate of dissociation of multi dentate ligands (viz 

citrate) relative to unidentate ligands to the high thermodynamic stability of their 

complexes. The direct displacement of AI from these ligands by unidentate ligands could 

be expected to be very limited. PCV is a multidentate ligand and forms complexes of high 

stability with AI, however, the 'chelation' of AI by citrate inhibits the displacement of AI 

from citrate complexes. 

Al complexation by oxalate is significantly weaker than that by citrate, the 

speciation in this system is less complicated and three 'stepwise' AI-oxalate species are 

observed to form (Figure 6.2.5B). The equilibration time required to reach a 'stable 

absorbance' for this system was considerably shorter than that required for the citrate 

system. Oxalate, although multi dentate, is smaller than citrate and the approach to AI by 

PCV is likely to be less sterically hindered. 

Two mechanisms can be considered for the formation of AI-PCV species from 

the AI bound by citrate and oxalate: (i) PCV reacts with and complexes 'free AI' (AI3+) 

and law-of-mass-action results in continuous re-equilibration of the AI-ligand systems until 

both the PCV and the ligand equilibrium conditions are fulfilled (i.e. dissociation of AI3+ 

from the AI-citrate complex must occur before PCV reacts), altematively (ii) PCV may 

form an initial 'encounter complex' (mixed ligand transition state) with the AI-ligand 

species which subsequently undergo ligand displacement and formation of the AI-PCV 

species. Such mechanisms for ligand-exchange reactions have been previously proposed 

[Hering and Morel, 1990]. Both of these mechanisms could be expected to occur slowly 

as a result of slow ligand- andlor PCV-AI equilibria. In studies of the kinetics of AI-citrate 

complexation, Mak and Langford (1983) assumed a dissociative mechanism [i.e. 

mechanism '(i)' above] for the ligand exchange between AI-citrate and the metal

fluorochromic reagent Calcein Blue. Their results suggested that the dissociation of AI 

from the AI-citrate complex is the rate determining step in ligand exchange. 

The considerable time dependence of the AI measured in the presence of citrate is 

consistent with the very slow attainment of equilibrium in the AI3+ -citrate system observed 

in potentiometric studies [Ohman, 1988]. AIthough the kirIetics of AI3+-citrate equilibria 

is perhaps an extreme example, these results clearly highlight the importance of allowing 

sufficient equilibration time. This applies to both experimental assessments of 

intelference, and to routine analysis. 

The significance of slow equilibration in the A13+ -PCV system under 

spectrophotometric conditions has been previously demonstrated [Hawke and Powell, 
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1994]. In these experiments, carried out in a flow injection system, it was shown that 

several hours were required for complete colour development with Al3+ standards. For 

experimental studies, slow equilibration may result in interference assessments being 

operational in nature. For modelling studies, the result may be interference assessments 

which do not match the effects experienced in routine analysis. 

(B) Sensitivity Analysis.- The stability constants used for the ligands were determined 

in 0.6 mol L-1 media. Although they were very suitable for the intended comparisons 

made in SECTION A of this Chapter the small effects of ionic strength differences may 

result in small errors in this work, i.e. in these studies the ionic strength was 0.1 mol L-1 

for all species. 

To determine the size of any possible ionic strength effects, a 'sensitivity analysis' 

was performed. In these calculations small variations were made to the constants of the 

dominating A1-ligand species (i.e. those in Figures 6.2.5A & B). The effect of these 

variations is presented in Figure 6.2.5C. 
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Figure 6.2.5C Sensitivity analysis performed using the current equilibrium model for the 

systems: (i) H+-Al3+-citrate-PCV and (ii) W-AI3+-oxalate-PCV. Refer to Figures 6.2.4B 

& C for concentrations, equilibrium times and the definition of Here the calculated 

curves' l' and '2' refer to the unmodified and modified equilibrium models respectively. 

For the W-A13+-citrate-PCV system the major A1-citrate species forming at both 

PCV concentrations had the stoichiometry (-4,1,1), i.e. A1(H_1Citf [Figure 6.2.5A]. The 
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effect of increasing the log ~p,q,r value for this species was investigated. In Figure 

6.2.SC(i) curve '2' has been calculated after log ~-4 11 was increased by + 0.2 log units , , 

(i.e., from -8.48 to -8.28). These changes result in a near perfect fit for the 20 }lmo] L-1 

PCV titration yet have little effect on the 100 }lmol L-1 PCV titration. In order to obtain a 

good fit for the 100 }lmol L -1 PCV titration an increase in this log ~ of ca. + 0.5 would be 

required; this, however, would result in a very poor fit for the 20 Jlm0] PCV titration. 

The discrepancies shown here may be due to incomplete equilibration (despite the long 

equilibration time employed). 

In the H+-AI3+-oxalate-PCV system three major AI-oxalate species form: 

(-2,1,1), (-4,1,2) and (-6,1,3) [Figure 6.2.SB]. In Figure 6.2.5C(ii) curve '2' has been 

calculated following increases in log ~p,q,r of + 0.1, + 0.2 and + 0.3 for r :::: 1 to 3 

respectively, i.e. the log K for the formation of each species (represented here by log ~) 

was increased + 0.1 log units. These changes improve the fit between calculated and 

experimental data in both experiments. 

(C) Kinetics of Ligand-Exchange: ~nhancements of Rate? The experiments in 

the H+ -AI3+ -oxalate-PCV system revealed some interesting results. If a solution 

containing AI, PCV and oxalic acid equilibrated at pH 5.7 was adjusted (addition of alkali) 

to pH 5.8-6.6 the absorption spectra changed very quickly and equilibrium appeared 

(visually) to be reached shortly after. In contrast, for the same experiment in the absence 

of oxalate equilibrium was not reached for many hours and initially no colour development 

was observed (no spectral changes) following addition of alkali. 

The batch experiments [which compared AI-PCV reaction rates (i.e. colour 

development, pH 6.2) for solutions containing PCV and a second Al-complexing ligand] 

revealed rates of colour development (upon addition of AI) depended strongly on the 

'second ligand'. Rates of colour development were: oxalate"", F "" malonate> salicylate 

» no second (competing) ligand> citrate. Following a 24 h equilibration period, PCV 

displaced Al quantitatively from all of the ligands. 

The observations in both of these experiments (H+-AI3+-oxalate-PCV titration 

and batch experiments) can be explained in terms of an 'hydrolysis shock'. This occurs 

when the pH of a solution containing Al is suddenly increased, i.e. AI immediately 

undergoes hydrolysis. In the spectrophotometric titration studies, adjustment of pH (by 

addition of alkali) results largely in a redistribution of AI between the AI-oxalate equilibria 

species and partially in hydrolysis of AI before PCV can react. In the absence of oxalate 

AI hydrolysis is considerably greater which in tum results in longer equilibration times 

being required for colour development. In the batch experiments the presence of a ligand 

which reacts quickly with Al counters AI hydrolysis and thus ligand-exchange reactions 

between PCV and the 'second' ligand can proceed quickly. PCV alone does not react 

quickly enough with Al to significantly reduce hydrolysis. 
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The effect of a second ligand is a potential problem in PIA if the sample and PCY 

are brought together at the analytical pH (a scenario common to many FIA systems for the 

spectrophotometric detection of metal ions). However, in most FIA methods using PCY 

for the spectrophotometric determination of Al, the sample (containing Al) is usually 

merged with acidified (or unbuffered) PCY solution [Rpyset, 1986]. In such a solution 

PCY can complex Al as the 'maltol' complex (see Chapter 4) and upon contact with the 

buffer (e.g. hexamine at pH 6.2) the colour development is quite fast. This would mean 

that rate enhancing effects are likely to be insignificant. 

Although these experiments revealed interesting information relating to reaction 

kinetics, no further investigations were made. The major interest from this work relates to 

the possibility of naturally occurring ligands, e.g. small organic acids or fluoride, 

enhancing the rate of reaction in a spectrophotometric analysis. Since analyses are 

performed under non-equilibrium conditions, the presence of a small amount of F, say, 

might result in rate enhancements relative to Al standards (absence of a 'second-ligand'). 

For the measurement of total Al or for measurements where changes in solution speciation 

are not important one could· add an 'excess of a 'catalytic' ligand to ensure consistent 

product formation, even in the presence of varying amounts of ligands such as F, oxalate, 

malonate etc. 
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CHAPTER 7 

A SURVEY OF ELECTROCHEMICAL SENSOR LIGANDS FOR 
A13+ AND THE DEVELOPMENT OF AN ELECTROCHEMICAL 

DETECTION SYSTEM FOR A13+ 

This chapter describes the evaluation of a series of ligands which exhibit (or 

could be expected to exhibit) Al-binding and electrochemical properties that may be 

utilised in the development of an electrochemical method for the determination of Al. It is 

divided into 2 parts. 

SECTION A: A preliminary survey of the electrochemical properties of a series 

of Al3+-ligand systems using cyclic voltammetry. This was to identify redox-active ligands 

which may be used as electrochemical probes for AI. 

SECTION B: The development of a flow injection analysis (PIA) method for 

the determination of Al which exploits the indirect electrochemical detection of Al using 

the ligands pyrocatechol violet (peV) and rhodizonic acid I tetrahydroxy-l,4-quinone 

(RHD/THQ). 

SECTION A: A SURVEY OF ELECTROCHEMICAL SENSOR LIGANDS FOR 

A13+ 

7.1 INTRODUCTION 

The electrode potential at which AI3+ is reduced to AlO is outside the working 

range of most electrode materials in aqueous solution. At most electrodes the very 

negative potentials required for the reduction of Al3+ results in the evolution of hydrogen 

OH- + Y2H2(g)]' Furthermore, at reducing potentials, Al has a 

tendency to form nonconducting oxide or amorphous hydroxide layers. Accurate and 

reproducible experimental electrode potential data for Al is not abundant. 

Possibly the first extensive investigation of the electrode potential of Al was made 

by Heyrovsky (1920). In these studies hydrogen evolution and oxide formation were 

minimised by the investigation of dilute Al amalgams in Alel3 working solutions. A value 

of -1.333 V was determined for the formal potential of Al and this potential was attributed 

to the reaction: AI(OHh + 3e- = AI(s) + 30H-. 

A number of studies have now been made of the standard potential of AI 

[Malachesky, 1976]. The accuracy of these studies is, however, unclear. The accepted 

value for the standard electrode potential of AI, E, is -1.66 V: 
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Direct Determination of Ai: The direct determination of Al3 + (e.g. with polarographic 

procedures) is not attractive because of the very negative potential at which it is reduced. 

However, several early investigations were made of the polarographic behaviour of the 

AI3+ ion. In 0.05 N BaC12 solution Prajzler (1931) assigned the AI3+ ion to a reduction 

wave at -1.75 V vs SCE. A method for the determination of AI in magnesium alloys 

(MgCI2> pH 3.2) was developed by Gull (1937) based on this information. Galova and 

Szmerekova (1973) examined the polarographic behaviour of AI in the presence of several 

ligands (including fluoride, tartrate and citrate). They observed that as the ratio 

[complexing anion]/[AI] increased, the EYz values are shifted to more negative potentials. 

Many early voltarnrnetric studies of AI were directed towards elucidating the 

mechanism for the polarographic reduction of AI3+. Reynolds and Webber (1958) found 

that the AI3+ reduction peak was proportional to AI concentration. It was also observed 

that peak height was a function of the starting potential and solution composition (salt and 

buffer concentrations and pH). Kolthoff and Sambucetti (1959) investigated the 

behaviour of a rotating AI wire electrode in aqueous solutions. The electrode was found 

to be a function of pOH at pH > 9 in the absence of fluoride. In more acidic solutions and 

in the presence of fluoride the electrode produced an anodic current at -0.75 V vs SCE 

which was proportional to the fluoride concentration over the range ca. 10-300 )lg L-1. 

Indirect Determination of Ai: The direct determination of AI using electrochemical 

procedures is very difficult. In contrast, the indirect electrochemical determination of AI is 

a meritorious approach. The first indirect electrochemical method for the determination of 

AI was a polarographic procedure developed by Willard and Dean (1950). In studies 

investigating the reduction wave of the 'dye' solochrome violet RS (SVRS) they observed 

that in the presence of AI the SVRS wave split into two discrete waves. The second 

wave, attributed to the AI-SVRS complex, was at more negative potentials (ca. -0.2 V) 

than the SVRS wave. The total height of the two waves was equal to that of the SVRS 

wave alone and the height of the second wave was proportional to the Al concentration. 

The method of Willard and Dean was later refined by Florence (1962) and 

Florence et al. (1966). Florence (1962) used the dye superchrome garnet Y (5-sulfo-

2',4',2-trihydroxyazobenzene) for the determination of AI in Th compounds using linear

sweep oscillographic polarography. The method had a detection limit (DL) of 1 ppm. In 

contrast, Florence et ai. investigated the oxidation of the AI-SVRS complex at a rotating 

pyrolytic graphite electrode. Well defined oxidation waves for SVRS and the AI-SVRS 

complex were observed (separated by 0.35 V in acetate buffer). The advantages of this 

method were that quite simple polarographic equipment could be used to determine AI at 

10 ppb concentrations. Furthermore, the de aeration of test solutions was not required and 
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several metals that interfered in the reduction methods had no effect when oxidation waves 

were used for measurement. 

Hall and Skoumbourdis (1966) investigated the use of an indirect method for AI 

determination based on an Al-catalysed reduction of the nitrate ion at the dropping 

mercury electrode. Holleck et al. (1969) and Abd EI Kader et al. (1970) investigated the 

electrochemistry of AI-dye complexes in methanolic electrolytes. Lendermann et aI. 

(1972) used a carbon paste electrode in the oxidative determination of AI via its SVRS 

complex in 0.2 mol L-1 NaOAc electrolyte. 

More recently, the technique of adsorptive stripping voltammetry (AdSV, or 

cathodic stripping voitammetry, CSV) has been investigated for the determination of AI at 

sub-ppb levels. Wang et aI. (1985) employed the adsorptive accumulation and oxidation 

of the AI-SVRS complex at a hanging mercury drop electrode (HMDE). Analysis was 

carried out over the range 5 to 30 ~g L-1 (0.19-1.11 ~mol L-1) in an acetate electrolyte 

(pH 4.5) following 60 s adsorption from stirred solution. The estimated DL, based on 10 

min adsorption, was 0.15 ~g L-1 (5.5 nmol L-1). It was necessary to heat the sample to 

90°C (for 10 min) and cool for 15 mih to ensure quantitative formation of the AI-SVRS 

complex. If present in sufficient concentrations, Fe and Cu interfered in the analysis. 

In a similar study van den Berg et al. (1986) investigated the ligand 1,2-

dihydroxyanthraquinone-3-sulfonic acid (DASA) for the determination of AI. The much 

faster reaction kinetics for this procedure (complex formation at pH 7.1) eliminated the 

need to heat the sample. Detection was effected by differential pulse CSV and a lower DL 

of 27 ng L-1 (1 nmol L-1) was obtained for 45 s accumulation of 0.1 ~mol L-1 DASA. 

The metal Zn caused significant interference but this could be masked by addition of 

EDTA. In the analysis of aquatic samples surface active organic species were found to 

interfere. 

Downard et at. (1992) modified the method of Wang et al. to eliminate the need 

for the heating (and cooling) steps. This step was replaced with a 10 min degassing of the 

test solution at pH 8.8 (at room temperature) followed by lowering the pH to 4.6. The 

DL was 4.5 nmol L-1 and the measured reactive fraction of AI was found to approximate 

total dissolved AI. 

An alizarin-modified (1,2-dihydroxyanthraquinone) graphite electrode (CME) 

was developed by Downard et al. (1991) for the voltammetric determination of AI at pH 

8.2. An accumulation time of 60 s and differential pulse (DP) measurement of the 

oxidation peak of the AI-alizarin complex gave a DL of 0.15 ~mol L-1 and a linear 

response up to 10 Ilmol L-1. Although a significantly higher sensitivity may be obtained 

using CSV, electrode preparation for the CME method was simpler and more rapid than 

the CSV method. Interferences were observed for the anions nitrilotriacetic acid (NTA), 

citrate and P04
3- and the cations Cu2+, La3+ and Fe3+. 
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An FIA system for the determination of Al utilising the formation of an Al

DASA complex at pH 9.0, followed by amperometric measurement of excess DASA, was 

developed by Downard et at. (1992). Electrode fouling of the gold electrode (used in 

these studies) was significant but this could be minimised by use of separate detection and 

cleaning cycles respectively. During the cleaning cycle, cathodic-anodic voltage cycling 

was used to reactivate the electrode surface. The linear working range (LWR) was 

dependent on the DASA concentration. For 20 Ilmol L-1 DASA the LWR was 0.5-10 Il 

mol L-1 and the DL was 0.25 Ilmol L-1. Interferences were observed from NTA, tannins 

and Fe3+. 

The voltammetric determination of Al using the adsorptive preconcentration of an 

Al-PCV complex was investigated by Vukomanovic et at. (1991). In a triethanolamine/ 

perchloric acid electrolyte solution the complex was adsorbed onto a mercury drop 

electrode at -0.5 V (vs SCE). Scanning cathodically gave two well resolved peaks at -0.7 

V and -0.9 V for reduction of the adsorbed PCV and AI-PCV complex respectively. For a 

60 s adsorption period (1llmol L-1 PCV) a LWR from 1 to 25 Ilg L-1 was obtained. The 

DL was 0.1 Ilg Al L-1. Vanadium was found to cause interference in analyses, however 

this could be overcome by complexation of V with citrate. 

Cai and Khoo (1993) utilised 8-hydroxyquinoline (oxine) for the DP AdSV 

determination of trace amounts of AI. The Al-oxine complex was detected at a glassy 

carbon (GC) electrode in ammonium acetate buffer (0.024 mol L-1, pH 6.8). The LWR 

was dependent on the Al concentration and was divided into two segments (ascribed to 

two processes): (i) oxidative stripping of the adsorbed AI-oxine complex (LWR of 0.04-

5.0 Ilmol L-1) and (ii) oxidation of the Al-oxine complex in solution (saturated electrode 

surface; LWR of 8.0-40 Ilmol L-1). The DL for the method was 0.01 Ilmol L-1. A 

number of potential interferents were tested and procedures for their minimisation 

suggested. 

Recently several AdSV techniques have been applied to the analysis of Al in 

biological media. Carrera et al. (1993) reported the application of a DASA-AdSV 

technique to the determination of Al in haemodialysis concentrates. Karpiuk et al. (1995) 

utilised a Caimagite-AdSV technique for the determination of Al in human serum-derived 

products. 

7.1.1 SCOPE OF THIS WORK.- The affinity of the A13+ ion for oxygen donor 

ligands has been well documented [Martell and Smith, 1976-1989; Pearson, 1988; 

Clevette and Orvig, 1990]. Al also forms strong complexes with a number of hydroxy

arylazo compounds e.g. eriochrome black T (EBT) , 4-(2-pyridylazo )resorcinol (PAR) 

[combined nitrogen and oxygen donor molecules]. 
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As discussed above (7.1), the electrochemical analysis of Al generally requires an 

'indirect' approach via a ligand whose redox chemistry is significantly affected by binding 

of Al. Many of the dihydroxyaryl, hydroxyquinone and hydroxyarylazo ligands that are 

known to form stable complexes with Al also exhibit favourable electrochemical responses 

over the anodic potential range 0 to 1.0 V. Thus such ligands are ideal candidates for 

investigation with regard to their potential use in developing electrochemical methods for 

Al determination. The oxidation (anodic) waves of the ligand and metal-ligand complexes 

are of primary interest because detection systems based on oxidation may be used with 

flow injection techniques without the requirements of solution deaeration. 

A second indirect method for the electrochemical determination of Al may also be 

considered. This novel procedure could involve probing the electrochemistry of a 

secondary metal ion bound by a suitable ligand. The ligand's ability to complex Al should 

be such that, in its presence, the secondary metal ion is displaced quantitatively by Al, thus 

allowing this metal's electrochemistry to be exploited. The Cu2+/Cuo pair is such a metal 

ion system. The Cu2+ ion can be bound by the same moieties that bind Al and is easily 

reduced. Ligands such as Tartrazine, which possess functional groups suitable for 

complexing both Cu and AI, are of possible interest for such work. 

In this SECTION a survey of the electrochemical properties of redox active ligands 

(also known to complex Al) was undertaken. Ligands that may be used for the second 

indirect procedure described above were also considered. These studies were undertaken 

using cyclic voltammetry. 

7.1.2 EXPERIMENTAL 

(A) Chemicals and Analysis.- All solutions were prepared from Milli-Q water and all 

working solutions were prepared in 0.10 mol L-1 K(CI) (Merck, p.a.), dried at 120°C. 

(i) Ligand Solutions: Ligand solutions for electrochemical work were used without 

further purification (unless otherwise stated) and stored in the dark at 6°C. Allligand 

stock solutions were prepared by accurately weighing the required amount of dry solid 

(corrections were made for estimated ligand content). These solutions were ca. 5-10 

mmolL-1ligand and ca. 0.01 mol HCI (unless otherwise stated). 
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Pyrocatechol violet: 

Reagent grade PCV {(i) 2-[(3,4-dihydroxyphenyl)(3-hydroxy-4-oxocyc1ohexa-

2,5-dien-l-ylidene)methyl]benzene sulfonic acid} was obtained from Koch-Light and was 

used following vacuum drying at 105°C [as described in Chapter 3 (3.2.6)]. 

(i) 

Rhodizonic acid and tetrahydro:>.y-l,4-quinone: 

Rhodizonic acid [(ii) RHD, .1,2-dihydroxytetraquinone] and tetrahydroxy-l,4-

quinone [(iii) THQ] were obtained from Sigma. These solids were used without further 

purification (RHD solid was stored below 0 °C). RHD solutions were prepared daily 

under a nitrogen atmosphere to minimise ligand oxidation and decomposition. 

Purpurin: 

o 

OYyOH 

O~OH 
o 

(ii) 

HO~OH 
HO~~OH 

o 

(iii) 

Purpurin [(iv) PPN, 1,2,4-trihydroxyanthraquinone] was obtained from Sigma. 

The stock solutions were 0.025 ~m membrane filtered. 

OH 

OH 

o OH 

(iv) 
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4-(2-pyridylazo )resorcinol and 1, -(2-thiazolyazo )-2 -naphthol: 

4-(2-pyridylazo )resorcinol [(v) PAR] and 1, -(2-thiazolyazo)-2-naphthol [ (vi) 

TAN] were obtained from Sigma. PAR was quite soluble in H20. In contrast, TAN 

required a drop ofKOH (1:1) to provide adequate solubility. 

©IN=NYONa 
OH 

(v) (vi) 

Tartrazine: 

Tartrazine {(vii) TART, 3-carboxy-5-hydroxy-l-p-sulfophenyl-4-[(P-sulfo

phenyl)azo]pyrazole} was obtained from BDH as the trisodium salt. 

