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FORORO 

Samarbete mellan Middlesex Polytechnic, Centre for Urban Storm­
water Pollution Research i London och institutionen for Vatten­
f~rsorjnings- och Avloppsteknik, Chalmers tekniska hogskola har 
lett fram till ett gemensamt forskningsprojekt med titeln: 
"Heavy Metal Speciation in Urban Runoff ll

, 

Avsikten med projektet ar att bestamma i vilken form tungmetal­
ler f5rekommer i dagvatten ftlr att darigenom fa battre underlag 
for att bedoma dagvattnets recipientpaverkan. I projektet kommer 
dagvatten fran avrinningsomraden bade i London och Goteborg att 
undersokas, ·varfor ungefar halva projekttiden kommer att for­
laggas till Goteborg och resten i London. Projektet skall vara 
slutfort under 1985. Projeketet drivs som ett doktorandprojekt. 
Den doktorand som val ts for projektet ar Gregory M P Morrison 
forfattare till denna skrift. 

Medel till projektet har erhallits dels genom ett doktorandsti­
pendium till Middlesex Polytechnic dels genom ett forsknings­
anslag fran Forskningsnamnden, Statens Naturvardsverk. 

Peter Balmer 
professor 

(iii) 

Gilbert Svensson 
projektledare 
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Council are providing financial assistance for 
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The aim of this report is to discuss physico-chemical 

. speciation techniques which allow the separation of bio­

available i.e. toxic or geochemically mobile heavy metal 

fractions in aqueous systems~ It is well known that there 

are high total metal- concentrations and loadings in urban 

runoff but the nature and amount of the toxic fractions 

have not been determined. The identification of the 

potentially toxic fractions is aided by a preliminary 

discussion of the complex interactions between the 

dissolved, colloidal and suspended solid phases and the 

chemical form of the metal. 

An instrumental technique which readily lends itself to 

routine speciation studies is Anodic Stripping Voltammetry 

(ASV) . Direct ASV measurement is compared to Ion Selective 

Electrodes and Atomic Absorption with pre-concentration as 

alternative direct measurement techniques for potential 

toxicity assessment. 

Ion exchange chelating resins, such as Chelex-100 and a thiol 

chelating resin, allow a useful preliminary separation of 

metal species in the dissolved. phase. Organically associated 

metal can be separated by either adsorption onto resins, 

oxidation by concentrated acids, u.v. irradiation or 

ozonation. Physical separation, on. the basis of size or 

molecular weight, can be accomplished by centrifugation, 

dialysis, filtration or ultra filtration. 

~vo major schemes have been proposed for the speciation of 

the dissolved phase. One scheme separates metals using ASV 

lability, Chelex-100 separation and uQv. irradiation and has 

been applied suc~essfully to the analysis of sea1.vater.. An 

alternative scheme based on size separation has been used with 

limi ted success in l.vastewater analysis. The resul ts from 

these and other schemes indicate the importance of dissolved 

(v) 



and colloidal organic associations, especially for copper 

and lead, while zinc and cadmium are normally found as free 

metal or weakly complexed forms. 

Although the dissolved phase is the most bioavailable, 

suspended solid associated metal may be weakly bound and 

therefore relatively eas remobilised. Sediments can be 

fractionated by sequential chemical extraction schemes and 

although the extractants are not strictly selective, exchange­

able,carbonate, hydrous metal oxide,organic and residual 

fractions can be differentiated. 

Alternative approaches to speciation studies have included 

mathematical models, theoretical and laboratory studies of 

surface exchange theory, laboratory.simulation studies and 

mixing experimentso These studies have provided some insight 

into the mechanisms for heavy metal transport bet1veen the 

different phases 0 

An understanding of the importance of metal-organic associations 

can be obtained by determining the complexing capacity and 

stability constants of organic ligands in natural waters. 

Most methods have relied on a complexometric titration of 

free metai ion,typically copper, with the sample. The 

uncomplexed metal is analysed by ASV and the complexation 

capacity and conditional stability constant are estimated from 

the resulting titration curve. 

On the basis of this previous work, a speciation scheme for 

the routine analysis of urban runoff and similar polluted 

waters is proposed. The dissolved phase is separated into 

three fractions, viz~ Electrochemicallyavailable,Chelex 

Removeable and Colloidal. The concentration of metal in 

each of We fractions is dependent on the complexation.. The 

suspended solid phase is also separated into three fractions, 

viz. Exchangeable, Carbonate and hydrous metal oxide and 

Organic. The metal level in these fractions control the 

ease of metal release to the soluble phase. The advantages 

and problems of this scheme are discussed. 