HO,S-o-N=N~OH 
H02CAjJ~ 

SOsH 

(vii) 

Pyridinones Hmpp and Hdpp: 

The pyridinones 3-hydroxy-1,2-dimethyl-4-pyridinone [(viii) Hdpp] and 3-hydr

oxy-2-methyl-4(lH)-pyridinone [(ix) Hmpp] were obtained from Prof. C. Orvig (UBC, 

Canada) via Prof. S. Sjoberg (Vmea, Sweden). 

~ )

CH

3 o N-CH3 

(viii) (ix) 

(ii) Metal 1011 SolutiollS: All metal solutions were prepared by dilution of stock 

solutions described in Chapter 3 [3.2.5]. These solutions were (i) a 2.0 mmol L-1 Al (III) 

solution, (li) a 2.0 mmol L-1 Fe(III) solution and (iii) a 2.0 mmol L-1 Cu(II) solution. All 

solutions were prepared in 0.02 mol L-1 HCl 
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(iii) Buffer Solutions: Three buffer solutions were used throughout these studies: (i) 

acetate (pH 4.5 5.5) [BDH, AnalaR], (ii) ammonium acetate (pH 8.5 - 9.0) [ammonia \ 

acetic acid; BDH, AnalaR] and MES (pH = 5.9 - 6.2) [Sigma]. All buffer solutions were 

ca. 0.05 mol L-1. 

(iv) Solvents: The solvent used for dip-coated electrodes was DMF (NN-dimethyl

methanamide) [May and Baker]. 

(B) Voltammetric Equipment 

(i) Instrumentation: Cyclic voltammograms (CVs) were obtained using a model 273 A 

potentiostat (EG & G Princeton Applied Research) with computer recording. 

(ii) Electrodes and Cells: A three electrode pyrex glass cell was used for all 

voltammetric studies. It consisted of a glassy carbon (GC) (area = 0.07 cm2) or graphite 

(area = 0.28 cm2) working electrode, a platinum wire counter electrode and a saturated 

calomel reference electrode (SCE). The laboratory-built cells were 10 mL and 15 mL for 

the GC and graphite electrodes respectively. The preparation and treatment of the 

electrodes has been described in Chapter 3 (3.5.2). 

(C) Cyclic Voltammogram Recording Procedures.- All test solutions were 

deaerated with oxygen-free nitrogen for 5-10 min before recording voltammograms. 

Throughout the experiments oxygen-free nitrogen was passed over the top of the test 

solutions. The concentration of ligand in the test solution was generally 0.3-1.0 mmol L-1. 

The addition of the test metal (e.g. Al) was made through the 'port' which contained the 

SCE electrode (following its temporary removal). The GC electrode was not removed 

during this procedure. A 5 min equilibration period (with deaeration and hence mixing) 

was effected between each addition to the cell. Care was taken not to create gas bubbles 

at the surface of the GC electrode. Between repeat 'scans' of a test solution the electrode 

surface was 'cleaned' by bubbling oxygen-free nitrogen for 2 min through the test solution 

followed by 30 s with 'no bubbling'. Repeat scans were then effected immediately. 

7.1.3 RESULTS.- The electrochemistry of the ligands and their Al (or Cu) complexes 

were examined using cyclic voltammetry (scan rate = 100 mV s-l) at a GC electrode. For 

the purposes of these studies, the oxidation waves were of the primary interest. However, 

in the preliminary studies both oxidation and reduction processes were investigated. The 

results for ligand and AI-ligand oxidation waves are summarised in Table 7.1.3. 

Electrolyte and Buffers: The electrochemical characteristics of the buffer solutions were 

checked before all ligand and metal-ligand experiments. Cyclic volt ammo grams of the 

three buffers used [NaOAcIHOAc (pH 4.5 - 5.5), MES (pH 5.9 6.2), NaOAcINH3 
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(pH 8.5 - 9.0): all I =: 0.10 mol L-1] revealed no electroactive components present. 

'Background' signals were negligible over the range 1.35 V::;; E (vs. SCE) ::;; 1.40 V. 

Table 7.1.3 The electrochemistry of the ligands and their AI complexes in aqueous media 
at a GC electrode. 

Ligand pH Oxidation waves [Epa vs. SCE (V)] 

concentration ligand 

PCV 6.2 0.35 (0.70)b 
0.35 mmol L-1 8.5 0.14 

RHD 5.0 0.59 
1.0 mmolL-1 8.5 0.61 

THQ 5.0 0.23 
2.5 mmolL-1 

PPN 5.5 0.55 
1.0 mmolL-1 8.5 0.29 

PAR 5.5 0.85 
0.5 mmol L-1 8.5 0.75 

TAN 5.5 0.64 
0.5 mmolL-1 8.5 0.47 

MPP 5.0 0.90 
1.0 mmolL-1 5.9 0.76 

9.0 0.60 

DPP 5.0 0.83 
1.0mmol L-1 9.0 0.47 

TART 5.5 1.02 
0.5 mmol L-1 8.5 0.80 

t The ligand/metal ratio was 3.0 for these Epa measurements. 

a No shift in potential observed with added AI. 

b Two peaks observed (smaller of two bracketed). 

c Precipitate observed with added AI. 

Al-ligandt 

a 
a 

1.00 
(0.70) 0.95b 

a 

c 
c 

a 
a 

a 
a 

a 
a 
a 

a 
a 

a 
a 
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(A) Pyrocatechol Violet (PCV).- Cyclic voltammograms (CVs) were recorded for 

PCV solutions at pH 6.2 and 8.5. At both of these pHs a linear correlation was observed 

between the ligand oxidation peak height (ip a) and the added AI. PCV is oxidised in air at 

pH > 7 and the development of an FIA system utilising electrochemical detection with 

PCV would preferably involve an operating pH of 5.8-6.2. For these reasons pH 6.2 was 

investigated more thoroughly than pH 8.5 and the CVs recorded for PCV solutions at pH 

6.2 are used to illustrate the results. The results for pH 8.5 solutions are shown in the 

presence of Al [see 'Effect of pH'; Figure 7. 1. 3B (iii)]. 

Figure 7.1.3A shows CVs of PC V recorded over the ranges: (i) -1.0 V:::;; E (vs. 

SCE) :::;; 0.8 V and (ii) -0.4 V:::;; E (vs. SCE) :::;; 0.5 V. It is apparent from these Figures that 

electrode fouling is not significant and the peak potentials are stable and reproducible. 

(i) (ii) 
-9 ---------------------. -8 ---------------------. 

i (f.-lA) 

-6 ----------------- -6 - - - - - - - - - - - - - - -

-3 -------------- -4 

-2 - - - - - - - - - - - - - - -

3 - o - - - - - - --O.-__ --~ 

6 ---------------------. 2 

-0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 -0.4 -0.2 0.0 0.2 0.4 0.6 

E vs. SCE (V) E vs. SCE (V) 

Figure 7.1.3A Cyclic voltammograms of PC V (pH 6.2) recorded over the ranges: (i) -1.0 

V :::;; E (vs. SCE) :::;; 0.8 V and (ii) -0.4 V :::;; E (vs. SCE) :::;; 0.5 V. Both CVs were 

commenced in the positive direction. The concentration of PCV was 0.35 mmol L-1 and 

three scans are shown for each solution. 

The two oxidation waves observed at 0.35 and 0.70 V (vs. SCE) are assigned to 

the irreversible oxidation of the 1,2-dihydroxyaryl and 2-hydroxy-1-oxocyclo-hexadiene 

sites respectively. These oxidation processes are depicted below: 
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(a) Oxidation wave at 0.35 V (VS. SCE): 1,2-dihydroxyaryl site. 

--

(b) Oxidation wave at 0.70 V (vs. SCE): 2-hydroxy-1-oxocyclohexadiene site . 

... -

Effect of Al: The effect of Al on the electrochemical response of PCV is shown in Figure 

7.1.3B. Also shown in this Figure is a plot of -ip a (0.35 V) vs. [AI]. 

(i) (ii) 
·8 ---------------------. B 

i (J-LA) a • a 
-lp 

·6 --------------- (J-LA) 
6 

·4 --------------

4 

·2 -------------

2 

2 --------- -----------. 
o~~~~~~~~~~~~~ 

·0.4 -0.2 0.0 0.2 0.4 0.6 o 50 100 150 200 250 

E vs. SeE (V) [Al(Ill)] (J-LM) 

Figure 7.1.3B (i) Cyclic volt ammo grams recorded over the range -0.4 V ::::; E (vs. SCE) ::::; 

0.5 V [commenced in the positive direction] for solutions containing 0.35 mmol L-1 PCV 

and 'a' 0, 'b' 10, 'c' 20, ... 'r' 200 Ilmol L-1 Al (pH 6.2). (ii) A plot of ip a (0.35 V) vs. [AI]. 
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It is clear from this Figure that at pH 6.2 PCV complexes AI and that this 

complex does not exhibit an oxidation signal at the same potential as the uncomplexed 

PCV. CVs recorded over the range -1.0 V ::::; E (vs. SCE) ::::; 0.8 V showed no 'second' 

peak (i.e. a peak for the AI-PCV species); such a peale had been observed by Xu [1992] at 

higher PCV concentrations. 

Effect of pH: The effect of AI addition on the voltammetric response of PCV (0.20 mmol 

L-1) at pH 8.5 is shown in Figure 7.1.3B(iii). This is to be contrasted with Figure 

7.1.3B(i). 

-3.0 
a 

i ()..LA) 1 
-2.0 - - - - - - - - - -

-1.0 

0.0 - - - - - - - - - -

1.0 ....,.,,~~/L _ _ ______________ . 

-0.2 0.0 0.2 0.4 

E vs. SeE (V) 

Figure 7.1.3B (iii): Cyclic volt ammo grams recorded over the range -0.25 V ::::; E (vs. 

SCE) ::::; 0.5 V [commenced in the positive direction] for solutions (pH 8.5) containing 

0.20 mmol L-1 PCV and 'a' 0, 'b' 50, 'c' 100, ... 'g' 300 J-lmol L-1 AI. 

These results represent a linear decrease in the oxidation peak for PCV, ip a, (0.14 

V vs. SCE) as a function of AI concentration, i. e. as observed in Figure 7.1.3B(ii) (pH 

6.2). 

Effect of Cu(II): The effect of Cu(II) on the electrochemical response of PCV is shown 

in Figures 7.1.3C(i)-(ii). In Figure 7.1.3C(i) an increase in the apparent 'PCV' oxidation 

wave is observed with each consecutive addition of Cu. In (ii) a new oxidation wave is 

observed at ca. -0.05 V; this wave may be assigned to the Cu(II)/Cu(I) redox couple and 

indicates the presence of free Cu in the solutions. 
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(i) (ii) 
-12 - - - - - - -12 ------

i (!-LA) 
g 

i (!-LA) 

I: 
-9 -9 

-6 -

a 

-3 -3 

o 

3 _ .. 

-0.4 -0.2 0.0 0.2 0.4 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 

E vs. SeE (V) E vs. seE (V) 

Figure 7.1.3C (i) and (ii): Cyclic voltammograms recorded over the range -0.4 V :::; E 

(vs. SCE) :::; 0.5 V [commenced in the positive direction] for solutions (pH 6.2) containing 

0.35 mmol L-1 PCV and consecutive additions (a--71) of Cu(II) (ca. 0, 12.5, 25, ... j.tmol 

L-J Cu respectively). 

It is observed in Figure 7 .1.3C that Cu(II) 'enhances' the apparent PCV oxidation 

peak. Possible explanations to these effects are addressed in the Discussion (7.1.4). 

Whatever the cause, however, these effects may allow larger detection signals to be 

obtained in the presence of AI. In Figure 7.1.3C(iii) a plot of -ip a (0.35 V and -0.05 V) 

vs. the PCV ICu(II) ratio is given. In this Figure the maximum increase in the PCV 

oxidation peak (0.35 V) is observed at a PCV/Cu ratio ca. 0.1. At ratios greater than 0.1 

'free' Cu was observed in the solution. 

(iii) 
-12 

• a 
Ip 

(a) 
(J..lA) IAAAIA '" -11 

_ 7 '-'-~'-'-'--'-L--'-L-'-'--'-'--'-'--'-'--'-'-~'-'-' 
0.0 0.1 0.2 0.3 0.4 0.5 

Ratio: PCV/eu(II) 

Figure 7.1.3C (iii) A plot of (a) {-ip a (0.35 V)} (solid line) and (b) {[-ip a (-0.05 V)] - 0.8 

V} (dashed line) vs. [PCV/Cu(II) ratio] is given. 
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In a subsequent experiment the effect of AI on a solution containing 0.35 mmol 

L-1 PCV and 0.035 mmol L-1 Cu(II) was studied. The results from these experiments are 

presented in Figure 7.I.3D. 

10 
• a 

-lp 

(~A) 
B 

6 

4 

2 

50 

(a) 

PCV/Al=2.0 

100 150 200 250 300 

[AI(III)] (~M) 

Figure 7.1.3D A plot of -ip a (0.35 V) vs. [AI] (a) for cyclic voltammograms recorded 

over the range -0.4 V :::;; E (vs. SCE) :::;; 0.5 V [commenced in the positive direction] for 

solutions containing 0.35 mmol L-1 PCV, 0.035 mmol L-1 Cu(II) and 0, 10, 20, ... 200 

~mol L-1 Al (pH 6.2) and (b) for the results presented in Figure 7.1.3B. 

In Figure 7.1.3D the curvature of the plot at ligand! Al ratio of 2.0 indicates that 

the stoichiometry of the complex forming (pH 6.2) is that predicted from the equilibrium 

model described in Chapter 4 [i.e. AI(PCVh]. 

(B) Rhomzonic Acid (RHD).- CVs were recorded for RHD solutions at pH 5.0 and 

8.5. Several features of the chemistry of RHD in aqueous media made the studies of the 

material difficult. Rhodizonic acid decomposes (via oxidation) in the presence of air and 

for this reason much care was required to exclude oxygen from the cell during all 

experiments [the decomposition of RHD is addressed in the Discussion (7.1.4)]. The 

results presented in this Section (pH 5.0) indicate that decomposition of RHD was small. 

Results in the absence of Al are presented in Figure 7.1.3E. 

Figure 7.I.3E shows CV s of RHD recorded over the ranges 'a' 0 V :::;; E (vs. SCE) 

:::;; 0.8 V and 'b-d' -0.6 V :::;; E (vs. SCE) :::;; 0.3 V. The CV 'a' was not reproducible when 

using a freshly polished electrode for each scan and further, on repeat scans, both the peak 

potential (Epa) and current (ip a) changed significantly. In contrast, CVs 'b-d' were quite 
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reproducible (as depicted in the Figure by triplicate scans). Electrode fouling was 

observed not to be significant. 

-30 --~-----------------

i ().lA) 
a 

30~~~~~~~~~~~~~ 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 

E vs. SeE (V) 

Figure 7.1.3E Cyclic voltammograms of RHO (pH 5.0) recorded over the ranges 'a' 0 V 

:::; E (vs. SCE) :::; 0.8 V [commenced in the positive direction] and 'b'-'d' -0.6 V :::; E (vs. 

SCE) :::; 0.3 V (three repeat scans) [commenced in the negative direction]. The 

concentration of RHO was 1.0 mmol L-1. 

Rhodizonic acid (RHO) may undergo oxidation and reduction; both of these 

processes are observed in Figure 7.1.3E. The oxidation wave 'a' is consistent with the 

oxidation of RHO to hexaquinone (HQN). In CVs 'b-d' RHO is reduced to tetrahydroxy

l,4-benzoquinone (THQ), followed by its re-oxidation to RHO. These oxidation and 

reduction processes are depicted below. 

HO~OH 
HO~OH 

o 

THQ 

-( 2e- + 2H+) ... 

o 

HOyYO 

HO~O 
o 

RHO 

o 

.. :~: -( 2e- + 2H+) 
... 

o 

HQN 

Effect of AI: The effect of Al on the electrochemical response of RHO is shown in Figure 

7.1 for the reduction process. The oxidation of RHO in the absence of AI was not 

reproducible. No improvement to the reproducibility (stability of oxidation potential etc.) 
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was observed in the presence of AI. Results for the oxidation of RHD in the presence of 

Al are not shown. 

-10 - - - - - - - - - - - - - - - -. 

i (I-lA) 
·5 --------------

o - - - - - - -~===:::;;; 
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-0.6 -0.4 -0.2 0.0 0.2 
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Figure 7.1.3F Cyclic voltammograrns recorded over the range -0.6 V :::; E (vs. SCE) :::; 

0.3 V [commenced in the negative direction] for solutions containing 0.5 mmol L-1 RHD 

and 'a' 0, 'b' 20, 'c' 40, ... 'g' 120 !lmol L -1 Al (PH 5.0). 

It is apparent from Figure 7.1.3F that AI complexes RHD and that the AI-RHD 

complex does not exhibit a reduction signal at the same potential as the uncomplexed 

RHD. The results were reproducible and a plot of -ip a (0.15 V or -0.48 V) vs. [AI] is 

linear (not shown). Since oxidation processes are preferred over reduction processes for 

the development of FIA methods (i.e. exclusion of oxygen is not required) then oxidation 

of THQI AI-THQ (ip a at 0.15 V) may be better to investigate than the reduction of 

RHD/Al-RHD (ipe at -0.48 V). 

(C) Tetrabydroxy-1,4-quinone (THQ).- CVs were recorded for THQ solutions at 

pH 5.0. The decomposition of THQ was observed in solutions exposed to the air for 

prolonged periods of time. The results presented in this Section indicate that 

decomposition of THQ is likely to be small over the time scale of electrochemical 

experiments and that THQ should be applicable for FIA use. Results in the absence and 

presence of AI are shown in Figure 7.1.3G. 
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Figure 7.1.3G Cyclic volt ammo grams recorded over the range -0.65 V :::; E (vs. SCE) :::; 

0.25 V [commenced in the positive direction] for solutions containing (i) 3.75 mmol L-1 

THQ and (li) 3.75 mmol L-1 THQ and 'a' 0.1, 'b' 0.2, 'c' 0.3, ... 'h' 0.8 mmol L-1 AI (pH 

5.0). 

(D) Purpurin (PPN).- Preliminary studies indicated that PPN is sparingly soluble in 

H20. At both pH 5.5 and 8.5 PPN was sufficiently soluble to determine the potential at 

which the ligand is oxidised (see Table 7.1.3). However the addition of AI resulted in 

precipitation of the ligand or metal-ligand complex. For these reasons an attempt to 

investigate the redox chemistry of PPN and the AI-PPN system was made using chemically 

modified electrodes (CME). This work was performed at pH 8.5. The preparation and 

characterisation of a 'single-use' PPN-modified graphite electrode (dip coated) is now 

described. 

Preparation of Dip Coated PPN Electrode and Test Solution Analysis: The 

immobilisation of PPN onto the electrode depends on the electrode material and surface 

conditions, the solvent and the concentration of PPN in the dip-coating solution. Xu 

(1992) found that alizarin (l,2-dihydroxyanthraquinone) was most soluble in DMF and dip 

coating from this medium gave electrodes with the greatest sensitivity (ethanol and 

acetonitrile were also tested). Because the structures of alizarin and PPN are very similar, 

DMF was chosen as the solvent for these studies. 

Reproducibility depends on electrode surface conditions, therefore surface 

pretreatment (cleaning and polishing) was most important. This pretreatment of the 

graphite electrode was described in the Chapter 3 (3.5.2). In these studies the effect of 

the concentration of PPN (dip concentration) was investigated. PPN concentrations of 

20.0, 2.0 and 0.2 mmol L-1 (in DMF) were tested. The notation PPN(20 mmol L-1), for 

example, will be used to describe a CME prepared by dip coating in a DMF solution of 20 

mmolL-1 PPN. 
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Test solutions were prepared by addition of an aliquot of Al standard to 5 mL of 

buffer (NaOAcINH3, pH 8.5) and 5 mL of triply distilled water in the electrochemical cell. 

The solution was allowed to equilibrate at room temperature for 5 min prior to 

transferring the CME to the cell. The CME was introduced to the cell and stirring (N2(g) 

bubbling) was initiated for 1 min at open circuit. The CV was then recorded. 

Results: CVs were recorded for PPN modified electrodes at pH 5.0 and 8.5. In Figure 

7.1.3H(i) the effect of ligand concentration (dip solution) on the voltarnrnetric response of 

PPN is shown (pH 8.5). Also shown, (ii), is the forward (solid line) and reverse (dashed 

line) CV for a PPN(20 mmol L-1) CME. 
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Figure 7.1.3H Cyclic voltammograms of PPN(,X' mmol L-1) CME's where (i) X = 'a' 0.2, 

'b' 2.0 and 'c' 20.0 mmol L-1 [0.05 V::':; E (vs. SCE) ::.:; 0.9 V] and (ii) PPN(20 mmol L-1) 

CME [-0.9 V::':; E (vs. SCE) ::.:; 0.8 V] (pH 8.5). The voltammograms commenced in the 

positive direction and negative direction are illustrated by solid lines and dashed lines 

respectively. 

At pH 5.0 the CV for a PPN(20 mmol L-1) CME did not exhibit a sharp andior 

well defined peak. In contrast, at pH 5.0, the oxidation peak for a PPN(2 mmol L-1) CME 

was much sharper and well defined. The oxidation mechanism for the ligand is depicted 

below: 

o OH o o 
o 

o OH o OH 
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Effect of AI: AI is expected to bind to the ortho-phenolic oxygens of PPN. After ligand 

oxidation Al is not expected to remain complexed. The effect of AI on the electrochemical 

response of PPN is shown in Figures 7.1.31 and 7.1.3J. In Figure 7.1.3J the effect of pH 

and PPN concentration on the voitammetric response of AI-PPN is also shown. 
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Figure 7.1.31 Cyclic voltammograms recorded over the range 0.05 V:;;; E (vs. SCE) :;;; 0.8 

V [commenced in the positive direction] for a PPN(20 mmol L-1) CME and 'a' 0, 'b' 8.0 

and 'c' 16 mmol L-1 Al (pH 8.5). 
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Figure 7.1.3J Cyclic voltammograms recorded over the range 0.05 V :;;; E (vs. SCE) :;;; 

1.0 V [commenced in the positive direction] for a PPN(2 mmol L-1) CME at (i) pH 5.0 for 

and 'a' 0, 'b' 0.9, 'c' 1.8 and 'd' 2.6 mmol L-1 AI and (ii) pH 8.5 and 'a' 0, 'b' 1.0, 'c' 2.0 and 

'd' 3.0 mmol L-1 AI. 
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(E) Pyridinones: Hmpp and Hdpp.- CVs were recorded for both Hmpp and Hdpp 

solutions at pH 4.6, 5.0, 5.9, 6.2-6.5 and 9.0. At pH 4.6 and 6.2-6.5 distinct oxidation 

peaks were not observed for these ligands; the best results are illustrated in Figure 7.1.3K. 
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Figure 7.1.3K Cyclic voltammograms recorded for (i) Hmpp at pH 'a' 5.0, 'b' 5.9 and IC' 

9.0 [0 V :::; E (vs. SCE) :::; 1.2 V] and (ii) Hdpp at pH 'e' 5.0 and 'f 9.0 [0.2 V :s; E (vs. 

SCE) :s; 1.0 V]. All CVs were commenced in the positive direction. The ligand 

concentrations were ca. 1.0 mmol L -1. 

Effect of eu and AI: The pyridinones were expected to complex both Cu and Al and the 

effect of each of these metals on the voltammetric response was investigated. In the 

presence of Cu oxidation waves of both Hmpp and Hdpp were shifted to higher potentials 

(ca. + 0.10 to 0.15 V). These new peaks were 'sharper' than the ligand only peaks. The 

effect of added AI on this peak is shown in Figure 7.1. 3L for Hmpp. 
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Figure 7.1.3L Cyclic voltammograms recorded over the range 0.45 V :s; E (vs. SCE) :s; 

1.0 V [commenced in the positive direction]. All solutions contained 1.0 mmol L -1 Hmpp 

and 0.3 mmol L-1 Cu (pH 9.0) and 'a' 0.0, 'b' 0.1 and 'c' 0.2 mmol L-1 AI. 
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(F) Other Ligands.- The results for the ligands 4-(2-pyridylazo )resorcinol (PAR), 

1,-(2-thiazolyazo)-2-naphthol (TAN) and Tartrazine (TART) are not shown. The 

response of these ligands to both Cu and AI was investigated. These results are 

summarised in Table 7.1.3. 

It was intended that these ligands be exploited through the 'second' indirect 

approach described earlier (7.1.1). For example, TART has an azo group attached to an 

azole ring which carries a COOH and an OH group in the ortho positions. This type of 

ligand may be of use in a Cu2+/Cuo - AI3+ system because the Cu2+ is expected to show 

preference for the azo/COOH binding and the AI3+ for azo/OH binding in weakly acidic 

solution. Similarly PAR and TAN could be expected to complex both Cu and AI. 

Unfortunately the electrochemical responses of these ligands were unchanged in 

the presence of both metals. 

7.1.4 DISCUSSION 

(A) Pyrocatechol Violet (PCV).-· The applicability of PCV for the electrochemical 

detection of AI at pH 6.2 was clearly demonstrated [7.1.3(A)]. At this pH the AI 

complexed by PCV would be predominantly the AI(PCV)z species [i.e. AI(HL)z3-, cf 

Figure 4.2.4B (Chapter 4)]. In this species the Al is complexed at the 1,2-dihydroxyaryl 

sites of both PCV molecules. At pH 8.5 AI was complexed by PCV as one of a possible 

series of AI(PCV)3 species [as depicted in Figure 4.2.4B (Chapter 4)]. 

The results for PCV presented above indicate that the optimum potential for the 

measurement of AI (at pH 6.2) would be ca. 0.35 V vs. SCE. At this potential the 1,2-

dihydroxyaryl site was oxidised to the corresponding orthoquinone; AI3+ was not 

expected to be complexed by this 'new' site. However, the oxidised PCV may continue to 

complex AI at the 2-hydroxy-p-quinomethide site. 

The results for the experiments at pH 6.2 and 8.5 are replotted in Figure 7.1.4A. 

In this Figure the distribution of the AI-PCV species in solution [calculated (for each CV) 

from the known solution stoichiometry, the pH and the equilibrium model presented in 

Chapter 4 for the H+-AI3+-pyrocatechol violet system] is plotted vs. ipa for PCV at each 

pH respectively. 

From the earlier calculations it was shown that at both pH 6.2 and 8.5 the 

oxidation peak, ip a, for the oxidation of PCV was a function of the Al concentration. 

From this Figure it is apparent that the AI-PCV species present in these solutions do not 

exhibit an electrochemical response at the peak potential of the ligand. 
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Figure 7.1.4A The distribution of the AI-PCV species present (denoted by p,q,r 

stoichiometries) in each test solution studied. These distributions are plotted vs. ip a (0.35 

V and 0.14 V) for PCV at (i) pH 6.2 and (ii) pH 8.5 respectively. The symbols 

correspond to experimental results plotted vs. the formation sum of all AI-PCV species in 

solution, i.e. l:(AIPCV) (dashed line). Calculations were performed using the computer 

program SOLGASWATER [Eriksson, 1979] using the equilibrium model presented in 

Chapter 4 for the H+ -AI3+ -pyrocatechol violet system and the concentrations of PCV and 

Al and the pH of each solution analysed in this work. 

The effect of Cu(II) on the voltammetric response of PCV was surpnsmg. 

Attempts to further understand this behaviour using adsorptive stripping voltammetric 

(AdS V) studies of PCV and AI or Cu were not successful. It was not clear whether (i) 

PCV complexes Cu in solution and the voltammetric response of this species was greater 

than that of PCV alone or (ii) Cu forms a monolayer [Vassos and Mark, 1967] at the 

surface of the glassy carbon (GC) electrode and the electrochemical response of PCV at 

this 'new' surface was significantly greater than that at the clean GC surface. The 

formation of monolayers at the GC surface using the method of Vassos and Mark was 

investigated, however no conclusive information was extracted from these studies. 

Despite the poor understanding of this behaviour the effect of Cu on the 

voltarnmetric response of PCV was significant and may be expected to cause interference 

in an analysis of Al for solutions which contain significant amounts of Cu. 
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(B) Rhodizonic Acid (RHD) and Tetrahydroxy-l,4-quinone (THQ).- The results 

presented above indicate that rhodizonic acid (RHD) or tetrahydroxy-1 ,4-quinone (THQ) 

may also be appropriate for the development of an electrochemical detection system for 

Al3+. The biggest drawback in the use of either of these materials was the propensity of 

these compounds to undergo oxidation upon exposure to air. 

Early studies of rhodizonic acid (RHD) indicated the acid was dihydrated in 

aqueous solutions and at pH < 1 this form dominates. The rhodizonate dianion is 

unhydrated. The monoanion is an equilibrium mixture of the hydrated and unhydrated 

forms and RHD exists as the dihydrated structure (1) [Patton and West, 1970]. Slow 

rates of equilibration of solutions were observed between pH 3 and 6 as a result of these 

processes. l3e NMR studies have indicated the initially formed ortho-dihydrate structure 

slowly rearranges to the more stable para-dihydrate structure (2) [Gelb et al., 1978]. 

Studies have shown that the bound water molecules dissociate simultaneously with the 

second acid dissociation [Gelb et ai., 1978]. 

o 
(1) H0:<A·. . O~H 

HO OH 
OH 

o 

(2) HOY;O 

HO~O 
HO OH 

Rhodizonic acid may decompose in the presence of air by an unknown 

mechanism [Patton and West, 1970; Alexandersson and Vannerberg, 1972]. Patton and 

West found that the rhodizonate anion is unstable and decomposes via oxidative 

decarboxylation. 

The electrochemistry of the THQIRHD system is complicated as a result of 

possible hydration reactions: 

o Ho:¢co I I 
HO 0 

... 

o 

... 

o 

HO~OH I OH 
HO OH 

OH 
o 

The electrochemistry of RHD and THQ has been the subject of several 

investigations [Kokkinidis et at., 1986; Papadopoulos et al., 1991]. On bare Pt, 

RHD.2H20 was found to undergo irreversible oxidation only; following this the triquinoyl 

octahydrate was the only product isolated from the electrolysed solution, indicating further 

hydrolysis [Kokkinidis et al., 1986]. Kokkinidis et al. investigated the effect of 

underpotential deposited layers of Pb, Tl and Bi on Pt electrodes on the voltammetric 
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response of the RHDtrHQ couple at these surfaces. These layers were found to catalyse 

the oxidation of RHD and THQ and to improve reversibility in the THQIHHB 

(hexahydroxybenzene) system. 

In the present studies quasi-reversibility was exhibited for the THQIRHD system 

at the GC electrode. The complications associated with hydration of RHD and its possible 

oxidation, even under preventative conditions, may limit the use of this system for the 

development of an electrochemical system for the determination of AI. 

(C) Other Ligands.- Of the other ligands studied, the pyridinones Hmpp and Hdpp 

showed the greatest prospect for the development of a detection system for AI. Both of 

these ligands have been shown to form stable complexes with AI [Clevette et al., 1989]. 

Clevette et ai. found that the AI-binding efficacy of 3-hydroxy-l-"R"-2-methyl-4-

pyridinones was not significantly affected by the N-substituent, "R". In 0.15 mol L- I 

media the stepwise protonation constants and AI-ligand stability constants determined 

were log KI = 9.85, log K2 = 3.65 and log PI 11.8, log P2 = 22.5, log P3 = 32.0 

respectively. A number of studies haye investigated the complexation of trivalent metal 

ions (e.g. Fe3+, Ga3+, In3+, Al3+) with different pyridinone ligands [Scarrow et al., 1985; 

Zhang et ai., 1991; Li and Martell, 1993; Kamariotaki et ai., 1994; Ma et ai., 1994]. 

Compagnone et ai. (1992) reported the development of a carbon paste electrode 

modified with 3-hydroxy-l-methyl-4-pyridinone for the determination of Fe(III). For this 

electrode, the ligand oxidation peak at 0.335 V (vs. SCE) was observed to decrease as a 

function of Fe concentration. A similar electrode modified with 3-hydroxy-2-methyl-4-

pyridinone did not exhibit any electrochemical behaviour in the absence of Fe, however 

addition of Fe resulted in an oxidation current and a peak at 0.41 V (vs. SCE), These 

results indicate that the position of substituents on the pyridinone ring was likely to 

influence electrochemical behaviour significantly. 

The spectrofluorimetric determination of AI with purpurin (PPN) has been 

proposed by a number of researchers [Llorente et ai., 1989; Maties et ai., 1992]. The 

electrochemical behaviour of anthraquinone derivatives has been investigated [Qureshi et 

ai., 1979], however no studies have been published on the electrochemical behaviour of 

AI-complexes of these compounds. The electrochemical response of PPN at the GC 

electrode in aqueous media was not encouraging at either of the pHs studied. The results 

for PPN at the dip-coated electrode appear promising, however the use of such electrodes 

in FIA systems would not be very convenient. 

The ligands 4-(2-pyridylazo )resorcinol (PAR), 1 ,-(2-thiazolyazo )-2-naphthol 

(T AN) and Tartrazine (TART) did not exhibit useful electrochemical responses in the 

presence of either Cu(II) or Al(III). 
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SECTION B: DEVELOPMENT OF AN ELECTROCHEMICAL FLOW 

INJECTION ANALYSIS METHOD FOR THE DETERMINATION OF A13+ 

7.2 INTRODUCTION 

Flow injection analysis (FIA) is a micro-teclmique for solution handling. Based 

on the concept of controlled dispersion, which allows reproducible development of 

chemical reactions to occur, it is ideal for combination with many methods of detection. 

FIA is a teclmique performed often under non-equilibrium conditions. In FIA a sample 

plug is injected into a carrier stream where it disperses; on meeting the reagent (present in 

the carrier or through intersection with another line) dispersion of the reagent occurs into 

the sample zone. Injection may occur on a time- or volume-based procedure, the latter 

being the most popular. Injection is usually carried out via a multi-port rotary valve. 

The technique of FIA originated as a method for rapid sample analysis. 

However, it is now used routinely for a variety of sample pretreatment procedures 

including dilution, preconcentration, extraction and dialysis [Ruzicka and Hansen, 1988; 

Clark et ai., 1990]. An example of an FIA manifold and resulting FIA output is shown in 

Figure 7.2A. The profile developed is unique to the FIA manifold employed and is 

influenced by a large number of factors (e.g. sample size, flow rate, temperature etc). 

Several good books and reviews have been published on these subjects [Ruzicka and 

Hansen, 1978; Hansen, 1986; Clark et ai., 1990]. 

In Figure 7.2A(i) a single-line FIA manifold is depicted. In this system a sample 

(S) is injected into a carrier stream propelled by a pump (P). During the time from sample 

injection (to) to sample detection (tdet) the sample passes through a suitable reaction zone 

(RZ). In this reaction zone the sample undergoes controlled dispersion (characteristic of 

the manifold) and reacts with reagent (if present) in the carrier stream. 

An important feature of FIA is that a sample undergoes dilution and dispersion 

upon mixing with a carrier stream (and successive reagent lines in multi-line systems). In 

Figure 7.2(ii) an originally homogeneous sample zone, ., of concentration cfJ disperses 

as it progresses through the reaction zone to the detector. At the detector the dispersed 

sample plug, has a maximum concentration Cmax. The concentration 

profile of the dispersed sample plug is usually Guassian in shape [Ruzicka and Hansen, 

1988]. The extent of dilution and dispersion is defined according to the dispersion 

coefficient, D. The (minimum) dispersion coefficient is defined as: 

D = 
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where cfJ is the concentration of the injected species prior to dispersion and Cmax is the 

concentration of the species at the time for which D is calculated. cfJ and Cmax are 

depicted in Figure 7.2ACii). 
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Figure 7.2A (i) A single line FIA manifold where P = pump, S = sample injection point, 

RZ reaction zone, D detector and W = waste. (ii) A typical output from an FIA 

system where cfJ = initial sample concentration, Cmax = maximum sample concentration at 

detector, S sample injection, to = time of sample injection and tdet = elapsed time to 

maximum detection signal (cmax). 

The design of the FIA manifold influences the dispersion of the sample and hence 

the sensitivity of the method. Manifolds may be designed with multi-lines to effect the 

mixing of a number of reagents and sample components. Often these systems require 

multiple pumps. Several researchers have compared the sensitivity of different manifold 

configurations [Garn et al., 1988; Chalk and Tyson, 1994]. 
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SCOPE OF THIS WORK.- The direction of this thesis was towards (i) the 

investigation of processes that influence the determination of AI in environmental samples 

and (ii) the development of methods for the determination of 'reactive' Al [as described in 

Chapter 1(1.3)]. Chapters 1-6 were primarily directed towards the first of these 

objectives. In this Chapter the development of an electrochemical method for the 

determination of Al was investigated. 

In SECTION A of this Chapter the electrochemical properties of a series of ligands 

(which are known to form stable complexes with AI) were evaluated. Several of these 

ligands displayed characteristics that may be utilised in the development of an AI detection 

procedure and incorporated in an FIA technique for the determination of AL PIA 

electrochemical detection offers several advantages over other detection procedures (e.g. 

spectrophotometric of fluorimetric detection) in that analyses may be performed rapidly 

using relatively cheap apparatus. 

In the application of amperometric or voltammetric detectors to FIA the 

interference from oxygen reduction often causes significant problems. In this context, on 

glassy carbon, in the potential (e.m.f) range 0 to -1.0 V vs. SCE, oxygen is reduced to 

H20 2 or water. In the classical procedures of batch voltammetric analysis (e.g. ASV, 

CSV), oxygen is usually removed by bubbling with a suitable gas [e.g. N2(g) or Ar(g)]. 

These procedures are time consuming and not well suited to FIA. Recently a continuous 

degassing device designed for FIA applications was presented [Pedrotti et at., 1994], 

however such a device is likely to be of limited use in the kinetic PIA procedures which 

are of current preference in AI speciation analyses. 

In SECTION A only the oxidation waves of the ligands and AI-ligand complexes 

were investigated in detaiL By utilising a detection procedure based on ligand or AI-ligand 

oxidation processes the problems associated with dissolved oxygen can be avoided. 

In this SECTION the ligands pyrocatechol violet (PCV) and tetrahydroxy-1,4-

quinone (THQ) were investigated for the development of electrochemical detection 

systems applicable to PIA of Al in environmental samples. 

(A) Pyrocatechol Violet (PCV).- In Figure 7.2.1A the calculated speciation for the 

equilibrium between 1 ~mol L-1 AI and 20 ~mol L-1 PCV is given (using the 

thermodynamic model of the AI-PCV system presented in Chapter 4). The 

electrochemical analysis of AI is performed under non-equilibrium conditions (i.e. PIA 

conditions). Despite this, equilibrium calculations may be used to estimate the extreme 

case, e.g. the maximum amount of AI that can be complexed and thus measured by PCV. 

In Figure 7.2.1 B the (calculated) effect of pH on the equilibrium determination of AI is 

shown. 
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Figure 7.2.1A Distribution diagram for a solution of 20.0 /lmol L-1 PCV and 1.0 /lmol 

L-1 AI. Fi is defined as the ratio of the AI concentration in an equilibrium species to the 

total AI concentration. Calculations were performed using the computer program 

SOLGASWATER [Eriksson, 1979] and the data presented in Table 4.2.3 (Chapter 4). 
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Figure 7.2.1B The total fraction of AI complexed by PCV (i.e. the sum of all AI-PCV 

species) as a function of (i) AI concentration at pH 5.0, 6.0, 7.0, 8.0 and 9.0, and (ii) pH, 

for a solution of 20.0 /lmol L-1 PCV and 0.1 /lmol L-1 AI. Definitions and method as 

described in Figure 7.2.1A. 
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From Figures 7.2.1A and 7.2.1B(i) it is apparent the best determinations of total 

Al would be made at ca. pH 6.0. At pH 6.0 PCV complexes AI strongly and the effects of 

AI-hydrolysis are not very significant. At higher pH the effect of AI hydrolysis is observed 

to be more significant, whereas at pH 5.0 AI complexation by PCV is not sufficiently 

strong. The significance of these results is, however, confused by the kinetics of AI-PCV 

complex formation and they may be of limited use in estimating effects in the detection 

method presented here. Figure 7.2.1B(ii) indicates that at higher PCV/AI ratios (20011) 

quantitative determinations of Al should be possible over the range 5.75 :::; pH:::; 8.75. 

(B) Tetrahydroxy-l,4-quinone (THQ).- A significant amount of work has been put 

into the determination of the protonation constants of rhodizonic acid [Preisler et at., 

1947; Patton et at., 1970; Schwartz et al., 1978]. No thermodynanuc data have been 

published on the complexation of Al3+ by RHD or THQ, however, some 'unpublished 

results' for this complexation were obtained from Dr. Tamas Kiss, [Department of 

Analytical Chemistry, Kossuth Lajos University, Debrecen, Hungary] (personal 

correspondence). He advised that these "incomplete" results should be regarded as 

"tentative". These data are given in Table 7.2.1. 

Table 7.2.1 Thermodynamic data and equilibrium constants (~p,q,r) for the system: H+

AI3+-rhodizonic acid (L2-) [Unpublished results: per Dr. Tamas Kiss, Department of 

Analytical Chemistry, Kossuth Lajos University, Debrecen, Hungary]. 

Species (p,q,r) log ~p,q,r 

HL2- (l,0,1) 4.18 

H2L- (2,0,1) 8.28 

AIHL (1,1,1) 7.80 

AlL (0,1,1) 5.66 

AlLaH (-1,1,1) 1.02 

A1L2 (0,1,2) 9.78 

AIL20H (-1,1,2) 4.20 

Despite the potential inaccuracy of these data, they were used to make 

calculations on the W-AI3+-rhodizonic acid system. The results of these calculations, 

which were directed towards conditions typical of an FIA analysis system for AI using this 

ligand (or THQ), are presented in Figures 7.2.1C & D. 



nnnY,,'1" 7: FlA DETERMINATION OF A13+ WITH ELECTROCHEMICAL DETECTION 188 

4 5 6 
pH 

7 

l!"'igure 7.2.1C Distribution diagram for a solution containing 20.0 Ilmol L-1 RHD and 1.0 

Ilmol L-1 AI. Calculations were performed using the computer program SOLGAS

WATER [Eriksson, 1979J, the data presented in Table 7.2.1 for the H+-AI3+-RHD system 

and the AI-hydrolysis species presented in Table 6.1.2A (Chapter 6). 
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Figure 7.2.1D The total fraction of AI complexed by RHD (calculated) as a function of 

(i) AI concentration at pH 4.0, 4.5. 5.0, 5.5 and 6.0, and (ii) pH, for a solution of 

20.0 Ilmol L-1 RHD and 0.1 Ilmol L-1 AI. Definitions and method of calculation as 

described in Figure 7.2.1 C. 

From these Figures the pH range 5-6 would be predicted as optimum for AI 

determination, with pH 5.5 being the ideal. The effects of RHD/AI ratio are not expected 

to affect the result greatly. 
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7.2.2 EXPERIMENTAL 

(A) Chemicals and Analysis.- All solutions were prepared from Milli-Q water and all 

working solutions were prepared in 0.10 mol L-1 K(CI) (Merck, p.a.), dried at 120°C. 

Reagent and Standard Solutions: Ligand solutions of pyrocatechol violet (PCV) and 

tetrahydroxy-1,4-quinone (THQ), the metal solutions and buffers were prepared as 

described in 7.1.2(A). 

(B) FIA Apparatus.- The materials used for manifold construction, the pump and 

injection systems have been described in Chapter 3 (3.7). In this Section brief descriptions 

are given for the manifolds used in the two systems studied. These manifold designs were 

optimised according to the detection process. Also described is the injection system 

configuration and the design and fabrication of the wall-jet micro flow cell which housed 

the electrode system. 

(i) Manifold A (PC V System): In Figure 7.2.2A the FIA manifold used for the PCV 

studies is depicted. 

Carrier 

Reagent 

Buffer 

Figure 7.2.2A FIA manifold used for the electrochemical determination of Al with PCV. 

The chemical components of this system were (i) carrier solution = triple distilled water, 

(ii) reagent = 20 ~mol L-1 (or 5 ~mol L-1) PCV and (iii) buffer = 0.10 mol L-1 MES 

(pH 6.2; 6.05 - 6.10 at detector). The flow rates of the respective lines are given. 

The dispersion coefficient, D [described above (7.2)], was measured for the 

injected test solution by comparing the peak current for the electro active ligand when 

injected (Cmax) and when pumped through the total manifold (cO). 
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(U) Manifold B (THQ System): In Figure 7.2.2B the FIA manifold used for the THQ 

studies is depicted. 

Carrier 

Reagent 

Buffer 

Figure 7.2.2B FIA manifold used for the electrochemical determination of AI with THQ. 

The chemical components oftbis system were (i) carrier solution = triple distilled water, 

(ii) reagent = 200 Ilmol L-1 THQ and (iii) buffer = 0.10 mol L-1 NaOAclHOAc buffer (pH 

5.10; 5.00 at detector). The flow rates of the respective lines are given. 

In each FIA manifold the sample reaction zone was varied by adjusting the size of 

a reaction coil. Reaction coils consisted of knitted microline tube (0.51 mrn i.d.); 25 cm, 

50 cm, 100 cm and 200 cm coils were tested. Arrow shaped glass connectors were used 

at the confluence points of the respective flow lines. These connectors have been reported 

to achieve high turbulence and maximum dispersion at the confluence point [Karlberg and 

Pacey, 1989; Chalk and Tyson, 1994]. 