(Vi) 



SAMMANFATTNING 

Avsikten med denna rapport ar att diskutera olika fysikaliskt­
kemiska specieringstekniker(eng: speciation techniques) av for 
biologiskt liv tillgangliga och geokemiskt rorliga tunga metaller 
i vattensystem. Det ar val kant att metall koncentrationen och 
belastningen i dagvattenavrinning ar hoga men egenskaperna och 
mangden av toxiska fraktioner har inte bestamts. Identifieringen 
av de potentiellt toxiska fraktionerna forstas battre om komplex­
bindningar mellan losta, kolloidala och suspenderade amnen samt 
metal lens kemiska egenskaper ar kanda. 

En instrumentell teknik som lampar sig for specieringsstudier ar 
s k anodisk stripping (ASV). Direkt matning med ASV kan jamforas 
med jonselektiva elektroder och atomabsorption pa uppslutna prov 
som en alternativ teknik for direkt matning av potentiell 
giftighet. 

Jonbytarmassor som Chelex-100 och av thioltyp ger mojlighet for 
en preliminar separering av metallspecier i lost fas. Organiskt 
bundna metaller kan separeras antingen genom adsorption, oxida­
tion med koncentrerade syror, UV-stralning eller med ozone 
Fysikalisk separering, baserad pa storlek eller molekylvikt kan 
utforas genom centri fugeri ng , d i a 1 ys, fi 1 treri ng ell er u 1 t ra­
filtrering. 

Tva huvudmetoder har foreslagits for speciering av den losta 
fasen. En metod som separerar meta11er med hjalp av ASV, Chelex-
100 och UV~stralning och har anvants med framgang p~ havsvatten. 
En alternativ metod baserad pa separering av olika storlekar har 
anvants med begransad framgang pa aVloppsvatten. Resultaten fran 
dessa och andra metoder tyder pa att koppar och zink ar asso­
cierade med losta och kolloidala organiska ftireningar medan zink 
och kadmium vanligtvis forekommer sam fria metaller eller ar 
svagt kamplexbundna. 
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Fastan den losta fasen ar den mest tillgangliga for biologiskt 
liv, ka.n metaller bundna till suspenderade amnen vara svagt 
bundna och darfor relativt latt bli losgjorda. Sediment kan 
fraktioneras genom sekventiell kemisk extraktion och trots att 
extraktionsmedlen inte ar fullstandigt selektiva kan jonutbytbar 
metall, karbonater, metallhydroxider, organiskt bunden metall 
och restfraktioner separeras. 

Alternativ till specieringsstudier har omfattat matematiska 
modeller, teoretiska och laboratoriestudier av ytfenomen, 
laboratoriesimuleringar och b1andningsexperiment. Dessa studier 
har givit en del kunskap om mekanismer for tungmetalltransport 
mel1an de olika faserna. 

En forsta.else for betydelsen av metallorganiska bindningar kan 
uppnas genom att bes tamma komp1 exbi ndn i ngskapaci teter och 
stabi1itetskonstanter mellan organiska 1igander och metal1er i 

naturliga vatten. Flertalet metoder har baserats pa komp1exomet­
risk titrering av fria meta11joner, typexempel koppar, tillsam­

mans med provet. Den icke komplexbundna metal len analyseras med 
ASV och komplexbindningskapaciteten och den aktuella stabilitets­
konstanten beraknas fran den resulterande titreringskurvan. 

Baserat pa tidigare arbeten foreslas ett specieringsschema for 
rutinanalys av dagvatten och liknande fororenade vatten. Den 
losta fasen separeras i tre fraktioner: elektrokemiskt til1gang-
1ig, Chelex-utbytbar och ko11oidal. Koncentrationen av metal1 i 
varje fraktion beror pa komplexbindningar. Den suspenderade 
fasen separeras ocksa i tre fraktioner: utbytbar, karbonat och 
metallhydroxid samt organisk. Metallnivan i dessa fraktioner 
avgor hur latt metaller frigors till den losta fasen. Fordelar 
och problem med denna metod diskuteras narmare i rapporten. 
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The evaluation of metal toxicity in aquatic systems is of 

prime concern particularly where receiving water standards or 

quality objectives might be endangered from chronic accumulative 

emissions. It is now generally accepted that total levels of 

heavy metals do not provide a sufficient perspective of their 

likely toxic effects to organisms and that a better knowledge 

is required of the different metal forms associated with 

specific discharges 0 The objective of this report is to provide 

a review and assessment of approaches that have been adopted to 

the determination of the physico-chemical speciation of heavy 

metals. Speciation schemes are intended to differentiate the 

heavy metals into fractions dependent upon their physico-chemical 

properties and a satisfactory speciation scheme should allow 

identification and evaluation of both toxic and geochemically 

mobile heavy metals. Most schemes that have been developed 

have been applied to relatively clean, unpolluted waters and are 

often too elaborate for routine analysis. A more rapid, but 

still meaningful, scheme will be presented at the end of the 

review following an assessment of a number of differing approaches 

to speciation analysis. 