(iii) Injection System: The injection system used in the current studies was a six-port 

rotary design (Rbeodyne). The positions 'LOAD' and 'INJECT' are depicted in Figure 7.2.2C 

respectively. In the LOAD position, a geometrically defined external volumetric 'sample' 

loop was f:tlled with the desired test solution. While set in this position the carrier flowed 

through the valve in a bypass channeL Once the sample loop was filled, the valve position 

was rapidly turned to the INJECT position. The carrier solution now flowed through the 

sample loop and the test solution was carried to the detector. In this manner the test 

solution was 'packaged' between two zones of carrier solution. 

During optimisation of the detection procedures, injection loop sizes of 50 ilL, 

100 JlL and 200 JlL (microline tubing) were tested. 
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Carrier To Detector Carrier To Detector • 

To Waste Sample To Waste Sample 

LOAD INJECT 

Figure 7.2.2C Six-port injection valve system. Two valve configurations 'LOAD' and 

'INJECT' are shown. 

(iv) Wall-jet Microflow Cell: The design of the wall-jet microflow cell is shown in 

Figure 7.2.2D. This diagram shows both (i) assembled front and side profiles and (li) 

disassembled components. 

(i) 

RE 

Flow In Flow In 

CE 

Flow Out Flow Out 
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Figure 7.2.2D Diagram of the wall-jet microflow cell. (i) Assembled front and side 

profiles. (ii) Disassembled components. RE = SCE reference electrode, stainless 

steel counter electrode, WE = GC working electrode. The blocks (prepared from Dalron) 

were bolted together via the indicated holes (dotted). The spacers were Teflon and the 

flow 'in' and 'out' tubes were microline. Also shown is a second platinum CE (not used). 

The home-made detector was fabricated from two blocks of Dalron (10 x 20 x 

32 mm and respectively). Teflon spacers (0.76 mm) were positioned on either side of a 

stainless steel counter electrode (0.2 mm depth) and the resulting electrochemical cell was 

ca. 50 ~L. The three electrodes used were: RE = SCE reference electrode, CE = stainless 

steel counter electrode and WE = glassy carbon working electrode. The GC working 

electrode was 0.3 cm diameter and was connected externally via a brass rod. The counter 

electrode was positioned such that it circumferenced the entire cell [A second CE 

(platinum 0.5 mm diameter) is shown but was not used]. The spacers were Teflon and 

flow 'in' and 'out' tubes were microline. The entire assembly was interconnected with bolts 

[via the indicated holes (dotted)]. 

Prior to use the GC electrode (mounted in the lower block) was hand polished 

with 1 ~m diamond paste. Upon insertion of the SCE care was taken to ensure that the 

insertion-compartment was completely full of reference electrolyte (excess electrolyte was 

pushed out through the flow cell). All internal surfaces of the electrode and cell 

components were washed with acetone (BDH, AnalaR) and dried before assembling. The 

detection in this system was effected using a laboratory built potentiostat attached to a 

Graphtec WX 1200 recorder. 
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7.2.3 RESULTS. 

(A) Pyrocatechol Violet (PCV).- Before investigating the development of a method 

for the measurement of AI, the electrochemical response of pev and the characteristics of 

the manifold were studied. The dispersion coefficient, D, was measured as 4.0 for the 

manifold (50 or 100 cm reaction coils). The 'dilution factor' for the system was 2.0 

indicating that the real 'dispersion factor' was ca. 2.0. Two commercially available pev 

materials were tested for purity; Koch-light and Sigma chemicals. Visible absorption 

spectra (445 nm) of 20 Jlmol L-1 pev solutions (pH 6.2) indicted that the Koch-light 

material was more pure. Electrochemical comparisons (0.35 V vs. SeE) were made by (i) 

pumping each pev solution through and (ii) injecting each pev solution into the PIA 

system. These revealed similar results and Koch-light pev was used for all further 

experiments. 

The preliminary voltammetric studies presented in SECTION A indicated an 

oxidation peak for pev at Epa 0.35 V (vs. SeE). At this potential it was expected to 

find a suitable 'voltage window' for the detection of AI (via the decrease of the pev 

oxidation signal). In the described flow system however, the optimum potential for the 

measurement of AI (optimum difference in oxidation current in the presence and absence 

of AI) may be at a slightly different potential, i. e. the 'voltage window' will be affected by 

reaction kinetics and thus manifold design. A hydrodynamic voltammogram (HDV) was 

measured for a 100 Jlmol L-1 pev solution (Figure 7.2.3A). In this measurement, both 

the carrier and reagent lines were pumped with carrier solution (triply distilled H20); pev 

was injected into the system. The buffer line was as shown in Figure 7.2.2A. The HDV 

for a 20 Jlmol L-1 pev solution is shown in Figure 7.2.3B. 

0.8 
slope = -1.2. 

i (!-LA) 

0.6 

0.4 

0.2 

0.0 0.4 0.8 1.2 

Ep vs. SeE (V) 

Figure 7.2.3A Hydrodynamic voltammograms for 100 Ilmo} L-1 pev solutions. Here ~ 

and * denote duplicate experiments (pH 6.2). 
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From Figure 7.2.3A it was apparent that two oxidation processes occur over the 

HDV range investigated. These processes may be attributed to the irreversible oxidation 

of the 1,2-dihydroxyaryl and 2-hydroxy-1-oxocyclohexadiene sites respectively (as 

described in 7.1.3A). 

At 100 ~mol L -1 pev, fouling of the electrode was apparent, i.e. following the 

recording of the complete HDV, an injection of pev gave a signal [0.35 V] approximately 

85 % of the earlier signal recorded for this potential. For all later experiments 20 ~mol 

L-1 pev solutions were used in order to lessen the effects of electrode fouling. 

Hydrodynamic Voltammograms of Al-PCV and Fe-PCV Solutions: HDVs were 

recorded for solutions containing 20 ~mol L-1 pey and (i) 12 ~lmol L-1 AI(ID) and (ii) 12 

~mol L-1 Fe(III). These results are presented in Figure 7.2.3B along with the HDV in the 

absence of the metal ion, (iii). The presence of colloidal matter was observed in Fe-PeV 

solutions. 
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Figure 7.2.3B Hydrodynamic voltammograms for solutions of 20 ~mol L-1 pev and 12 

~mol L-1 Al (III) [A], 12 ~mol L-1 Fe (III) [e] and no metals [solid line] (pH 6.2). 

The HDV in Figure 7.2.3B indicates that the greatest current change [~.i (~A)] 

upon addition of AI occurs at 0.325 V (vs. SeE). At potentials greater than 0.5 V the 

HDV for the AI-pey solution was very close to the HDV in the absence of AI. The 

results indicate that Fe(ID) may cause significant interference in the use of pev for the 

electrochemical analysis of AI. 
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Linear Working Range and Detection Limit: The linear working range (LWR) and 

detection limit (DL) for the optimised manifold (Figure 7.1.3A) were determined at 

0.325 V by analysis of Al standards over the range 0 - 25 Ilmol L-1 using 5 JJmol L-1 PCV 

in the reagent line. The Al standards were prepared in 0.01 Ilmol L-1 HCl. 

In the optimised manifold the injection loop was 100 ilL and a 100 cm reaction 

coil was used. For this system a LWR of 0.2 to 10.0 Ilmol AI L-1 was obtained and for 8 

successive injections of 1 Ilmol AI L-1 the DL was 0.04 Ilmol L-1 (limit of determination 

0.2 J1mol L-1). 

(B) Tetrahydroxy-l,4-quinone (THQ).- THQ solutions were prepared daily from 

deoxygenated buffer solutions (0.05 M NaOAc/0.05 M NaCl, pH 5.1). Throughout the 

measurement procedures the THQ reagent solutions were kept continuously under an 

N2(g) atmosphere. 

The preliminary voltammetric studies presented in SECTION A indicated an 

o;ddation peak forTHQ at ca. 0.225 V (vs. SCE). In Figure 7.2.4C HDVs are presented 

for (i) 50 J1mol L-1 THQ and (ii) 50 ~ol L -1 THQ/50 Ilmol L-1 Al solutions. 
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0.15 
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Figure 7.2.3C Hydrodynamic voltammograms for solutions of 50 Ilmol L-1 THQ [*] 

and 50 J1mol L-1 THQ/50 Ilmol L-1 AI [A]. Also shown is a plot of the difference 

between the two voltammograms, i.e. ip ['(*), - '(A)'] (separate dashed line). 

From Figure 7.2.3C the greatest current change [Ai (IlA)] upon addition of AI 

occurs at ca. 0.7 V (vs. SCE). This potential was quite high and furthermore the slope of 
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the THQ/AI HDV was 'steep' at this potential. At 0.30 V (vs. SCE) the slope of the two 

voltammograms was much less and a 'useful' current change (.1.i) was observed. 

Linear Working Range and Detection Limit: Significant problems were observed for 

this system in obtaining an acceptable detection signal above that of the background noise. 

These problems may be, in part, attributed to the quality of the potentiostat. For 200 

~mol L-1 THQ as reagent the LWR for the optimised manifold (Figure 7.1.3B) was 

determined as 0.5 to 10.0 ~mol AI L-1 (0.30 V). The DL for the optimised manifold was 

ca. 0.5 ~mol AI L-1, however, it was apparent that this may be lowered much further if 

'background noise' was reduced. 

7.2.4 DISCUSSION.- From Figure 7.2.1A it is clear that PCV complexes AI 

quantitatively at pH > 5.6. FurthelIDore it is predicted that the dominant species at pH 6.0 

will have the stoichiometry AI(PCVh. This second prediction (i.e the stoichiometry) does 

not, however, match the results observed in the present studies. For 5 ~mol L-1 PCV in 

the reagent line the LWR extends to 10 ~mol L-1 AI. In this manifold the dispersion 

coefficient was 4.0, with dilution contributing to half of this value (dilution was the same 

for both carrier and reagent lines). Thus at the detector the PCV concentration was 2.5 

~mol L-1 and the 'top end' of the LWR corresponded to 2.5 ~mol L-1 AI. This is 

consistent with the formation of a 1: 1 AI-PCV complex. From this it is inferred that the 

1:1 complex is formed rapidly, whereas the formation of the 1:2 complex is slow on the 

PIA timescale. Similar results have been previously observed in investigations of PCV as 

a spectrophotometric reagent for the kinetic analysis of reactive AI [Hawke and Powell, 

1994]. 

For both the PCV and THQ studies large amounts of background noise were 

observed at the detector. This noise was particularly troublesome when analyses were 

made at AI concentrations close to the limit of determination (i.e. :::; 1 ~mol L-1 AI). It 

may be possible to decrease the DL for these systems by use of better filtering, shielding 

etc. 
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CHAPTER 8 

AN FIA METHOD FOR THE JVIEASUREMENT OF 'REACTIVE' 
ALUMINIUM (AI3+) BY 2-s REACTION WITH OXINE

DERIVATISED FRACTOGEL 

This Chapter describes the development of an FIA method and specIatIOn 

protocol for the measurement of reactive aluminium (Al3+) in natural waters and soil 

solutions. It is divided into 2 parts. 

SECTION A: Matrix separation and preconcentration procedures in analytical 

chemistry are discussed. A review of chelating resins for matrix separation and 

preconcentration of metals, in particular Fe and Al, is given. 

SECTION B: An FIA method for aluminium (AI3+) speciation by 2-s reaction 

with oxine-derivatised Fractogel is described. 

SECTION A: CHELA TING RESINS FOR MATRIX SEPARATION AND 
PRE CONCENTRATION OF METALS 

8.1 INTRODUCTION 

The environmental analysis of trace analytes at the sub-ppm/sub-ppb level is 

becoming increasingly important. For such analyses, the direct determination of an analyte 

in the presence of high concentrations of weakly interfering or low concentrations of 

strongly interfering species is often a significant problem. 

Matrix separation and preconcentration techniques may serve to improve many 

trace analytical procedures. However, in analytical techniques where speciation is 

important many of the commonly used separation and preconcentration techniques are 

likely to cause considerable problems. To be applicable to speciation analyses in labile 

systems, separation procedures should be sufficiently fast so as to prevent significant re

equilibration of analyte species, i.e. re-equilibration may result in large changes in the 

distribution of the analyte. The ideal matrix separation andior preconcentration procedure 

for speciation purposes must be one which provides rapid and complete separation of the 

interfering species immediately before detection of analyte. Flow injection analysis (FIA) 

is particularly applicable to such procedures. 

The most commonly employed techniques for matrix separation and 

preconcentration of trace metals are solvent extraction, Donnan dialysis, coprecipitation 

by metal hydroxides, ion-exchange, chelating resins and sorbent extraction onto inorganic 
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or organic collectors (e.g., Si02, activated carbon, CIS) [Boniforti et aI., 1984; Ruzicka 

and Arnda1, 1989]. The combination of these techniques with FIA has enabled fast and 

accurate determination of a number of metal ions, which would otherwise only be 

measurable following long and laborious extraction and preconcentration procedures. The 

earliest application of on-line flow injection column preconcentration of metal ions was 

described by Olsen et al. (1983) utilising Chelex-lOO. Since then a large number of FIA 

matrix separation and/or preconcentration procedures have been developed utilising each 

of the above techniques [Klinghoffer et al., 1980; Malamas et al., 1984; Sweileh and 

Cantwell, 1985; Marshall and Mottola, 1985; Cox and McLeod, 1986; Hartenstein et aI., 

1986; Xie and Christian, 1986]. Procedures have been developed via the 'Driscoll's 

methodology' for fractionation, and thus speciation analysis [as described in Chapter 1 

(1.3)], while maintaining all the advantages of a flow system [Canizares et al., 1994]. 

8.1.1 MATRIX SEPARATION AND PRE CONCENTRATION PROCEDURES 

Solvent Extraction.- Solvent extraction techniques may be coupled with FIA methods 

despite the complexity of the separation processes. Much progress has been made in 

automating liquid-liquid extraction [Backstrom et al., 1986]. However, FIA techniques 

which utilise solvent extraction often require manifolds with a large array of lines 

(necessary for segmenting the different solvent zones). Recently FIA solvent extraction 

has been employed successfully in the determination of 'quick reacting' Al in natural waters 

[Clarke et al., 1992; Danielsson and Span~n, 1995]. These techniques often utilise organic 

solvents that are of environmental or toxicological concern. 

Ion Exchange Resins.- The use of ion exchange for liquid-solid separations has, for 

many years, found application in FIA systems. Ion exchange methods are simpler and 

often less time consuming than solvent extraction procedures. These methods are easily 

automated and subject to far fewer sources of contamination. Conventional ion exchange 

resins are fOlmed from cross-linked styrene, divinyl benzene or other functiona1ised 

matrices. These materials are widely available and their properties have been well 

characterised. A drawback of ion exchange resins is that they often exhibit poor 

selectivity for heavy metals in solutions containing high concentrations of a1ka1i or alka1ine 

earth elements as a result of decreased resin capacity. The high affinity for alkali and 

alkaline earth elements, may also cause problems during some analysis procedures, e.g. 

matrix problems in AAS. Ion exchange resins commonly require strong mineral acids for 

adequate elution. Tapparo and Bombi (1990) utilised ion chromatography to 

preconcentrate AI, followed by post-column spectrophotometric detection using 

pyrocatechol violet. 
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Chelating Resins.- These resins offer most of the advantages of ion exchange resins in 

terms of simplicity and ease of automation of techniques. Chelex-lOO resin, containing 

iminodiacetic acid functional groups, is frequently used in chelating ion-exchange 

procedures. This material has a lower affinity for alkali or alkaline earth elements than 

commonly used ion exchange resins. Hyphan cellulose and silica-immobilised 8-hydroxy

quinoline are also frequently used for matrix separation and preconcentration. 

Chelating resins which utilise a selective chelating agent covalently bound to a 

solid support have further advantages over ion exchange resins in that a much higher 

selectivity for targeted metal ions is possible. However, the limited commercial availability 

of chelating resins has restricted their use, since preparation in the laboratory is often time 

consuming and difficult. An interesting feature of these methods is that they exploit the 

acid-base and metal equilibria properties of the selected ligand (chelating agent) to effect 

the separation process. The selection of ligand (chelating agent) is therefore of utmost 

importance if highly selective separation and pre concentration is to be performed. 

Chelating resins which possess a ligand which forms highly stable complexes with metal 

ions often require large amounts of acid to elute the metals and even then 100 % elution is 

sometimes hard to achieve. A disadvantage of chelating resins is that concentrated eluents 

are often required (e.g. 1-4 mol L-1 HCI and/or HN03). 

Sorbent Extraction.- The technique of sorbent extraction [Ruzicka and Arndal, 1989] 

combines features of solvent extraction and solid-phase preconcentration. Here, a solid 

support with hydrophobic functionality is used to pre concentrate a metal complex (e.g. 

carbamates,8-quinolinates). The robust metal chelates, which are almost indestructible by 

even strong acids, are readily eluted by a change in solvent polarity. The advantage of this 

method over the use of chelating resins is that complexes of very high stability may be 

easily eluted from the column. Elution can often be performed with simple organic 

solvents like methanol or ethanol. Column packing in PIA techniques has most often 

utilised silica based CI8 supports, however several applications have opted for polymeric 

supports such as Amberlite XAD. 

If silica-based solid supports are used in sorbent extraction, then the residual 

silanol sites on the support provide a second type of site for analytes. These silanol 

interactions will be disrupted by changes in pH (decreased pH causing release) which is in 

contrast to CIS binding which is disrupted by change in solvent polarity. The silanol 

groups may retain analyte by complexation, analyte which will not be released in turn by a 

change in solvent polarity. Typically, metal chelation is performed on-line prior to 

reaching the solid support at which adsorption occurs (via interaction with the 

hydrophobic CI8 group). A possible problem with this technique is that because the free 

chelating agent is likely to be adsorbed with a similar strength to the metal chelate 

complex, errors will occur once the capacity of the column is reached. Recently, 
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Lancaster et al. (1994) compared sorbent extraction with polymer-based and silica-based 

C18 supports. The polymer-based support offered significant advantages over the silica

based support (e.g. stability to pH, absence of residual silanol groups). The most 

favourable analyte extraction was accomplished on a polymer-based CI8 (hydrophobic) 

support prepared by pre-adsorption of a suitable chelating agent. 

8.1.2 CHELATING RESINS 

Metal chelating resins or immobilised chelates (adsorbed or chemically bonded) 

incorporating ligands with nitrogen, oxygen and sulfur donor atoms on a polymer support 

have found considerable application in trace metal analysis in recent years. The 

assortment of ligands that have been immobilised on various substrate backbones is vast. 

To name a few, this assortment includes alkylamines, diamines and dithiocarbamates 

[Leyden and Luttrell, 1975; Leyden et aI., 1976; Boniforti et aI., 1984], hydroxyJamines 

and amides [Vernon and Eccles, 1975; Orf and Fritz, 1978], diaminetetra- and 

iminodiacetates [Moyers and Fritz; 1977; Pesavento et aI., 1993]; thioglycolates, 

dithizone, cysteine [Lorber et al., 1975; Moyers and Fritz, 1976; Elmahadi and Greenway, 

1993], amidoxime and dimethylglyoxime [Lee and Halman, 1976; Collela et al., 1980a,b], 

1,1O-phenanthroline, 2,2'-bipyridine and ferrozine [Lungren and Schilt, 1977; King et al., 

1991], desferrloxamine and 8-hydroxyquinoline [Jezorek and Freiser, 1979; Marshall and 

Mottola, 1985; Ljunggren et al., 1992; Resing and Measures, 1994], chelamine and 

chromotrope [Pesavento et aI., 1989; Blain et al., 1993], and the metallochromic dyes 

pyrocatechol violet and chrome azurol S [Jones and Schwelt, 1989; Quintela, 1993; 

Hirayama et al., 1994]. 

These resins are generally of two types: (i) resins utilising a chelating agent that 

targets a range of metal ions, e.g. Hackett and Siggia (1977) introduced a poJydithio

carbamate resin (PDTC) which has found widespread application for the determination of 

over 52 elements [Bames, 1984], and (ii) chelating resins which incorporate a moiety 

aimed at targeting just one or a few selected metal ions, e.g. I-nitroso-2-naphthol for 

uptake of Co(ll) and Fe (III) [Gennaro et aI., 1986]. Chelating resins that aim to exploit 

the selective complexing ability of a ligand towards a metal ion usually contain ligands 

with functional groups having a high affinity for the targeted metal. An ideal ligand for 

selective preconcentration purposes will have a high capacity for the metal analyte, i<.; 

unaffected by other analyte constituents (e.g. alkali and alkaline earth elements) and does 

not require strict working conditions (e.g. pH control). The use of chelating resins is 

either by in situ modification of a solid support or pre-analysis fabrication of a designer 

resin. The loading of a chelating reagent onto a support matrix is either by formation of a 

covalent bond between the reagent and the matrix or by an ion-exchange or 1t-1t 

interaction. 



.,nOILln,,,, 8: CHELATINGRESINS: MATRIXSEPARATIONIPRECONCENTRATIONOFMETALS 201 

The resins reviewed in this Section are primarily those dealing with the matrix 

separation and/or preconcentration of AI and Fe. Particular attention is given to dithio

carbamate and 8-hydroxyquinoline resins. The former of these may be expected to 

complex but not AI, whereas the latter will complex both Fe and AI strongly. In this 

section AI and Fe refer to the trivalent ions [AI(III) and Fe(III)] and all other ions are 

divalent unless otherwise specified [i.e. Cu == Cu(II), Zn == Zn(II), ... and Fe(II), Cr(IV), 

Ag(I), .. , are self explicit]. 

(A) Al Targeting Chelating Resins 

(i) 8-hydroxyquinoline Resins: Landing et al. (1986) synthesised an 8-hydroxyquinoline 

(oxine, 8HQ) resin by immobilisation of oxine on a vinyl polymer. The polymer resin 

used, Fractogel TSK gel, consisted of intertwined polymer agglomerates exhibiting a 

hydrophilic character. This polymer gel is highly porous and offers high mechanical and 

chemical stability. Furthermore, it exhibits no cation exchange capacity and does not 

adsorb dissolved organic species, e.g. humic substances. The ability of the derivatised 

resin to complex the metals AI, Mn, Fe, Co, Cu, Zn and Cd from organic rich freshwater 

was demonstrated. 

8-hydroxyquinoline immobilised on controlled pore glass (8HQ-CPG) has been 

used frequently for the preconcentration of metals such as Cd, Co, Cu, Fe, Mn and Ni 

from natural water and seawater. Mohammad et ai. (1992) utilised 8HQ-CPG for the on

line column preconcentration of Al from river and sea water (AAS detection). A series of 

buffers were tested including acetate, malonate, oxalate and citrate; malonate was found to 

provide the greatest preconcentration efficiency. Collection of Al was effected at pH 10 in 

a 0.1 mol L-1 malonate buffer and elution was effected using a mixture of 1 mol L-1 HClfl 

mol L-1 HN03. The DL was 3 ~g AI L-1 and the calibration graph was linear up to 400 

~g L-1. 

Resing and Measures (1994) utilised the oxine gel developed by Landing et al. 

for the development of an PIA fluorimetric (lumogallion) method for the determination of 

Al in sea water. This method incorporated an on-line packed oxine-gel column for the 

preconcentration of AI; the subsequently eluted (0.05 mol L -1 HCI) AI was detected 

following the formation of the fluorescent lumogallion complex. Maximum uptake of AI 

by the oxine-gel occurred between pH 5.5 and 5.7. Five interferents, previously reported 

for lumogallion-Al chemistry, including Cu and Fe were tested. The absence of significant 

interference from these metals was attributed to their poor retention andlor release (by the 

resin) achieved through the optimisation of preconcentration conditions. Obata et al. 

(1993) and Measures et ai. (1995) used this oxine-immobilised TSK-gel for the sorption 

and subsequent measurement of Fe in seawater. Both methods utilised FIA-type 

techniques. 
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Fairman and Sanz-Medel (1993) developed an FIA AI speciation method based 

on the 'Driscoll protocor [see Chapter 1 (1.3)] which incorporated a column for the 

adsorption of 8-hydroxyquinoline-5-sulphonic acid (8-HQS) reactive AI following a short 

reaction time. In this method an Arnberlite IR-120 cation exchange resin was 

incorporated in the FIA manifold. The total monomeric Al was measured by the 

fluorescent reaction of 8-HQS with AI in a sample that bypassed the column. The non

labile monomeric AI was determined as the AI which passed through the column. Hence 

the labile monomeric AI fraction (i.e. the oxine-complexed-AI adsorbed by the column) 

was calculated as the difference between these two fractions. An increased sensitivity was 

gained by the use of 8-HQS in a micellar media (CTAB). Furthermore, interference from 

Zn (which had been observed to interfere severely in an earlier fluorimetric method 

developed using 8-HQS [Garda Alonso et al., 1989]) was overcome by post-column 

reaction with 1,1O-phenanthroline. The method was compared with the conventional 

Driscoll batch method [Seip et aI., 1984; Sullivan et al., 1986] and was found to be in 

good agreement. 

An FIA method for the measurement of 'fast reactive' AI in natural waters based 

on the 3 s reaction of AI with oxine (pH 5.0) followed by the sorbent extraction of this 

complex onto Amberlite XAD-2 mini columns was developed by Fairman et al. (1995). 

The retained Al was eluted with 1.0 mol L-1 HCI and subsequently detected with ICP-MS. 

Applicability of this technique to field use was demonstrated, whereby 'capture' of the fast 

reactive Al may be performed in the field (thus avoiding sample storage) and subsequent 

elution and analysis could be undertaken once back in the laboratory. 

Recently Yuan and Shuttler (1995) compared (i) oxine immobilised on controlled 

pore glass (CPG-8HQ) and (li) adsorption of the AI-8HQ complex on Arnberlite XAD-2 

resin, for the FIA column preconcentration of AI prior to elution and subsequent detection 

by ET-AAS. The optimum pH for both systems was found to be 9.3 (at pH > 10 

precipitation of Ca and Mg hydroxides occurred in the columns). A change in solvent 

polarity was used for elution in the XAD-2 system (methanol), whereas for the CPG-8HQ 

system 10 % (v/v) HN03 was used. Both systems were found to exhibit suitable 

preconcentration. However, the chelating kinetics of CPG-8HQ were not as favourable as 

the adsorption kinetics of the XAD-2 system. The CPG-8HQ system was also more 

sensitive to changes in flow-rate. The DL (dependent on preconcentration time) was ca. 

25 ng L-1. 

(ii) Chromotrope Resins: Chromotrope-based resins have been used in several 

investigations for the selective preconcentration of Al from waters and dialysis fluids. 

Hernandez Torres et al. (1992) immobilised Chromotrope-2R (disodium salt of 2-

phenylazo-l,8-dihydroxynaphthalene-3,6-disulfonic acid, CTR) on Arnberlite IRA-400 

resin and studied the retention of AI and (a selection of) other metal ions as a function of 
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pH. Retention under static conditions, i.e. batch experiments at pH 4, indicated that AI 

would be retained by the resin while Fe would not. Their analysis involved an AAS 

detection system so Fe interference was not problematic. 

Pesavento et at. (1989) utilised Chromotrope-2B (the acid of Chromotrope-2R) 

immobilised on an anionic AG1-X8 exchanger. A column preconcentration procedure at 

pH 6.0 allowed the complete separation of AI from Pb, Zn, Ni, Cd, Ca and Mg. Cu was 

completely retained whereas Fe was only partially. A similar investigation by Fernandez et 

at. (1991) utilised Chromotrope-2B immobilised on the same resin to matrix separate and 

preconcentrate AI in a chelating microcolumn followed by spectrofluorimetric determin

ation ofthe complex AI-5,7-dibromo-8-quinolate (extracted into ether). Optimum pH was 

5.5 and the elements Cu and Fe were also partially retained by the resin. 

(iii) Metallochromic Dyes: In an FIA procedure for speciation of AI in river and tap 

waters, Quintela (1993) reported the use of pyrocatechol violet (PC V) immobilised on 

Amberlite IR-120. Fe was found to interfere at the same concentration level as AI. The 

use of Fe masking agents (e.g. 1,1O-phenanthroline plus hydroxylammonium chloride) 

suppressed most interference and a Driscoll-type fractionation procedure was able to be 

performed. Sarzanini et al. (1987) investigated two procedures for uptalce of anionic AI

PCV complexes on an anionic exchanger (Bio-Rad AG MP-I macroporous anion

exchange resin). The first procedure involved pre-formation of AI-PCV complexes 

followed by pumping through a column containing the exchanger. The second involved 

loading the resin with PCV and subsequent injection of the sample. The first procedure 

was deemed to be superior; this may be a result of the slow equilibria between PCV and 

AI. 

Several chromatographic techniques have been developed for speciation of AI in 

waters [Jones, 1991]. Jones and Schwelt (1989) investigated a number of ion-exchange 

and chelating exchange coatings for separation of metal ions. Bromophenol blue was 

found to be the better of the ion-exchangers. The most favourable characteristics were, 

however, exhibited by chelating exchange materials. The best of these chelators was 

chrome azurol S (CAS). 

Several investigators have studied CAS as a preconcentration agent for AI. 

Hirayama et at. (1994) immobilised CAS on a propylisothiouronium functionalised silica 

gel (further coated with PTFE resin to obtain greater stability). AI was retained quantita

tively above pH 5. Hernandez et al. (1986) utilised CAS immobilised on a resin for 

preconcentration of AI from dialysis fluids prior to flame AAS detection. The optimum 

pH was 8.0 and measurement could be made of Al concentrations lower than 10 Ilg L-1. 

(iv) Other Resins: Das and Pobi (1991) synthesised a polystyrene-diviny lbenzene based 

resin containing N-benzoyiphenylhydroxylamine for separation of Be and AI from other 
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elements. However, binds to this resin at the same pH at which AI complexation 

occurs, which is likely to cause problems in AI analyses. The target analytes were eluted 

from the resin using suitable agents (EDTA for AI). To separate eluted AI from Fe a 

second column was used and at pH 2.5 Fe could be effectively masked with fluoride. The 

determination of AI in dialysis fluids was investigated by Barnes and Shang-Jing (1983). 

This procedure involved a pH-dependent uptake of AI on a poly(acrylamidoxime) resin 

and ICP-AES detection. Both AI and Fe were taken up by the resin; thus it was not ideal 

for the separate preconcent:ration of either Fe or AI. 

Desferrioxamine was used by Ljunggren et al. (1992) for preconcentration of AI 

via immobilisation on a modified porous glass followed by GF AAS detection. 

Quantitative uptake of AI was restricted to the pH range 5.5 - 6.0. Unfortunately Fe was 

also complexed strongly, causing interference unless elution conditions were well 

controlled. 

The chelating properties of salicylideneamino-2-thiophenol derivatised glass 

beads towards Al was investigated by Kobayashi and Miyazaki (1993). A method for FIA 

column preconcentration of AI at pH 5.5 was developed and interfering ions investigated. 

Of the ions tested for interference, Fe was the most significant. This problem was 

overcome by use of the reducing agent hydroxylamine. Vilchez et ai. (1993) examined the 

fluorescence of the AI-salicylidene-o-aminophenol complex for solid-phase spectrofluori

metric determination of AI in natural waters. The complex was adsorbed on a dextran

type cation-exchange gel (Sephadex CM C-25) and determinations were made by batch 

procedure (optimum pH was 5.5 - 6). No interference was observed from Fe at a 10,000-

fold excess. 

Pereiro Garda et al. (1987) investigated the use of a mini-column of Amberlite 

lRA-400 for the FIA preconcentration of AI in dialysis fluids (AAS and ICP-AES 

detection). Both the pH and nature of the buffer were found to greatly influence 

preconcentration efficiency. Maximum retention was obtained at pH 7 for all buffers 

tested and the greatest retention was observed for the more 'bulky' buffers MES and 

PIPES. NaOH, Hel and HN03 were tested as eluents and 75 JlL of 1 mol L-1 NaOH was 

found to be the most effective. The biologically relevant metals Zn, Cu and Cr(IV) were 

not observed to interfere in AI determinations. It was verified that Fe was retained by the 

mini-column but not released by the eluent (1 mol L-1 NaOH); was only eluted with > 

2.5 mol L-1 HCl. In a later series of experiments Pereiro Garda et al. (1990) investigated 

the cation and anion exchangers (Dowex 50W-X2 and Amberlite IRA-400) and chelating 

resins Chelex 100 and another synthetic version (Kelex 100 adsorbed on Amberlite XAD-

7) for this same purpose. Amberlite IRA-400 and Chelex 100 were found to be the most 

suitable resins, however acetate may interfere in the use of the Amberlite resin. For 

Chelex 100 a DL of 3 ng Al L-1 and a LWR of 0.015 - 5.0 Ilg Al L-1 were achievable. 
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(B) Dithiocarbamate Resins.- Early studies by Dingman et al. (1974) and further 

development by Hackett and Siggia (1977) indicated that polydithiocarbamate resins have 

a strong affinity for a large number of trace metals in natural waters. Dithiocarbamates 

{e.g. diethyl- (DCC), pyrrolidine- (APDC), diethylarnmonium diethyl- (DDTC), hex a

methylene- (HMDC), dibenzyl-dithiocarbamate (DBDC) [Irth et al., 1987; McLeod et al., 

1981; Fardy et at., 1984; Smith et al., 1984]} have increasingly been used for matrix 

separation and preconcentration purposes. The conjugate bases of these acids, :~N-C~~., 

behave as bidentate univalent anionic ligands (complexing via the dithiol- moiety) and like 

most ligands with sulfur and nitrogen donors form metal complexes of low (aqueous) 

solubility. The order of decreasing DCC complex stabilities is: Hg, Pd, Ag(I), Cu, T1(I1I), 

Ni, Bi(I1I), Pb, Cd, TI(I), Zn, In(I1I), Sb(III), Fe, Te(IV), Mn [Ruzicka and Arndal, 1989]. 

The resin PDTC synthesised by Hackett and Siggia (1977) has been shown to 

have no affinity for alkali and alkaline earth elements. This derivatised resin was first 

prepared by reacting polyethylenimine (molecular weight 1800) with polymethylene

polyphenylene isocyanate to from a cross-linked polyamine-polyurea resin. This polymer 

has been used to prepare a polydithiocarbamate resin which has been subject of number of 

investigations. Since then many similarly derivatised resins have been synthesised from 

different support materials [Barnes and Genna, 1979; Barnes, 1984; Wang and Barnes, 

1989; Yebra-Biurrun et al., 1992b]. PDTC resins are non-reversible chelating resins 

(requiring acid digestion for metal recovery) and are only ideal for analyses in which 

elution of the targeted metal ion is not a prerequisite. A unique feature of 

polydithiocarbamate resins is their selective chelating ability for different oxidation states 

of some metal ions, e.g. and Cr [Miyazaki and Barnes, 1981]. Fe (III) and Cr(VI) 

complex with the resin, whereas Fe(II) and Cr(III) do not. 

Burba and Willmer (1987) studied the adsorption of dithiocarbamate-metal 

complexes on cellulose collectors. At pH s 4, the acid concentration only slightly 

influenced the distribution coefficients (Kd) of the HMDC-metal chelates, whereas Kd 

values were independent of pH between 5 - 10. Quantitative preconcentration (sorbent 

extraction) was obtained for reaction times of 15 - 30 min with HMDC. High reproduc

ibility was obtained for all cellulose-HMDC determinations. The system was tested for the 

determination of trace elements in a high purity AI sample and gave results (after 30 min 

contact time): 96 % recovery of both Cu and Fe. Barnes et al. (1983) used a polydithio

carbamate resin to preconcentrate Fe(I1) and Fe(I1I) from urine at pH 4. Difficulties were 

found in recovering all Fe (III) from undigested urine. 

Amberlite XAD resins exhibit properties of porosity, high surface area, durability 

and purity. Dithiocarbamates adsorb easily on XAD-4, e.g. APDC [Elci et al., 1992]. 

Yebra-Biurrun et al. (l992a,b) synthesised poly(arninophosphonic acid) and poly(dithio-
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carbamate) resins from macroreticular Amberlite XAD-4 supports. These resins had 

considerable advantages over earlier resins because of their larger surface area and 

resistance to osmotic shock (e.g. swelling). A water soluble carbamate, bis(2-hydroxy

ethyl)dithiocarbamate (NaHEDC), was synthesised by King and Fritz (1985) and used to 

preconcentrate metals by sorbent extraction with XAD-4. This material formed 

complexes which were more easily eluted from columns without using large quantities of 

solvent. The breakthrough capacities for the CulHEDC complex on XAD resins, 

XAD-l, -2, -4, -7 and -8, were investigated. XAD-4 provided the greatest capacity for 

adsorption and subsequent studies indicated an optimum pH of 6 - 7 for multi-element 

analysis. 100 % recovery of Fe was obtained for pH 5 - 8. 

CI8 reverse phase material, a bonded silica with octadecyl functional groups, has 

been utilised in sorbent extraction techniques with on-line formation of metal 

dithiocarbamate (NaDDTC) complexes [Sperling et al., 1992]. The method was 

automated using a 15 !lL conically shaped micro column containing CI8 support material; 

detection limits for Cd, Co, Cu, Pb and Ni were less than 40 ng L -1. Sample loading times 

of 60 s resulted ina 20-fold preconcentration factor. Lancaster et al. (1994) investigated 

in situ modified and pre-analysis adsorption of NaDDC on silica- and polymeric-based CI8 

supports. The polymeric-based supports were found to offer significant advantages over 

silica-based supports [see Section (E) 'solid supports']. 

Bradford and Balchtar (1991) used APDC in a chelation-solvent extraction 

technique for 22 elements including Fe and Cu. The procedure, involving the extraction of 

APDC metal complexes into chloroform and determination by ICP-OES, provided simple 

and rapid analyses in the presence of many common alkali and alkaline earth elements. 

Extraction was effected at pH 5.0 for a total reaction/extraction time of 31 min (25 min 

reaction with APDC/6 min extraction into chloroform). Recoveries of both Fe and Cu 

were 100 % (conc. HN03). Efficiency of extraction decreased for pH> 6 and pH < 4. 

Hsieh and Liu (1993) synthesised several alkylene bisdithiocarbamates which 

were excellent chelating agents for Fe and Cu. Reaction times of 5 min were required to 

obtain> 98 % recovery after extraction into IBMK at pH 5.0 - 5.5. A chromatographic 

method for Fe analysis was developed by Smith and Yankey (1982) utilising diethyldithio

carbamate. A carboxymethylate polyethylenimine polymethylene-polyphenylene isocyan

ate (CPPI) chelating resin was synthesised by Horvath and Barnes (1986). The resin 

exhibited retention ability for a large number of metal ions including AI and Fe. 

Recently Emteborg et al. (1995) developed a solid phase extraction procedure 

using a dithiocarbamate resin for the determination of Hg species in humic-rich natural 

waters. The resin was derivatised (using ammonium dithiocarbamate) from a macro

porous glycidyl methacrylate material (Spheron E 300). 
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(C) 8-hydroxyquinoline Chelating Resins.- The ligand 8-hydroxyquinoline (oxine, 

8HQ) has featured in a large number of trace metal matrix separation/preconcentration 

procedures utilising functionalised resins [Beauchemin and Berman, 1989; Iezorek and 

Freiser, 1979; Resing and Mottl, 1992; Malamas et aI., 1984; Mooney et al., 1987; Porta 

et aI., 1992; Sturgeon et ai., 1981; Yuan and Shuttler, 1995]. The chelating properties of 

oxine and its preference for more highly charged metal ions over alkali and alkaline earth 

elements are well known. Oxine forms complexes with over 60 metal ions from aqueous 

solutions with cumulative formation constants (~) ranging from ca. 104 for Ba to 1038 for 

Fe. Oxine has been immobilised on a variety of different support materials including silica

based and polystyrene-divinylbenzene materials. 

Iezorek and Freiser (1979) immobilised oxine on PorasH silica for use in 

chromatography. Using isocratic and/or continuous gradient elution, the material was 

found useful for separating the similar metals Co-Ni, Cd-Pd-Zn and La-Gd-Yb at trace 

levels. Using the same material, Sturgeon et al. (1981) investigated the batch precon

centration of trace metals form seawater prior to ET-AAS detection. Large enrichment 

factors and quantitative recovery were obtained for the elements Cd, Pb, Zn, Cu, Fe, Mn, 

Ni and Co. 

Malamas et ai. (1984) investigated the use of oxine immobilised on controlled

pore glass (CPG-8HQ) for the FIA on-line enrichment and matrix isolation of trace metals. 

The porous glass does not swell or shrink upon pH changes and thus offers advantages 

over other polymer-based ion exchangers. The metals Cu, Co, Cd, Ni, Pb and Zn were 

recovered quantitatively at pH 6.5 via elution with 1 mol L-1 HClIO.I mol L-1 HN03. Ca 

and Mg, even when present in great excess, were not found to interfere. However, Fe and 

Al bound to the material strongly and may interfere when present in high concentrations if 

the exchange capacity of the FIA column is not sufficient. Marshall and Mottola (1985) 

further investigated the performance of silica-immobilised oxine under FIA conditions. 

The studies, which critically investigated the preconcentration and measurement of Cu, 

highlighted the promise of this oxine-based material for PIA preconcentration purposes. 

Nakashima et al. (1988) improved the methods of Malamas et al. and Marshall and 

Mottola for the preconcentration of Cd, Pb, Zn, Cu, Fe, Mn, Ni and Co from seawater. 

The previous methods were unable to achieve adequate detection limits for the 

determination of these metals in uncontaminated seawater. Elution was effected using 

much smaller volumes « 2 mL) of2 mol rl HClIO.1 mol L-1 HN03 and allowed detection 

limits from 0.2 (Co) to 42 (Fe) ng L-1 to be reached. 

Several investigations have shown CPG-8HQ to be useful for the kinetic 

measurement of free metal concentrations, Mll+, in the presence of kinetically labile 

complexes [Chow and Cantwell, 1988]. A disadvantage of CPG-8HQ is that it is unstable 

at high pH and can be prepared with only relatively low metal-complexing capacities. 

Persaud and Cantwell (1990) investigated the performance of Amberlite XAD-2 as a 
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polymer substrate for immobilising oxine. In these studies oxine was coupled to the XAD-

2 surface via a methylene linkage rather than via the azo linkage commonly employed 

[Vernon and Eccles, 1973]. The Mg2+ ion was investigated in these studies and the XAD

oxine technique was found to be selective for Mg2+ in the presence of hydrophilic 

complexes but not in the presence of hydrophobic complexes (e.g. Mg-picolinate). These 

studies emphasised that ligands immobilised on hydrophilic substrates (e.g. CPG, 

hydroxyethyl methacrylate) should be more generally useful than those immobilised on 

hydrophobic substances. 

Abollino et al. (1990) compared the sorption of 8HQ and 8HQ-5-sulfonic acid 

(8HQS) on the polymer substrates XAD-2 and Bio-Rad AG MP-l and their use for 

uptake and enrichment of trace metal ions. The latter of these substrates coupled with 8-

HQS appeared the most promising for metal recovery and enrichment. 

As discussed above ['AI targeting chelating resins'] Landing et al. (1986) 

prepared an oxine based resin by immobilisation on an hydrophilic polymer substrate, 

Fractogel-TSK. The resin was used in the development of a column technique for 

concentration and, in part, speciation measurements for AI, Mn, Fe, Co, Cu, Zn and Cd in 

an organic-rich freshwater. This material has been used in a number of subsequent 

investigations of AI and 

A 'paper chromatography' method for the determination of Fe(U) and Fe(III) ions 

was developed by Sundd et at. (1994) whereby selective separation of the target analyte 

was performed followed by DP-ASV detection. The ion-exchange approach utilised the 

chelating agent 7-iodo-8HQS immobilised as counterions on a piperazinium polyelectro

lyte matrix. AI was not studied as an interferent since detection was via free-metal 

electrochemistry; AI is not easily oxidised or reduced. However, AI would interact with 

the paper and possibly cause interference at high concentrations, i.e. capacity problems. 

(D) Other Chelators and Chelating Resins.- Colella et at. (1980a,b) investigated the 

use of a polyacrylamidoxime chelating resin for the determination of a large range of metal 

ions. The resin was prepared by reacting divinylbenzene (DVB) cross-linked polyacrylo

nitrile with hydroxylamine. Initial studies showed Fe was taken up easily at pH 2.5. The 

resin was applied to the determination of trace metals in natural waters and in particular to 

the separation and simultaneous concentration of Fe, Cu, Cd, Pb and Zn. A batch 

technique was used (pH 6.0, 24 h equilibration time); recovery was dependent on 

concentration, indicating that uptake was not complete. 

The chelating resin Chelamine can be easily produced by immobilisation of a 

pentamine ligand on an organic polymer. Blain et al. (1993) used this chelating resin to 

target transition metals and determine Cu, Mn, Ni, Pb and Zn in natural waters. 

Groschner and Appriou (1994) further applied this resin to differentiate between neutral 
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hydrophobic organic-metal complexes, anionic complexes and the 'free ion' concentration 

of transition metals in natural waters. Their method utilised a three-column procedure 

with the combination of CI8 reverse phase, a Dowex anion-exchange resin and the 

Chelamine chelating resin. The strong anion-exchange properties of the Dowex 1-X8 

resin were shown to be ideal for retention of anionic complexes. However, at high saline 

concentrations cr ions compete with the dissolved anionic complexes. 

Singh and Dhingra (1992) investigated the application of two sulfonephthalein 

dyes bound to Dowex-2 for preconcentration of Cu and Cd. Pyrocatechol violet and 

xylenol orange were immobilised on the polystyrene-based anion-exchange resin via their 

sulfonate groups and THt interactions. The adsorption of other competing metal ions was 

not studied. In previous studies Singh and Rita (1991) had prepared a pyrocatechol 

violet-loaded resin using Amberlyst A-26 as a support material. A highly stable chelating 

resin involving alizarin red-S covalently linked with Amberlite XAD-2 was synthesised by 

Saxena et al. (1994). The resin was used to preconcentrate Zn, Cd, Ni and Pb for 

subsequent AAS determination. 