1 0 1 

The impact of polluted waters from non point sources, including 

urban surface runoff, on receiving waters is considered by many 

workers to be a serious cause for concern o Considerable variation 

and inconsistency in the reported concentrations and loadings of 

heavy metals in storm runoff discharges present considerable 

difficulty in evaluating stream impacts as well as in pipe 

heavy metal kineticso 

Urban surface runoff may include any pollutant or natural material 
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that is available for transport within the catchment area. In­

creased urban surface impermeability results in both increased 

runoff and heavy metal loadings. The degree of industrialisation, 

vegetation and animal populations within the urban catchment will 

also affect pollutant contributions. 

In spite of the potential variety of contributing sources within 

the urban catchment three main inputs can be identified. 

1.1.1 Wet and Dry Atmospheric Deposition 

Significant quantities of heavy metals have been reported in 

urban rainwater (Malmqvist and Svensson 1977, Cawse 1974) and 

certainly urban traffic contributes large quantities of lead and 

other heavy metals to the immediate environment (Harrison et aI, 1981)0 

It has been shown that even in relatively unpolluted areas, rainfall 

and dry dustfall may well be a major contributing source of heavy 

metals in stormwater runoff (Randall et aI, 1978). 

10102 Urban surfaces 

This non-point source makes an important contribution of heavy 

metals to urban runoff. Automobiles have been conclusively 

identified as one of the major contributors (Newton et al 1974, 

Bryan 1974). Christensen and Guinn (1979) reported the average 

deposition rates of metals on road surfaces to be 0.003 g Zn/vehicle 

km. and 000049 g Pb/vehicle kmo An accumulation on the road 

surface between storms is to be expected with the rate of metal 

build-up being related to traffic density and type, duration of 

the antecedant dry period as well as the season of the year. In 

Scandinavia copper and zinc are commonly used in roofing and 

guttering and their corrosion may generate large amounts of these 

metals (Malmqvist and Svensson, 1977)0 

101.3 Sub-Surface Deposition 

This category includes in pipe deposition and gully pot accumulat­

ionso According to Mance (1981) in pipe sediments generally 
-1 -1 accumulate at a mean rate of 17.15 g sediment m day and 
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metals may accumulate at a proportional rate. Harrop et al 

(1983) have reported greatly enhanced levels of heavy metals 

in gullypot sediments, particularly in the finer fractions. 

There is evidence to suggest that elevated levels of metals occur 

in gully pot sediments over and above those which are characteristic 

of the road surface, this is particularly noticeable in the finer 

size fractions (Harrop et al 1 9B3); __ 

1 ,,2 

It is not fully understood how urban heavy metal source loadings are 

reflected in the stormwater discharges at the outfall of the 

catchment pipe system. Certainly a first flush of highly turbid 

water, with a duration of some twenty to thirty minutes, has been 

observed at the beginning of storm events (Wilkinson 1956). 

Ellis (1982) has discussed the importance of the time of concen­

tration for the catchment which he considers explains the lack 

of first flush noted in some storm events. From these obser-

vations heavy metals might be expected to be concentrated in the 

first part of the storm event (Mance 1981) 0 This assumption is 

also based on the strong affinity of metals for stormwater suspended 

solids (Bourcier and Sharma 1980, Urbonas and Tucker 1980, Wilber 

and Hunter 1980) which often parallel the storm hydrograph. 

However, this assumption has largely been refuted by direct 

measurements throughout individual storms (Revitt et al 1981). 