Hase and Yoshimura (1992)' investigated the advantages of solid-phase adsorp

tiometry combined with an FIA system for the determination of trace Fe in highly purified 

water. The procedure utilised a highly structured FIA system which incorporated 

purification columns for both reagent and carrier, a preconcentration column and three 

rotary injection valves for injection of reagent, sample and 'desorbing' solution. The 

reagent used to complex Fe was 4,7-diphenyl-1,1O-phenanthroline disulfonic acid (DPPS) 

and detection was effected by monitoring this complex adsorbed to the anion exchanger 

(QAE-Sephadex A-25) at 550 nm. 

King et ai. (1991) investigated the determination of Fe(II) in seawater by 

complexation with ferrozine adsorbed on a CI8 resin. Ferrozine forms a stable coloured 

complex with Fe(II) but not Fe(III) and the only significantly interfering ion, Cu(I), was 

removed by complexation with neocuproine. 

A thioglycolate modified resin was synthesised by Howard and Danilona

Mirzaians (1989) for the preconcentration of Cd, Zn, Pb and Ni from natural waters. The 

resin exhibited the strongest affinity for Cd and Pb and these metals could be recovered 

from seawater. 

The ligand 1-nitroso-2-naphthol has been investigated for the retention of a 

selection of metal ions including AI and Fe. Gennaro et al. (1986) found the resin to have 

a high binding strength for Co, Cu and Hg, however only 5 % of AI was retained under 

the conditions used. Van den Berg et ai. (1991) found that sensitive trace analysis of Fe in 

seawater could be performed following adsorptive deposition of the Fe 1-nitroso-2-

naphthol complex on a mercury drop electrode followed by cathodic stripping 

voltammetry. 
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(E) Solid Supports 

If chelating resins are to be incorporated in FIA systems it is also important to 

consider the properties of the solid support on which the chelator is immobilised and 

parameters relating to the physical separation process itself. The choice of support is 

often initially made after considering the conditions under which complexation or 

adsorption occurs. Typically two classes of supports are utilised for the chelation or 

complexation of analyte (i) supports which respond to changes in solvent polarity and (ii) 

supports which respond to changes in pH. Many supports respond to both of these 

processes and selective retention of the chelating agent on the support is achieved by 

manipulating just one of these properties while the other maintains constant. The more 

important properties of solid supports include: 

(i) a low degree of swelling and shrinking with change of solvent or pH, 

(it) high mechanical resistance, e.g. unaffected by flow rates, 

(iii) sorbent patticles should preferably be of larger size and regular shape, 

(iv) sorbent materials should have favourable kinetic properties regarding 

the penetration, retention and elution of analyte, and 

(v) sorbent materials should have no affmity for non-targeted free metal ions, 

e.g. alkali or alkaline earth elements. 

The polystyrene-divinylbenzene copolymer has been extensively utilised as 

support for chelating resin polymers. This polymer is readily available and sufficiently 

durable for many derivatisations. An unfortunate feature of many resins is that their solid 

support structure undergoes changes, e.g. swelling, on contact with different solvent 

phases or with change in pH. For example, Chelex-IOO, which has a polystyrene 

backbone, shrinks as its ionic form and pH change. Any disruption to the resin packing in 

an FIA column will affect the solution flow rate and the rate of ion-exchange. This is a 

common feature of most adsorbents synthesised from microreticular resins (styrene

divinylbenzene skeleton). 

Yebra-Biurrun et al. (1992) reported the synthesis of a selective ion exchange 

resin with a macroreticular skeleton (Amberlite XAD-4 support) utilising aminophos

phonic acid groups for retention and determination of 9 metal ions. These macroreticular 

support materials exhibit larger inner surface areas and are more resistant to osmotic 

shock, swelling effects caused by changes in solvent and loss of volume on drying. In 

addition to these features the resin described above exhibits a low affinity for alkali metals. 

Cellulose (short fibre native cellulose weakly cross-linked with formaldehyde) and 

cellulose derivatised (e.g. acetylated cellulose) supports were studied as collectors for 
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dithiocarbamate metal complexes in sorbent extraction [Burba and Willmer, 1987]. These 

studies indicated that the Kd values of dithiocarbamates on cellulose sorbents are higher by 

a factor of 5 to 10 than those on conventional sorbents (e.g. CI8). Cellulose sorbents 

appear to be better collectors of hydrophobic organic metal chelates. 

The use of CI8-based (octadecyl bonded silica gel or polymeric) polymer 

sorbents is becoming increasingly popular. These materials utilise sorption of metal 

complexes from aqueous sample streams followed by elution with a suitable solvent, e.g. 

methanol or ethanol. An important feature of all support materials is that they exhibit 

properties which are particularly selective for the desired chelating agent. Polymeric

based CI8 supports have been shown to exhibit greater stability than silica-based CI8 

supports in solutions of extreme pH values. In addition to this feature, polymeric-based 

CI8 supports lack residual active silanol sites which may adsorb unwanted materials. 

These polymeric-based CI8 supports do not exhibit swelling effects observed with ion 

exchange supports, chelating resins and silica-based supports. 

Inorganic supports with immobilised organic residues behave differently from 

organic chelating resins or organic supports for adsorbed species. The most commonly 

employed inorganic support materials are silica gels; these materials can also be 

functionalised with chelating agents. A substantive review has been written on the use of 

silica gels (e.g. controlled-pore glass and Porasil) and related materials for immobilisation 

of chelating agents and their application to the adsorption of inorganic species [Biernat et 

al., 1994]. 

Solid supports with 'better' properties are continually being developed and many 

organic- and inorganic-based supports now offer high porosity and high mechanical and 

chemical stability. 
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This SECTION of work addresses the subject of on-line matrix separation and/or 

preconcentration for flow-through detection systems. The metal ion for analysis is AI and 

the most important interfering species is Fe. An PIA system incorporating a micro-column 

packed with a suitable sorbent material is proposed as the best method for this analysis. 

In FIA on-line column procedures, when an analyte is introduced to the flow 

system the operator is interested in (i) the complete (or reproducible) and selective 

'capture' of the analyte species with the rejection of the interfering matrix to waste, 

followed by, the complete release of the analyte species to the detector, or alternatively (ii) 

the free passage of analyte to the detector and retention of interfering species. In 

speciation studies the separation and/or capture of the analyte species should occur 

quickly so as to minimise re-equilibration of the sample. FIA systems utilising a column 

packed with an analyte- or interferent-specific sorbent material will offer suitable 

conditions to perform such analyses efficiently. 

Manifold And Column Design: The degree of dispersion a volume of analyte undergoes 

after injection into an PIA manifold and before reaching the detector is an important factor 

in PIA systems. Parameters affecting dispersion in PIA microcolumns have been described 

[Ruzicka and Hanson, 1988; Fang, 1991] and include column diameter, column length, 

column dead volume and sample carrier / eluent flow-rates. 

Sample dispersion will occur during both sample sorption and elution from a 

column. When considering dispersion in columns this should describe both the spatial 

distribution of the analyte in solution and on the column packing material. The dispersion 

of analyte during sorption and elution processes may be influenced by: 

(i) the geometric dimensions of the column (e.g. length, internal diameter and 

shape), 

(ii) the properties of the adsorbent material (e.g. hydrophilicity/hydrophobicity), 

(iii) the properties of the eluent, 

(iv) the flow rates during analyte adsorption and elution, and 

(v) the manifold design. 

The insertion of a column containing an inert packing material usually has little 

effect on sample dispersion, however, the situation is not so simple when an active sorbing 
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material is present. In PIA sorption occurs predominantly at the sample injection end of 

the column, however, the continued application of carrier solution often results in the 

sorption band being dispersed downstream. Depending on the degree of this dispersion, 

controlled by the distribution coefficient of the sorbate between the stationary phase and 

the mobile phase, breakthrough of the sorbate may occur before column saturation has 

been reached. Provided distribution coefficients are high and the column capacity is not 

reached, sorption will occur predominantly at the sample injection end of the column. It is 

therefore often desirable that elution should be performed in the opposite direction to 

sorption; this will minimise further eluent dispersion. PIA techniques most often analyse 

eluent peak height and the factors listed above should be optimised to produce sharp 

elution peaks. 

Resin particle size and packing will be of considerable importance in effecting 

dispersion. Whenever possible manifold designs should be such as to avoid the 

development of excessive back-pressure due to sorbent packing. Columns have utilised 

both straight and conical designs. In the latter, the conical shaped column may help 

minimise dispersion and help to focus the analyte zone as it leaves the column. The 

studies by Burba and Willmer (1987) on sorbent extraction of HMDC on cellulose 

collectors indicated that reaction vessels with hydrophobic surfaces (e.g., poly tetra

fiuoroethylene, PTFE) should be avoided in order to minimise loss of HMDC-metal 

complexes by adsorption. 

Column Materials: In SECTION A matrix separation and preconcentration procedures 

were discussed and particular attention was given to chelation resins or immobilised 

chelates that may be used for (i) the preconcentration of AI and Fe, and (ii) the 

preconcentration of Fe (but not AI). 8-hydroxyquinoline (oxine) and dithiocarbamate 

ligands immobilised on solid supports have been utilised extensively for trace metal matrix 

separation and preconcentration. These ligands may be useful for achieving the goals '(i)' 

or '(ii)' above respectively. 

Despite dithiocarbamates forming only weak complexes with Fe several studies 

have highlighted their potential for preconcentration of Fe from waters (see SECTION A). 

The incorporation of a dithiocarbamate-modified resin into an PIA system would be 

expected to remove Fe from the carrier stream but not affect the concentrations of AI. In 

contrast oxine forms velY strong complexes with both AI and Fe and the incorporation of 

a oxine-modified resin into an PIA system would be expected to quantitatively adsorb both 

of these metals from solution. 

Sufficient stability constant data exists for the H+-AI3+-oxine and H+-Fe3+-oxine 

systems for modelling calculations to be undertaken to predict the conditions (i.e. pH, 

oxine concentration) that may be useful for the development of an AI speciation system. 

In Table 8.2 thermodynamic data are given for these systems; the source of these data 
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follows. Stability constants for the H+ _Al3+ -oxine and H+ -Fe3+ -oxine systems were 

obtained from the stability constants database (SC-database) [Pettit and Powell, 1995], 

Al3+ hydrolysis constants were from previous literature sources [see Chapter 6 (6.1.2)] 

and Fe3+ hydrolysis constants were from Baes and Mesmer (1986). The M3+ hydrolysis 

data were for I = 0.1 mol L-1 ionic media (aqueous) whereas the oxine data were for ca. 

50 % dioxanJH20 media. 

Table 8.2 Thermodynamic data for the systems: H+-M3+-oxine (where M = Al or Fe) and 

H+-M3+ (Al or Fe hydrolysis). The equilibrium constants (~p,q".) are given according to 

the reaction: pH+ + qM3+ + rL2- ~ H~qLr(p+3q-2r)+. 

Species (p,q,r) log ~p,q,r 

Oxine (L2-) 

HL- (l,0,1) 11.12 

H2L (2,0,1) . 15.24 

A1L+ (0,1,1) 11.17 
A1L2- (0,1,2) 22.59 
A1L3

3- (0,1,3) 32.74 

FeL+ (0,1,1) 14.01 

FeL2- (0,1,2) 26.77 

FeL3
3- (0,1,3) 38.33 

AI-hydrolysis (Al3+) 

AlOH2+ (-1,1,0) -5.33 

Al(OHh+ (-2,1,0) -10.91 

Al3(OH)4S+ (-4,3,0) -13.13 

Al(OH)4- (-4,1,0) -23.30 

Al13(OHh2 7- (-32,13,0) -107.41 

Fe-hydrolysis (Fe3+) 

FeOH2+ (-1,1,0) -3.21 

Fe(OHh+ (-2,1,0) -6.73 

Fe2(OHh4+ (-2,2,0) -4.09 

Fe3(OH)4S+ (-4,3,0) -7.58 

Fe(OH)4- (-4,1,0) -21.60 

Kw (-1,0,0) -13.78 
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The computer program SOLGASWATER [Eriksson, 1979] was used to calculate 

the distribution of species forming in a solution containing 100 !lmol L-1 oxine and 5 !lmol 

L-1 of each of Al and Fe. Although solution phase oxine will not have the same 

complexation properties as the oxine-derivatised resin the relative distribution between Al

oxine and Fe-oxine species may be expected to be quite similar [Miyazaki, 1995]. In 

Figure 8.2 the results from these calculations are presented. The solid lines represent Al 

species whereas the dashed lines represent Fe species. 
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Figure 8.2 Distribution diagram Fi for 100 !lmol L-1 oxine,5 !lmol Al and 5 !lmol L-

1 Fe. Fi is defined as the ratio of the aluminium concentration in an equilibrium species to 

the total aluminium concentration. The solid lines represent Al species whereas the 

dashed lines represent Fe species. The p,q,r stoichiometries are given (where q is Al or Fe 

respectively). 

Figure 8.2 is quite 'busy' at low pH and below pH 6 the species M3+, 

M(OH)n (3-n)+ and M(Ox)n (3-2n)+ (where M = Al or Fe and n = a - 2) are observed to 

form. Below pH 5.0 there is no region where either (i) oxine complexes 100 % of both AI 

and Fe, or eii) oxine complexes 100 % of one of these metals and a % of the other. Over 

the pH range ca. 5.0 to 8.0 oxine is observed to complex 100 % of both Al and Fe and at 

pH ca. 11.5 oxine complexes 100 % Fe and a % AI. These two 'windows' may be 

exploited for the development of an Al speciation method in which will not interfere. 
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8.2.1 SCOPE OF THIS WORK.- Interference from Fe3+ in the analysis of Al3+ in 

environmental samples, e.g. natural waters and soil solutions, has been a problem faced by 

research groups for many years. The measurement of Al is most easily performed using an 

indirect method whereby the response (spectrophotometric, fluorimetric, electrochemical) 

of a 'probe ligand' which complexes Al can be monitored as a function of AI concentration 

[as described in Chapter 1 (1.3)]. An unfortunate feature of such analyses is that these 

methods are prone to interference from other metal ions that interact with the 'probe' 

ligand. Fe3+ binds with the same types of ligands that complex Al3+. In spectrophoto

metric and fluorimetric procedures interference from Fe3+ can often be masked using 

suitable 'masking agents', e.g. bipyridinel or 1,1O-phenanthroline/ascorbic acid. In 

electrochemical analyses of Al such masking agents are not appropriate because of their 

inclination to undergo redox reactions. Furthermore, Fe masking agents may also affect 

Al speciation by disturbing the Fe-NOM equilibria (and hence the AI-NOM equilibria). 

This SECTION of work is directed towards the development of an Al speciation 

technique which may be used without the use of additional masking agents for Fe. This 

technique will involve the direct measurement of 'reactive' Al through the selective capture 

of Al on a suitable chelating resin in a microcolumn (incorporated in an FIA system). The 

factors discussed throughout Chapters 1-7 which affect 'speciation' procedures are 

considered during the development of this new technique. 

The Dithiocarbamate Column: The dithiocarbamate-modified chelating resin was 

synthesised from the polymer HEMA 100EH (Alltech) following the method described by 

Emteborg et ai. (1995) .. The macroporous hydrophilic HEMA resin was a copolymer of 

2-hydroxyethyl methacrylate and ethylene dimethacrylate and had an average particle size 

of 60 !-lm. Personal correspondence with Dr. H. Emteborg (Umea University, Sweden) 

indicated that this would be a suitable material for this synthesis. 

Although previous research had indicated that dithiocarbamate-modified resins 

were suitable chelating materials for the preconcentration of Fe, preliminary investigations 

in the present studies indicated that the slow complexation kinetics of this chelating resin 

with Fe would be not suitable for FIA-based speciation procedures. The immediate 

promise shown by the oxine-modified chelating resin meant that no further studies were 

made of the dithiocarbamate chelating resin. 

The Oxine Column: In this SECTION an Al3+ speciation procedure is described based on 

a 2 s reaction with oxine-derivatised Fractogel [described by Landing et ai. (1986)] 

positioned in a 22 !-lL column reactor in an FIA manifold. Al3+ (pre)concentrated on the 

column from a 650 !-lL sample was selectively eluted [via the rapid quantitative conversion 

of resin-bound Al3+ to the Al(OH)4 - ion] with 150 - 250 !-lL of 0.02 mol L-1 NaOH and 

detected spectrophotometrically as the AI-CAS (chrome azurol S) complex at pH 5.0. 



Chapter 8: AN PIA METHOD FOR ALUMINIUM (A13+) SPECIATION 217 

The resultant PIA method was tested for (i) the extent of separation between 

reactive AI and Fe, (ii) the sequestering of AI from its citrate, oxalate, malonate and 

fluoride complexes, and (iii) retention of AI-hydroxy polymers [e.g. Al13(OHh27+]. The 

method was applied to humic waters and soil solutions and the results for 'free' Al3+ 

compared with those obtained by the 7-s CAS method. The method's detection limit (DL) 

and linear working range (L WR) were evaluated. 

8.2.2 EXPERIMENTAL 

(A) Chemicals and Analysis.- All glass and plasticware was cleaned by soaking in 10 

% HN03 for 48 h followed by 12 h soaking and repeat rinsing with triply distilled water. 

All solutions were prepared from Milli-Q water and all working solutions were prepared in 

0.10 mol L-1 K(CI) (Merck, p.a.), dried at 120°C. Reagents and model ligand solutions 

were stored in plastic (polypropylene) bottles. All pH measurements (± 0.03) were 

performed with a laboratory-built pH meter which was calibrated using standard phthalate 

(pH 4.01) and phosphate (pH 6.86) buffers. 

(i) Oxine Gel: 8-hydroxyquinoline (oxine) [(i), BDH reagent grade] was used for resin 

preparation. Two gel (vinyl polymer) preparations were made during the course of these 

studies. The first used the Fractogel material [Supe1co, TSK-Gel Toyopead] HW-65f (30 

- 60 )..lm) while the second used the larger sized material HW-40c (60 - 100 )..lm). The 

immobilisation of 8-hydroxyquinoline followed the procedure described by Landing et ai. 

(1986). This procedure is described in detail in Chapter 3 (3.2.8). The gel was stored wet 

in Milli-Q water. 

(i) 

OH 

(ii) Chrome Azurol S: CAS (Adrich) was used as supplied. This material had an 

estimated dye content of 61.5 % by comparison with a double-recrystallised material 

[Hawke et ai., 1995]. CAS solutions ca. 1.0 - 3.0 mmol L-1 were prepared as required. 

(iii) Bipyridine!Ascorbic Acid Solutions: 2,2'-bipyridine [Baker Analysed Reagent] 

stock solutions ca. 0.5 % were prepared and stored in the dark in plastic bottles. Ascorbic 

acid [Pharmaceutical Sales & Marketing] was used as supplied. Bipyridine (0.05 

% )/ascorbic acid (1 %) solutions were prepared daily in 0.2 mol L-1 acetate buffer (pH 

4.15). 
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(iv) Metal Solutions: All metal solutions were prepared by dilution of stock solutions 

described in Chapter 3 [3.2.5]. These solutions were (i) a 2.0 mmol L-1 Al(III) solution 

and (ii) a 2.0 mmol L-1 Fe(III) solution. All solutions were prepared in 0.02 mol L-1 HCI. 

AI standard solutions were prepared daily in 0.001 mol L-1 NaOAc/O.lO mol L-1 NaCl 

electrolyte with pH 4.5. 

(v) Ligand Solutions: Citric acid (BDH, AnalaR), oxalic acid (Fisons, AR), malonic acid 

(Riedel-de Haen, AG) and sodium fluoride (BDH, AnalaR) solids were used after drying 

(silica gel, 25 DC) but without further purification. 5.0 mmol L-1 stock solutions were 

prepared. Fluoride solutions were always stored in plastic bottles. 

(vi) FIA Carrier/Eluent/Buffer Solutions: Acetate buffer (NaOAc) solutions (pH 4.0 -

5.5) [BDH, AnalaR] were used. The carrier and eluent solutions were the most important 

regarding purity. 

Carrier solution: A 0.05 mol L-1 NaOAc/0.05 mol L-1 NaCl (pH 5.0) carrier solution 

was prepared by dissolving NaOAc and NaCl in Milli-Q and pH adjusted with HCI. 

Eluent solution: The NaOH eluent (0.02 mol L-1 NaOHlO.08 mol L -1 NaCl) was 

prepared with the same ionic strength as the carrier. 

Buffer solution: Acetate buffer (2.0 mol L-1, pH 5.3) was prepared in the same manner as 

the carrier. 

(B) FIA System and Protocol.- The material used for manifold preparation, the pump 

and injection systems have been described in Chapter 3 (3.7). In this Section brief 

descriptions of the FIA manifold, the oxine micro-column construction and the injection 

system configuration are given. 

(i) Manifold Design: The FIA manifold in Figure 8.2.2A was used for all experiments. 

The manifold system was constructed to minimise dispersion of sample prior to 'AI

capture' and also during sample elution. The distances from injector to column and from 

column to reaction coil were < 15 cm. Buffer and chromophore flows were minimised to 

reduce sample dilution, while maintaining adequate buffer capacity and chromophore 

concentration (65 !-Lmol L-1 at detector). Glass connectors were used at the confluence 

points of the respective flow lines. These connectors have been reported to achieve high 

turbulence and maximum dispersion [Karlberg and Pacey, 1989; Chalk and Tyson, 1994]. 

During optimisation of the manifold, the sample reaction zone was varied by 

adjusting the size of the reaction coil. Reaction coils consisted of knitted microline tube 

(0.51 mm i.d.); 50 - 300 cm coils were tested. In the optimised manifold the reaction coil 

was 300 cm and this provided almost complete colour development for eluted AI. 
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A GBC model 918 UV-visible spectrophotometer with a 10 rnrn light path flow 

cell (3 rnrn i.d., 70 ilL volume) was used as the detector. Absorbance was measured at 

545 nrn as the FIA peak height using the instrument's computer software. Temperature 

control, essential for obtaining reproducible standard curves, has been described 

previously [Hawke and Powell, 1994]. 

Injection System 

Carrier 

Buffer 

Reaction coil 
300 em 

Detector 
pH 5.0 

Oxine microcohunn 

Waste 

Figure S.2.2A Schematic diagram for the flow-injection manifold. The chemical 

components of this system were (i) carrier solution;::: 0.05 mol L-1 NaOAc/0.05 mol L-1 

NaCI (pH 5.0), (ii) buffer;::: 2.0 mol L-1 acetate buffer (pH 5.3; 5.00 - 5.05 at detector) 

and (iii) reagent 2 rnrnol L-1 CAS. The flow rates of the respective lines are given. 

Also shown is the sample and eluent injection loop volumes (650 JlL and 250 ilL 

respectively). The reaction zone was a 300 cm microline reaction coil. 

(U) Oxine Micro-Column: The microcolumn (incorporating the oxine gel) was prepared 

from polycarbonate. This material was suitably durable to acid and alkali additions and its 

transparency allowed any long term degradation of the resin to be observed. No 

degradation of resin was ever observed, however if the flow direction in the column was 

not reversed then the resin was observed to compact over long periods of use. The 

column had a 22 ilL volume (7 rnrn by 2 rnrn i.d.) and was connected to the FIA system by 

threaded Teflon-tube end fittings and grippers (Ornnifit). At each end of the column 

(between the oxine gel and the connectors) a small circular disc of fine (nylon) mesh was 

inserted to secure the resin particles in the column. The gel was packed 'wet' to 

completely fill the ilL volume. 
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(iii) Injection System: The injection system used in these studies was a ten-port V ALCO 

valve with VICI actuator system (rotary design). The system had two injection loops and 

two positions (i) 'LOAD SAMPLE' : load sample and inject eluent, and (ii) 'INJECT SAMPLE' : 

load eluent and inject sample. These positions are depicted in Figure 8.2.2B respectively. 

Load 

Carrier 
... 

Waste 

Detector ... 

LOAD SAMPLE (inject eluent) 

Carrier ... 

Load 

Detector ... 

Waste 

INJECT SAMPLE (load eluent) 

Figure 8.2.2B Two valve configurations of the ten-pOlt injection system. 

The use of two injection loops enabled the eluent loop to be filled while the 

sample was injected. In the LOAD SAMPLE position a geometrically defined external 

'sample' loop was filled with the desired test solution. While set in this position the carrier 

flows through the eluent loop (i.e. if present the eluent is injected). Once the sample loop 

was filled, the valve position was switched (electronic) to the INJECT SAMPLE position. 

The carrier solution now flows through the sample loop thus injecting the sample into the 

carrier stream which passes immediately through the oxine microcolumn. If the next step 

in the procedure was to involve elution of analyte (sorbed sample) from the column the 

eluent loop was now filled and subsequently injected. Multiple injections of either sample 

or eluent were made by 'not filling' the opposite loop respectively, but continuing to fill the 

desired injection loop. 

During optimisation of the detection procedures, injection loop sizes (i) sample: 

400 - 2000 ilL and (ii) eluent: 150 - 400 ilL (Teflon) were tested. In the optimised 

manifold the injection loop sizes were (i) sample: 650 ilL and Oi) eluent: 250 ilL. 

(C) Model Ligand Solutions.- The model ligand solutions were prepared in 0.01 mol 

L -1 NaOAcJO.09 mol C 1 NaCl electrolyte (pH 4.5). Stock solutions of the respective 

ligands were used to spike the electrolyte and Al was added 2 min later. All solutions 

were allowed to equilibrate for 24 h before analysis. 
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Modelling calculations were made for solutions of identical composition to those 

analysed. These calculations were performed using the computer program SOLGAS

WATER [Eriksson, 1979]. The literature sources used for the stability constants for the 

ligands were: citrate [Ohman, 1988], oxalate [Sjoberg and Ohman, 1985], malonate 

[Powell and Town, 1993] and fluoride [Nordstrom and May, 1989]. The data for H+

AI3+-malonate system are given in Table 8.2.2A while data for the other ligands were 

given in Chapter 6 (Table 6.1.2B). These constants were determined in 0.1 mol L-1 ionic 

media, however no reliable constants were available for the other Al-L equilibria at this 

ionic strength. The constants used were for 0.6 mol L -1 media and were considered 

adequate for the present studies. The data for AI hydrolysis have been described earlier 

(Table 8.2). 

Table 8.2.2A Thermodynamic data for the system: H+-AI3+-malonate. The eqUilibrium 

constants (~p,q,r) are given according to the reaction: pH+ + qAI3+ + rL 2- ............ 

H AI L (p+3q-2r)+ 
p q r . 

Malonate (L 2-) 

HL-

H2L 

A1L+ 

A1L2-

A1L
3

3-

A1L2OH2-

(p,q,r) log ~p,q,r 

(1,0,1) 5.25 

(2,0,1) 7.85 

(0,1,1) 6.71 

(0,1,2) 11.53 

(0,1,3) 14.10 

(-1,1,2) 4.85 

Acetate forms a weak complex with Al [Marklund et ai., 1989]. For AI 

standards in the presence or absence of acetate buffer, the effects of the acetato complex 

on the detection signal was found to be insignificant. The acetato complex was not 

included in model calculations. 

(D) AI-Hydrolysis Solutions.- Polymeric AI solutions (100 !-Lmo} L-1 and 10 !-Lmol L-1) 

were prepared by the partial neutralisation of acidic AI solutions. In each preparation the 

desired Al was added to 2 L of acidified electrolyte (0.1 mol L-1 NaClIO.OOl mol L-1 

HCI). Rapid stirring was effected both magnetically (1xlO cm flea) and mechanically 

(2xlO cm propeller). The solutions were titrated with 0.005 mol L-1 NaOH to pH 4.0 

followed by 0.0002 mol L-1 NaOH to the desired pH. 
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The titration was automated by use of a computer driven autoburette 

(Radiometer ABU80) which allowed the slow addition (lowest speed, 0.125 mL min-I) of 

small volumes of alkali. Two electrode systems were used to monitor pH change (i) a 

combination pH electrode (Radiometer PHM 64 research pH meter and pHC2005 

combination electrode) and (ii) a laboratory pH meter. Both instruments were calibrated 

using standard buffer solutions [Chapter 3 (3.2.4)] and were observed to function 

satisfactorily. The former of these electrode systems was interfaced with the computer 

and monitored pH adjustment to a desired value [pH 'drift conditions' were set as 

discussed in Chapter 2 (2.3)]. Once satisfactory pH equilibrium was reached a 50 mL 

sample was removed and stored in the plastic container until analysis (24 h later). 

(E) Natural Water and Soil Solutions.- Soil solutions were extracted from ca. 100 g 

soil (roots and stones removed) by centrifugation (20 min at 3000 rpm). Membrane 

filtration to -0.025 )lm was effected immediately. A full description of this extraction 

protocol is given in Chapter 3 [3.3.2(B)]. Solutions that were not analysed within 4 h 

were refrigerated until 2 h before analysis. All analyses were performed within 36 h of 

extraction. 

Table 8.2.2A Description of soil sample sites. 

Site Soil type 
Parent Forest 

Horizon 
Depth 

material vegetation (cm) 

Bealey typic orthic greywacke silver Oa 0-10 
Spur podzol colluvium plus till beech 

Birchfield acidic orthic greywacke, schist broadleaf Oa 0-10 
brown soil and granite 

Cave creek quartzofeld- mountain A 0-15 
& spathic beech 

Glentui 

Tekapo glacial moraine hawkweed, A 0-10 
legumes, 
grasses 

Westland acidic orthic greywacke, schist broadleaf A 0-10 
Petrel brown soil and granite 



Chapter 8: AN FIA METHOD FOR ALUMINIUM (Al3+) SPECIATION 223 

8.2.3 RESULTS 

(A) FIA Manifold Optimisation.- The optimised manifold was shown in Figure 

8.2.2A. All sample analyses were performed in triplicate. Prior to sample analysis the 

absence of 'residual analyte' on the colunm (i.e. sorbed impurities) was checked. This was 

achieved through multiple injections of eluent (0.02 mol L- l NaOH); the sample loop was 

only filled (and subsequently injected) if several negative but reproducible elution peaks 

were obtained. A 'typical signal output' is shown in Figure 8.2.3A. 
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Figure S.2.3A Typical format of detection signal. 
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The negative peaks ('blank elution peaks' in Figure 8.2.3A) indicate that buffering 

of the eluent was not complete and the acid/conjugate base ratio for the CAS reagent has 

been changed slightly [log K(HL+H=H2L) = 4.64]. The optimisation of NaOH 

concentration was focused on the complete elution of A]3+ [as the Al(OH)4- ion] from the 

column without a sufficiently high pH being obtained that would result in the elution of 

retained Fe3+. In this optimisation the highest signal to noise ratio achievable was 

obtained by balancing the elution peak height (negative) vs. the concentration of buffer at 

the detector [higher buffer concentrations reduced the sample elution peak height 

(detection signal)]. The blank elution peaks (negative) were reproducible. The fil'st blank 

elution peak following 'analyte elution' always indicated some residual Al (a positive 

component before the negative component); this was attributed to a dead-volume of 

sample retained in the injection system which was subsequently injected during multiple 

eluent injections. (Further evidence for this residual Al was its presence even when no 

column was included in the PIA manifold). 

Following the injection of sample (650 ilL) a peak was observed at the detector. 

This arose from Al that was not captured by the column but did react with the CAS 
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reagent. This Al was likely to be 'moderately labile AI' that was not sufficiently labile to be 

complexed by the oxine column during its short residence time. This peak is discussed 

further during the Conclusions (8.2.4). 

Upon analyte elution a sharp peak was observed at the detector due to eluted AI. 

This peak was proportional to captured Al3+. The position of this peak relative to the 

blank elution peak was at the leading edge of the 'elution wave'. To this extent, the 

uppermost point of the analyte elution peale starts to overlie the 'blank' peak (negative) at 

ca. 25-50 % down the tailing edge of elution wave. At high Al analyte concentrations the 

'tail' of the analyte peak extended across the entire blank peak range and no 'dip' was 

observed. At lower Al concentrations the analyte peak 'dips' as a result of effects from the 

superimposed negative elution peak. These effects are made clear by comparing peak size 

vs. the 'dip' size (if present) following the sample elution peak for 1 ~mol L-l, 2 ~mol L-1 

and 16 ~mol L-1 Al concentrations (Figures 8.2.3B and 8.2.3J respectively). In accord 

with these observations, the calibration line has a small negative intercept. These effects 

were important when optimisation of the detection limit was considered. The analyte 

elution peak was optimised by varying the reagent (CAS) concentration. CAS solutions 

ca. 1.0 3.0 mmol L-1 were tested and in the optimised manifold 2.0 mmol L-1 CAS 

solution was used. 

Al Retention and Elution: 

Retention of Al3+ on the oxine-derivatised Fractogel was quantitative as 

indicated by zero analyte response at the detector following injection of 650 ~L of 

standard Al3+ solution (0.5 16 ~mol L-1). The capacity of the 22 ~L column, measured 

by saturation with Al3+, then stepwise elution with 0.02 mol L-1 KOH, was 0.113 ~mol 
Al3+; this equates to 1.13 ~mol Al3+ g-l (dry) or 2.34 ~mol Al3+ g-l (wet). Use of the 

coarser grade of Fractogel (50 - 100 ~m, TSK Toyopearl) was essential to minimise back 

pressure in the flow system. 

The chelating resin was constantly bathed (and conditioned) by carrier solution 

(0.05 mol L-1 NaOAc/0.05 mol L-1 NaCl, pH 5.0). Therefore purity of this reagent was 

paramount in order to achieve a low sample blank when the retained AI was eluted with 

alkali. The buffer was prepared from BDH (AnalaR) NaOAc by addition of BDH 

(An alaR) HCI to pH 5.0, and stored in a polypropylene bottle. This reagent had 

satisfactory purity, but as an added precaution the carrier was passed through an on-line 

column of Chelex 100 resin in a 2.5x15 mm column between the peristaltic pump and the 

injection valve. 

Elution of Al3+ from the oxine column was effected by 0.02 mol L-1 NaOHlO.08 

mol L-1 NaCl. This converts Al3+ rapidly and quantitatively into the Al(OH)4- ion. The 

plug of 0.02 mol L-1 NaOH was effectively buffered by the 2 mol L-1 acetate buffer (pH 
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5.3) at the first merging zone to give a fmal reaction medium of pH 5.0. In contrast, the 

acid elution of metals from ion exchange or chelating resins requires 1 - 2 mol L-1 acid 

eluent (HCI or HN03) and subsequent buffering of this on-line, if required, is difficult to 

achieve [Abollino et ai., 1990; Blain et al., 1993; Fairman et ai., 1995]. 

FIA Reagents: 

The selection of pH 5.0 carrier for the column conditioning and the sample 

transfer was based on the need to minimise the effect of pH change on speciation of 

samples likely to be studied for potential AI toxicity (pH 4.5 - 5.4). At pH 5.0, 100 % of 

both A13+ and Fe3+ can be expected to complex with the column. It is believed that buffer 

retained in the resin pores controls the reaction pH of the oxine-modified resin with AI in 

the sample. Natural samples are likely to have low buffering capacities and should not 

influence the pH of the column. Carrier and eluent ionic strengths were lmatched' (0.10 

mol L-1) to minimise any ionic strength effects occurring at the detector. The selection of 

pH 5.0 buffer was based on (i) the optimum pH range for AI-CAS equilibrium 

spectrophotometric measurements [Hawke and Powell, 1994] and (ii) an adequate pH for 

AI-CAS kinetics (PH > 5). The reagent CAS provides significantly higher spectrophoto

metric sensitivity under non-equilibrium conditions than does PCV or ECR 

Analytical Performance: 

Figure 8.2.3B indicates the precision achieved from replicate injections of a (i) 

1.0 J.lmol L-1 and (ii) 2.0 J.lmol L-1 AI3+ standards. The LWR was 0.3 to 16 J.lmol 

where the lower limit was five times the DL (20' = 60 nmol L-1 for a 1.0 J.lmol L-1 

standard, n = 9). The upper limit was governed by the maximum absorbance that could be 

accurately measured by the spectrophotometer (A = 0.8). 
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Figure S.2.3B Precision: replicate injections of a (i) 1.0 Jlmol L-1 and (ii) 2.0 Jlmol L-1 

AI3+ standards. 

(B) Model Ligand Systems.-· To be effective as a method for estimating 'free' AI3+ it 

was important that the chelating resin did not sequester significant amounts of AI from 

simple complexes with organic or inorganic ligands (or from natural organic matter). To 

establish this property for simple organic and inorganic ligands two experiments were 

performed; these were as follows. (i) Solutions were prepared at pH 4.5 having S Jlmol 

L-1 AI3+ with the ligands citrate, oxalate, malonate and fluoride at concentrations such 

that less than 1 % of the AI present was uncomplexed (predicted from thermodynamic 

calculations). These ligand concentrations were 15 JlmolL-1, 50 Jlmol L-1, 100 Jlmol L-1 

and 40 Jlmol L-1 respectively. (li) For each of the ligands fluoride, oxalate and malonate 

ca. 10 solutions were prepared at pH 4.5 having 15 Jlmol L-1 AI3+ and ligands 

concentrations in the range 0-100 Jlmol L-1. Results were compared with those for AI 

standard solutions and with the calculated solution speciation. 

For the former of these experiments (pump speed = 20 rpm) the AI signal 

observed (in each case) was less than 5 % of the signal from an S Jlmol L-1 AI standard 

solution. For citrate virtually no AI signal was observed, indicating that AI was not 

sequestered from the AI-citrate complex by the oxine resin. The results from the second 

series of experiments are presented in the following Figures (S.2.3C-E). 

In these Figures the measured response for each solution relative to the response 

for a 15 Jlmol L-1 AI standard, Fi, is plotted (datum points) as a function of ligand 

concentration. Also drawn is a curve for L {[AI3+] + [Al(OH)2+] + [Al(OHh +]} 

calculated from the thermodynamic models using SOLGASWATER. For each ligand the 

response is shown for a range of pump speeds, 10 - 80 rpm, corresponding to carrier flow 

rates 0.5 - 2.0 mL min-1 and sample-resin contact times of2.S - 0.7 s respectively. 
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Fluoride: For fluoride, Figure 8.2.3C, the calculated curves were for the sum of (i) Al3+ 

and monomeric AJ-OH species (solid line), Oi) AlF2+, Al3+ and monomeric AI-OH species 

(dashed line) and (iii) all monomeric cationic species (dotted line). The comparison 

between experimental and calculated values indicated that the dominant fluoride complex, 

AlF2+, and possibly the complex AIF2 +, contributes to the Al retained by the resin. 

There are disparate values for the AJ-F stability constants in the literature. In 

Figure 8.2.3C(ii) curves are shown calculated using AJ-F stability constants obtained from 

a variety of literature sources [Driscoll, 1984; Hodges, 1987; LaZerte, 1984; Martin, 

1988; Noble et al., 1988]. 
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Figure 8.2.3C (i) The fraction of Al measured in solutions containing 15 ~mol L-1 AI and 

0- 100 !lmol L-1 fluoride is plotted as a function of fluoride concentration. This 'fraction', 

Fi , was calculated as the measured response for each solution relative to the response for a 

15 !lmol L-1 Al standard. Data are presented for experiments at pump speeds; 40 rpm (A) 

and 80 rpm (_). The three calculated curves were for the sums (a) solid line: L {[AJ3+] + 
[Al(OH)2+] + [Al(OH)z +]}, (b) dashed line: L {[AJ3+] + [AI(OH)2+] + [AI(OH)2 +] + 
[A1F2+]} and (c) dotted line: L {[AJ3+] + [AI(OH)2+] + [Al(OH)z+] + [A1F2+] + [A1F2+]}. 

These curves were calculated from the thermodynamic model for this H+-AJ3+-ligand 

system using the computer program SOLGASWATER. (ii) Curves are shown calculated 

using AJ-F stability constants obtained from a variety of literature sources [Driscoll, 1984; 

Hodges, 1987; LaZerte, 1984; Martin, 1988; Noble et aI., 1988]; the thicker lines 

represent the model line shown in Figure 8.2.3C (i). 
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Oxalate: For oxalate the agreement between the experimental data and ealculated curve 

obtained for the faster pump speed (sample-resin contact time of 1.4 s) shown in Figure 

8.2.3D was very good. It was apparent that at slower pump speeds AI was sequestered 

from the AI-oxalate complexes and an overestimation of free AI, L {[AI3+] + [Al(OH)2+] 

+ [AI(OH)z +]}, was obtained. Further increases to higher pump speeds (80 rpm, not 

shown) did not result in a significant change relative to the results for 40 rpm. 
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Figure 8.2.3D The fraction of AI measured in solutions containing 15 J-lmol L-1 AI and 

o - 100 Ilmol L-1 oxalate plotted as a function of oxalate concentration. Data are 

presented for experiments at pump speeds 20 rpm (*) and 40 rpm (A). The definition of 

Fi and the method by which the curve, L {[AI3+] + [AI(OH)2+] + [Al(OHh +]}, was 

calculated were given in Figure 8.2.3C. 

Malonate: Results from the experiment for malonate are shown in Figure 8.2.3E. For the 

weaker malonate complexes measurable (10 20%) sequestering of complexed AI by the 

resin occurred for 1.4 s contact time (40 rpm). At higher flow rates sequestering was 

lowered but not eliminated. 
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Figure 8.2.3E The fraction of Al measured in solutions containing 15 J.lmol L-1 Al and 

o - 100 !lmol L-1 malonate is plotted as a function of malonate concentration. Data are 

presented for experiments at pump speeds 40 rpm (A.), 60 rpm (+) and 80 rpm CO). 

Definitions and methods were given in Figure 8.2.3D. 

(C) Fe(IIl) Interferences.- The principal interferent for analysis of Al3+ in 

environmental samples is Fe3+. In spectrophotometric analyses this can be masked by 

reduction to Fe2+ (e.g. with ascorbic acid) and complexation with bipyridine or 1,10-

phenanthroline. This route is not applicable to determining Al by amperometric or 

voltammetric measurements. In the present work three issues were addressed: (i) does the 

elution protocol achieve an analytically useful separation of Al and Fe, (ii) does the resin 

sequester Fe from its complexes in natural waters, and (iii) can Fe3+, if complexed by the 

resin, be subsequently eluted for determination of [Fe3+] in the sample? 

Two experiments were performed to elucidate the extent to which Fe3+ may 

interfere in analyses of natural water or soil solution samples. The first experiments were 

performed in a similar manner to the 'model ligand' experiments described above. Here 

solutions were prepared at pH 4.5 having 8 !lmol L- 1 Fe3+ with the ligand citrate at a 

concentration such that (i) less than 1 % or (li) 20 % of the Fe present was uncomplexed 

(predicted from thermodynamic calculations - data not shown). These solutions showed 

negligible detection signals upon sample elution (CAS detection system). 

In a second series of experiments, FIA measurements for used 0.05 mol L-1 

NaOAc (pH 5.0) as carrier and 0.05 % bipyridine/l % ascorbic acid/0.05 mol L-1 acetate 

buffer (pH 4.15) in the reagent line. The product Fe(bpYh2+ was monitored at 515 nm. 
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Elution of Fe by NaOH and by bipyridine/ascorbic acid was studied for natural water 

solutions containing moderate to high NOM levels (Fe spiked and unspiked). NaOH 

elution profiles indicated that Fe3+ retained by the resin was not eluted with 0.02 mol L-1 

NaOH and was thus removed as an interferent in down-line AI chemistry. This result was 

consistent with the much lower stability of the ferrate complex [Fe(OH)4 -] in comparison 

with aluminate [AI(OH)4-]' Using bipyridine/ascorbic acid eluent it was possible to elute 

oxine-bound Fe from the column. No attempt was made to quantify the eluted Fe. 

(D) Polymeric Hydroxy-Aluminium Species.- Hydrolysed AI solutions were 

prepared by the slow incremental addition of NaOH (0.005 or 0.0005 mol C 1) to a 

solution of 10 or 100 ~mol L-1 AI in 0.10 mol L-1 NaCI to achieve solution pH values in 

the range 4.4 to 6.0. The slow addition of alkali from an autotitrator was under computer 

control. In the analysis of the 100 !lmol L-1 AI solutions the test sample was diluted 10-

fold (and shaken) immediately prior to injection. Turbidity (light-dispersion) measure

ments of test solutions found negligible turbidity thus indicating the absence of solid phase 

AI-hydroxy species. The results are presented in Figure 8.2.3F. 
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Figure 8.2.3F The fraction of AI measured in solutions containing (i) 10 ~mol L -1 and 

(ii) 100 ~mol L-1 AI. This fraction, Fi , (plotted as a function of pH) was defined in Figure 

8.2.3C. Two curves are shown for the different AI-hydrolysis models IAI and IB' 

respectively (described below). 
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In Figure 8.2.3F the agreement between the measured response and the 

calculated sum of [A13+] + [AI(OH)2+] + [Al(OHh +] for (i) 10 !lmol L-1 and (ii) 100 

!lmol L-1 AI solutions is shown. The two curves shown in this Figure were for two AI

hydrolysis models respectively. The first model (A: dashed line) included the AI 

hydrolysis species presented in Table 8.2 earlier, i.e. AlOH2+, AI(OHh +, AI3(OH)4S+, 

Al(OH)4- and AI13(OH)327-. The second model (B: solid line) included all the AI 

hydrolysis species of the first model plus the species Al(OH)30 [log P-3,l,O = -15.60; Baes 

and Mesmer (1986)]. In the presence of complexing ligands this additional AI-hydrolysis 

species does not form due to its relatively low thermodynamic stability (hence it was not 

included in earlier models). However, in the absence of complexing ligands and at low AI 

concentrations this species may form. 

In Figure 8.2.30 the distribution of Al species for each of these experiments is 

shown. AI-hydrolysis models 'A' and 'B' respectively (described above) for experiments 

at (i) 10 !lmol L-1 (pH 4.5 - 6.1) and (ii) 100 !lmol L-1 (pH 4.6 - 5.2) AI are shown. AIso 

given are the p,q,r stoichiometries. 
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(ii) 100 !lmol L-1 Al : 'Model A' 'ModelB' 
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Figure 8.2.3G Distribution diagrams for AI-hydrolysis models 'A' and 'B' respectively 

(described above)for(i) 10 !-tmol L-1 and (ii) 100 Jlffiol L-1 Al solutions. Fi is defined as 

the ratio of the aluminium concentration in an equilibrium species to the total aluminium 

concentration. The p,q,r stoichiometries are given. 

The Al13(OHh/+ species does not react measmably with CAS at pH 5 on the 

FIA timescale. Thus, if it was not retained by the chelating resin it would not produce a 

pre-elution signal at the detector, as demonstrated in Figme 8.2.3F. Further, if eluted 

from the resin without conversion to monomers, it would not provide an elution signal. 

At low AI concentrations the formation of AI(OHh is thermodynamically favomed over 

Al13(OHh/+ [as indicated in Figure 8.2.3G(i)B]. This species is non-charged and it is 

possible that it may precipitate in the oxine column rather than be complexed. The results 

in Figure 8.2.3F established that if Al13(OHh27+ and/or AI(OHh were retained by the 

resin they were not eluted significantly by each injection of 0.02 mol L-1 NaOH. That is to 

say, they do not appear to contribute to the first analyte elution peak. Anomalies apparent 

from these studies are described in the following Section (8.2.3E). 

(E) Column Fouling \ Stop-Flow Cleaning.- Experiments established that the 

Al13(OHh/+ and/or AI(OHh were retained quantitatively by the resin and only a minor 

fraction was eluted by each injection of 0.02 mol L-1 NaOH. The output signals for 

mUltiple elution from the most highly polymerised (high pH) 100 !lmol L-1 (1/10 diluted as 

described) are shown in Figure 8.2.3H. 
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Figure S.2.3H Output signals for 100 !lmol L-1 Al sample at ca. pH 5.15 (most highly 

polymerised sample). 

It is apparent from this Figure that an undefined Al species is eluted from the 

column after the first sample elution. The subsequent signals observed upon multiple 

elution steps (0.02 mol C 1 NaOH) were observed to slowly decrease. These elution 

peaks have been attributed to 'Aid complexed by, or AI(OHh complexed andior 

precipitated in, the column. Much time was spent 'cleaning' the column in this manner. 

To quantitatively remove the polymer from the resin it was necessary to use 0.2 mol L~l 
NaOH eluent coupled with a 2 min stop-flow protocol. By this method a single aliquot of 

eluent removed all polymer from the resin. This may be a basis for its quantitative 

determination by down-line reaction with CAS. The output for the same solution analysed 

in Figure 8.2.3H but using this stop-flow cleaning protocol is shown in Figure 8.2.3I. It is 

clear that one cleaning step was effective in removing polymeric species from the column. 

This stop-flow cleaning protocol reduced 'carry-over effects' for the analysis of Al 

solutions of high concentration (> 15 !lmol L-1) and increased the reproducibility for 

analysis of these samples. The reproducibility of the stop-flow procedure is shown in 

Figure 8.2.3J for a 16 !lmol L-1 AI standard solution. The relative standard deviation 

(RSD) for the seven sample injections was < 1 %. In this Figure, two 'large' peaks are 

observed. The first of these pealcs is the 'analyte' elution peak, while the latter peak ('off

scale') is the 'stop-flow' cleaning peak. This latter peak has a very large absorbance (545 

nm) because the reagent CAS, upon mixing with the stop-flow eluent (0.2 mol L-1 

NaOH), is converted to the deprotonated form (which absorbs strongly at 545 nm). 
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Figure 8.2.31 Typical output signal for 'stop-flow cleaning': same solution analysed as in 

Figure 8.2.3H. 
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Figure 8.2.3J 'Stop-flow cleaning': reproducibility for a 16 ~mol L-1 AI standard 

solution. 

(F) Application to HUlme Waters and Soil Solutions.- The determination of 'free' 

AI, {[A13+] + [Al(OH)2+] + [AI(OH)z+]}, in humic waters and soil solutions involved a 

comparison between the 2 s oxine-derivatised Fractogel method and the 7 s CAS method 

of Hawke and Powell (1994). The results are shown in Figure 8.2.3K. 
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This Figure indicates that on average the 2 s oxine method determines some 20 % 

less Al than does the 7 s CAS method. This is consistent with experiments with model 

ligand systems which established that the method with the shorter analyte-reagent contact 

time is less aggressive in sequestering AI from its complexes. 
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Figure S.2.3K A comparison between the 2 s oxine-derivatised Fractogel method and the 

7 s CAS method of Hawke and Powell (1994) for the determination of 'reactive' Al in 

natural waters and soil solutions. 

8.2.4 CONCLUSIONS 

Speciation of Al3+ is effected by 2 s reaction with oxine-derivatised Fractogel in a 

22 M-L column reactor in an FIA manifold. Al3+ (pre )concentrated on the column from a 

650 M-L sample is selectively eluted with 150-250 M-L 0.02 mol L-1 NaOH and detected 

spectrophotometric ally as the AI-CAS (chrome azurol S) complex at pH 5.0. Tests with 

synthetic solutions established that Al is not significantly sequestered from the citrate, 

oxalate and malonate complexes. AI-hydroxy polymers (Al13(OHh27+] are quantitatively 

retained by the column but are not desorbed by 0.02 mol L-1 NaOH in the time frame of 

the FIA method; therefore they do not contribute to the analytical signal. The A1F2+ and 

A1F2 + complexes are retained quantitatively and therefore contribute to the measurement 

of reactive AI. The method has been applied to humic waters and soil solutions and the 

results for 'free' A13+ compared with those obtained by the 7 s CAS method. The method 
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has a DL of 60 runol Al L-l, a linear working range of 0.3-16 J.Lmol Al L-1 and RSD of 

3 % and 1 % at 1.0 and 16 J.Lmol Al L-1 respectively. 

Several channels exist for the further of development this Al speciation method. 

Following the injection of sample a peak is observed at the detector due to Al that was not 

captured by the column but 'does' react with the CAS reagent. This Al is likely to be 

'moderately labile Al' which was not sufficiently labile to be complexed by the oxine 

column during its short residence time. It may be possible to quantify this peak and relate 

it to moderately labile Al. The investigation of polymeric Al (e.g. Al13) revealed that Al

polymers may be complexed by the oxine column but not eluted upon the 'first' elution 

step. Subsequent work by several colleagues has indicated that it may be possible to 

obtain a 'useful' elution signal from the adsorbed polymeric Al (using a different volume of 

'stop-flow' eluent) and quantify this fraction of AI in samples immediately following the 

determination of 'reactive Al'. If a total of three fractions of Al can be estimated from a 

single sample injection, i.e. those of (i) fast reactive Ai, (ii) moderately reactive Ai and 

(iii) polymeric Al, then this method may offer a novel opportunity to analysts probing the 

speciation of Al in natural waters and soil solutions. 

Furthermore, potential exists for the use of micro-columns of oxine in field 

studies whereby sample collection is made in the field by injection of a sample through a 

suitable column and analysis is made at a later time back in the laboratory. Such 

procedures may offer advantages regarding sample collection and storage prior to analysis. 
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CHAPTER 9 

CONCLUSIONS 

The primary objective of this thesis was to develop a speciation protocol for AI in 

natural waters and soil solution. A significant component of this work involved the 

investigation of factors that might influence the accuracy of the speciation results. To this 

extent, it was of primary importance that any speciation protocol developed should be 

thoroughly tested. This was to ensure that the detection signal was a result of the 

'targeted AI-species' and not from known interferents or 'unspecified' AI species. It was 

desired that the approach taken in method development work should be based on a sound 

know ledge of the eqUilibrium reactions between the reagent and AI. 

9.1 INTERACTIONS OF PCV WITH A13+ AND THE AI-OXIDE HYDROXIDE 

BOEHMITE 

Pyrocatechol violet (PCV) is a metallochromic ligand that has been used 

extensively as a reagent for the deterinination of AI. An integral part of this thesis was a 

detailed investigation the equilibria in the H+-AI3+-PCV system by potentiometry (and 

spectrop hotometry). These studies allowed the development of a complete 

thermodynamic model describing these equilibria. The results indicate a complex, yet 

logical, speciation of this system over the pH range 2.0 - 10.0. PCV was found to 

complex Al strongly over this entire pH range; complexation was predominantly via the 

2-hydroxy-p-quinomethide moiety at pH < 4.5, whereas at pH > 6.0 complexation occurs 

via the 1 ,2-dihydroxyaryl moiety. At low PCV I AI molar ratios polynuclear mixed hydroxo 

species were required in the model to adequately explain the data. Spectrophotometric 

studies showed that the model, determined for millimolar solutions, was also valid for 

micromolar concentrations. The dominant species, forming to greater than 95 %, from 

5.7 :s; pH:::; 6.3 was AI(HLh3-; consistent with spectrophotometric molar ratio plots. 

Colloids in natural waters, sediments and soil solution represent large surface 

areas on which adsorption (of anions or cations) or complexation (of organic or inorganic 

anions) may occur. These sUlfaces carry a significant proportion of the humic substances 

'dissolved' in natural waters and so could control the availability of ligands that mask AI 

toxicity. Such surfaces have the potential to interfere in the use of metallochromic or 

redox active ligands for the speciation of AI3+. The adsorption behaviour of PCV on the 

surface of the aluminium-oxide hydroxide boehmite [a-AIO(OH)] was investigated. 

In these studies surface complexation of PCV at the boehmite-water interface 

was evaluated on the basis of the electrostatic constant capacitance modeL This model 

allowed thermodynamic equilibria to be evaluated in the same manner as solution 

equilibria. As a prerequisite to studying the ligand adsorption behaviour the acidlbase 



9 CONCLUSIONS 238 

properties of the surface hydroxy groups at the boehmite-solution interface were 

investigated. The results from these preliminary studies were in excellent agreement with 

those obtained previously. In the studies of the 3-component system, H+-{boehmite}

pev, binuclear complexes were observed to form, i.e. the pev molecule bridged two 

metal centres. The treatment of these species required the re-formulation of the mass 

balance equations to describe a binuclear binding site at the boehmite surface where 

adjacent hydroxy groups were identical and dependent. Surface complexation of pev 
was observed to be weak and surface saturation could not be reached. Adsorption 

behaviour was described by the formation of two species. 

A calculation, using the developed model, indicated that in the presence of excess 

pev, 1 mg L-1 ()lg L-1) of boehmite will remove approximately 0.1 mmol ()lmol) pev 
from solution. Typical natural water concentrations of Fe and AI oxide materials are ca. 

10 mg L-1. Studies of the adsorption of pev at micromolar concentrations on boehmite 

(at concentrations typical of a natural water) revealed that pev was adsorbed at only ca. 

60 % of that predicted by the modeL The significant discrepancy between the model 

predictions and the experimental results was related to the use of a buffer (MES) in the 

latter experiments. It is likely that the buffer (at millimolar concentrations) is 

electrostatically attracted to the boehmite surface and blocks sufficient smface sites to 

affect the adsorption of pev. The results from these studies indicated that reagents like 

pev could be expected to be adsorbed by naturally occurring Fe and AI oxide surfaces. 

However, it was also observed that buffer present in reagent solutions may block much of 

this adsorption behaviour. Since test solutions are usually filtered prior to storage or 

immediately before analysis then the effects of reagent-adsorbing materials on the analysis 

results are likely to be negligible. The effect of pev on the dissolution of boehmite was 

observed to be negligible over the pH range 5.0 - 8.0 and, as a result, errors due to oxide 

particle dissolution would be expected to be negligible on the time scale used in AI 

analysis techniques. 

9.2 EVALUATION O)j~ INTER)j~ERENCES By COMPUTER MODELLING AND 
EFFECTS OF COMPLEXATION KINETICS ON THE DETERMINATION OF 

'LABILE' Al 

The evaluation of interferences and the optimisation of analysis conditions for 

analytical methods is usually carried out via a trial-and-error approach whereby the 

parameters such as pH and reagent concentration are manipulated to achieve minimal 

effect from interferents and the greatest detection signal. In speciation analyses, this 

optimisation procedure is further complicated by the need to target a single analyte 

species. 

An alternative to the trial-and-error approach is to use equilibrium constants to 

model the effects of interferents. Thermodynamic speciation calculations allow an analyst 
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to predict the behaviour of metal ions in complex mul,ti-ligand environments. In these 

calculations, thermodynamic data (usually determined in non-competitive, H+-Mn+-ligand, 

systems) are used together with total andlor free concentrations of reacting components in 

order to calculate the equilibrium concentrations of individual species. In this work the 

data determined for the H+ _AI3+ -PCV system, appropriate data for the H+ _AI3+ -chrome 

azurol S (CAS) and H+-AI3+-eriochrome cyanine R (ECR) systems respectively, and 

equilibrium data for H+-AI3+-ligand systems were used to calculate results for the 

competitive equilibria system: H+-AI3+-reagent-ligand. The ligands (potential interferents) 

used were citrate, oxalate, salicylate and fluoride (representing ligands with AI-complexing 

properties 'typical' of soils and natural waters) and calculations were performed over the 

pH range 4.5 - 6.5. 

The equilibrium calculations showed that PCV is the chromophore that could be 

used most effectively for the determination of total AI (least susceptible to interference 

from AI-binding ligands). The results of the equilibrium interference calculations showed 

that PCV's susceptibility to interference decreased with increasing pH, regardless of the 

competing ligand. In contrast, CAS and ECR reflected the pH dependence of AI 

complexing by the interferent ligand. Organic matter from soils and natural waters 

contains both salicylate and carboxylate functional groups. Therefore, manipulating pH to 

minimise interference when using CAS or ECR is a futile exercise in soil and water 

analysis. 

The focus of this thesis is aimed at measuring the 'labile' and hence toxic fraction 

of Al in environmental samples. However, since these analyses usually utilise 'kinetic' 

methodologies to distinguish between species of differing reactivity then thermodynamic 

calculations provide significantly less infOlmation on the potential of a ligand for this 

purpose. In natural water and soil environments, AI exists in competitive equilibria with a 

large number of naturally occurring ligands. Natural systems are quite 'dynamic' and the 

ldnetics of chemical processes may be particularly important in controlling speciation at 

any instant. For speciation measurements it is desirable that the reagent should only 

interact with free AI, i.e. AI3+, AI(OH)2+, AI(OHh+. Unfortunately, most reagents used 

for the determination of AI (which react rapidly and form strong complexes with AI) are 

likely to sequester significant amounts of AI from both weak and moderate strength Al 

complexes. 

The kinetics of complexation and dissociation processes affect the results 

obtained during the analysis of 'labile Al' and these effects may be different for different 

sample compositions. The time scales for the establishment of equilibrium in competitive 

H+ _AI3+ -ligand(L)-PCV systems were investigated. The ligands citrate and oxalate were 

investigated in detail whereas a series of other ligands were investigated through simple 

batch experiments. The former of these experiments further validated the AI-PCV 

thermodynamic model for spectrophotometric conditions. The establishment of 



Chapter 9 CONCLUSIONS 240 

equilibrium in the H+-AI3+-L-PCV systems required greater than 300 min (180 min) for L 

= citrate ( oxalate). These results indicate that thermodynamic approximations of 

speciation in analyses utilising kinetic (non-equilibrium) methods are not expected to be 

very useful. 

In a series of batch experiments the effect of the mixing-order for the sample (in 

the presence or absence of a 'second' AI-complexing ligand), reagent and buffer on 

speciation results was investigated. These experiments revealed that rates of colour 

development (upon addition of AI) depended strongly on the 'second ligand'. Rates of 

colour development were: oxalate ~ F "'" malonate> salicylate» no second (competing) 

ligand> citrate. Following a 24 h equilibration period, PCV displaced AI quantitatively 

from all of the ligands. The observations in these experiments can be explained in terms of 

an 'hydrolysis shock'. This occurs when the pH of a solution containing AI is suddenly 

increased, i.e. AI immediately undergoes hydrolysis. In the presence of a ligand which 

reacts quickly with AI, AI-hydrolysis is countered and then ligand-exchange reactions 

between PCV and the 'second' ligand can proceed quickly. PCV alone does not react 

quickly enough with Al to significantly reduce hydrolysis. 

The effect of a second ligand is a potential problem in FIA if the sample and PCV 

are brought together at the analytical pH (a scenario common to many PIA systems for the 

spectrophotometric detection of metal ions). Since analyses are performed under non

equilibrium conditions, the presence of a small amount of F, say, might result in rate 

enhancements relative to Al standards (absence of a 'second-ligand'). 

9.3 DEVELOPMENT OF CHEMICAL AND/OR ELECTROCHEMICAL PROBES 

FOR THE AQUEOUS Al3+ ION (AI3+) 

Flow injection techniques utilising electrochemical detection may offer several 

advantages over other detection procedures (e.g. spectrophotometric or fluorimetric 

detection) in that analyses may be performed rapidly using relatively cheap apparatus. The 

initial focus of this thesis was towards the development of an electrochemical method 

(amperometric or voltammetric) for the determination of AI in environmental samples. 

Electrochemical analysis of AI generally requires an 'indirect' approach via a ligand whose 

redox chemistry is significantly affected by binding of AI. 

The AI-binding and electrochemical properties of a series of ligands were 

evaluated with the intention that suitable ligands could be utilised in the development of an 

electrochemical method for the determination of AI. Of the ligands examined, PCV and 

tetrahydroxy-l,4-quinone (THQ) showed a linear decrease in the oxidation peak ip a (vs. 

SCE) as a function of AI concentration. These results indicated that all AI-PCV species 

present in solution at pH 6.2 and 8.5 are not electroactive. These ligands were 

investigated for the development of electrochemical detection systems applicable to FIA of 
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AI in environmental samples. It was apparent that PCV has the greater potential for this 

application. The detection limit (DL) was 0.04 !lmol AI L-1 and a linear working range 

(LWR) was observed from 0.2 to 10.0 !lmol AI L-1. Results for THQ were not as 

promising. However, provided care was taken to thoroughly exclude oxygen from the 

reagent solution, a DL of 0.5 !lmol AI L-1 and a LWR of 0.5 to 10.0 !lmol AI L-1 was 

obtainable. 

An unfortunate feature of indirect methods of analysis (whereby the response of a 

'probe ligand' which complexes AI is monitored as a function of AI concentration) is that 

these methods are prone to interference from other metal ions that interact with the 'probe' 

ligand. Fe3+ binds with the same types of ligands that complex AI3+. In spectrophoto

metric and fluorimetric procedures interference from Fe3+ can often be masked using 

suitable 'masking agents', e.g. bipyridine/or 1,1O-phenanthroline/ascorbic acid. However, 

in electrochemical analyses of AI such masking agents are not appropriate because of their 

inclination to undergo redox reactions. Furthermore, Fe ma<:;king agents are less 

appropriate to speciation analyses because disruptions caused to Fe-NOM equilibria will 

also affect AI-NOM equilibria (NOM = natural organic matter). 

The final section of work in this thesis addressed the subject of on-line matrix 

separation and/or analyte preconcentration for the flow-through speciation of AI in natural 

waters and soil solutions. In this work, the development of an AI speciation technique 

which may be used without the use of additional masking agents for Fe was investigated. 

An PIA system incorporating a micro-column packed with a suitable sorbent material was 

proposed as the best method for this analysis. This technique involved the direct 

measurement of 'reactive' Al through the selective capture of AI on an oxine-derivatised 

gel in a microcolumn (incorporated in an PIA system), 

In this method the speciation of AI3
+ was effected by 2 s reaction with oxine

derivatised Fractogel in a 22 !lL column reactor in an FIA manifold. AI3+ 

(pre)concentrated on the column from a 650 !lL sample was selectively eluted with 150-

250 !lL 0.02 mol L-1 NaOH and detected spectrophotometric ally as the AI-CAS (chrome 

azurol S) complex at pH 5.0. Consequently, both AI and were selectively retained by 

the chelating resin, however only the 'captured' AI was eluted and subsequently detected. 

Tests with synthetic solutions established that Al was not significantly 

sequestered from the citrate, oxalate and malonate complexes. AI-hydroxy polymers 

[AI13(OHh27+] were quantitatively retained by the column but were not desorbed by 0.02 

mol L-1 NaOH in the time frame of the FIA method; therefore they do not contribute to 

the analytical signal. The AlF2+ and A1F2 + complexes were retained quantitatively and 

therefore contribute to the measurement of reactive AI. The method was applied to humic 

waters and soil solutions and the results for 'free' AI3+ were compared with those 
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obtained by the 7 s CAS method. The method had a DL of 60 nmol L-1, a LWR of 0.3 to 

16 /lmol L-1 and RSD of 3 % and 1 % at 1.0 and 16 /lmol L-1 respectively. 

In regard to the speciation of AI in natural waters (i. e. the measurement of 

'reactive AI') this method is possibly the most effective currently available. The limitations 

of many of the earlier methods [Driscoll, 1984; Clarke et ai., 1992; Hawke and Powell, 

1994; Clarke and Danielsson, 1995] are discussed in Chapter 1 (1.3). In the currently 

described method, analysis is rapid in comparison to Driscoll's method and free AI is 

measured directly (not as the difference between two other fractions). The methods by 

Oarke et al. and Hawke and Powell measure similar fractions to this method. However, 

Clarke et al. use reagent concentrations which may promote sequestering of AI from 

organic complexes. Furthermore, the buffer contained significant concentrations of Fe3+ 

masking agents. This can result in ligands that were initially complexing Fe3+ becoming 

free and immediately capturing free AI and resulting in further disturbances to the samples' 

natural eqUilibria. The method of Hawke and Powell has insufficient on-line buffering for 

the analysis of moderately acidic or alkaline samples. 

Several channels exist for the further development of the currently described AI 

speciation method .. Following the injection of sample a peak is observed at the detector 

due to Al that was not captured by the column but 'does' react with the CAS reagent. This 

AI is likely to be 'moderately labile AI' which was not sufficiently labile to be complexed by 

the oxine column during its short residence time. It may be possible to quantify this peak 

and relate it to moderately labile Ai. The investigation of polymeric AI (e.g. All3) 

revealed that AI-polymers may be complexed by the oxine column but not eluted upon the 

'first' elution step. If a total of three fractions of AI can be estimated from a single sample 

injection, i.e. those of (i) fast reactive AI, (ii) moderately reactive Al and (ill) polymeric 

AI, then this method may offer a novel opportunity to analysts probing the speciation of AI 

in natural waters and soil solutions. 

Furthermore, potential exists for the use of micro-columns of oxine-derivatised 

gel in field studies whereby sample collection is made in the field by injection of a sample 

through a suitable column and analysis is made at a later time back in the laboratory. Such 

procedures may offer advantages for sample collection and storage prior to analysis. 
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