This apparent discrepancy in views would suggest that metal inputs 

are being delivered from a variety of sources and are being 

mobilised at different rates and at different times during the 

storm event and are thus loaded on to the hydrograph at different 

timeso 

Many of the heavy metal studies which have been carried out do 

- J -



not differentiate between particulate and dissolved metals or 

measure only the particulate associated metalo When relating 

metal levels to toxic effects it is important to recognise that 

there is often a considerable loading of dissolved metal in 

storm discharges. In addition~ metals may be mobilised from 

the particulate phase to the dissolved phase and cadmium, in 

particular, has been shown to be readily solubilised from road 

sediments (Revitt and Ellis 1980)0 Thus a knowledge of heavy 

metal kinetics and speciation is important if advances are to 

be made in evaluating the relative toxicity of urban non-point 

storm dischargeso 

1 .3 

Heavy metals in aqueous systems may occur as organic and in­

organic complexes of varying sizes or be associated with 

particulate materials of a heterogenous nature. stumm and 

Brauner (1975) have outlined the various forms in which metals 

are thought to exist in seawater (Fig.1.1)0 An important 

problem, which relates to most natural aqua~ic systems, is the 

difficulty of distinguishing between dissolved and colloidal 

species using physical methods 0 

Theoretical considerations of metal speciation have been 

further developed by Buffle (1981). Dissolved ligands, living 

cells and suspended solids compete for metals under certain 

thermodynamic and kinetic constraints. The complexity of this 

system is partly illustrated in Fig. 102 0 Metal ligand 

complexes have a metastable relationship with the free metal 

ion, living cells and suspended sediment particles and, 

although the different constants are not known with any 

certainty, progress is being made in their measurement. This 

approach indicates that the free metal ion only competes for 

the living cell, whilst both free metal ion and metal complex 

can attach to the suspended solid. The ligands that interact 

with the metal ion can be either organic or inorganic 0 

These theoretical considerations are a useful basis for the 
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determination of toxic or bioavailable metalso An exact sep­

aration of all the chemical species would be beyond the reach 

of present speciation techniques, but a determination of toxic 

metal could be of considerable value for the screeening of waste~ 

waters and storm effluents and in developing in-stream standards 

for water quality objectives. 

In order to determine the toxic or bioavailable fractions of 

heavy metals a basic understanding of their effects on aquatic 

life is required. The actual toxicity to a particular organism 

will depend on many factors such as age, surface area, popul­

ation structure and compet.ing metal ion concentrations 0 However, 

certain heavy metal forms are potentially more toxic and are 

likely to be hazardous to the biota of a receiving watero 

Initial heavy metal toxicant studies have been concerned with 

the relationship between total metal concentrations and their 

toxicity to organisms 0 However, recent research points to the 

aquo ion as being the toxic form of the metalo This is experiment·=, 

ally determined through the observation of the interactions 

between the chemical form of a heavy metal and a suitable 

organismo 

The toxicity of copper to the freshwater alga, Scendesmus 

was demonstrated by Petersen (1982)0 Using EDTA 

as the complexing lig~d, free copper ion was found to be toxic 

in the range 10-10 to 10-12Mo Zevenhuisen et al (1979) found 

that the bacteria, , was inhibited by 

10-6 to 10-10M free copper ion o Extracts of the bacteria were 

found to be highly complexing towards copper, suggesting that 

biota might modify copper toxicity through their excretion 

products, exudates, munchates and soluble organic excretions. 

This extracellular pool, together \rith soil derived fulvic 

acids, are possible regulators of copper toxicity to the biota 

(Saar and Weber 1982)0 Similar results have been obtained by 
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Sunda and Gillespie (1979) in a study of bacterial growth in the 

marine environment 0 

Weakly complexed copper may also prove to be toxic. Theis and 
2+ + 

Dodge (1979) reported that Cu and CuOH were taken up by the 

midge larva, ~~~~~~~~~~~, while no uptake was noted for 

Cu-NTA or Cu-glycine. Magnusson et al (1979) came to the 

same conclusions for .:::.:.:::z.::::::::..:::..:::.::~~~:.:: and also found that carbonate 

complexes were not toxic. On the other hand, Guy and Kean (1980) 
reported that copper bound to ligands with low stability 

constants, such as citric acid and ethylenediamine, were toxic 

to the alga, ____ ........,.. ___ ""'-_____ -'- whereas copper bound 

to ligands with relatively high stability constants such as 

EDTA were non toxico 

The relationship between free metal ion and toxicity is partic .... 

ularly relevant to soluble elements such as zinc ('Spear 1981) and 

cadmium (Ellis and Revitt 1982)0 Using EDTA as the complexing 

ligand, Allen et al (1980) found that Zn2+ and ZnOH+ were the 

toxic species to The organic ligands 

of high molecular weight in pond water were found to reduce 

cadmium toxicity for but not for 

(Gie~y et al 1977). 

Mortality rates for the amphipod correlate 

strongly with free lead ion concentrations(Freedman et ~l 1980)0 

However, both the carbonate and free ionic forms of lead have 

been reported as toxic.to the rainbow trout (Davies et al 1976). 

It is thus generally accepted that the free metal ion is most 

toxic to aquatic life although the exact mechanism of toxicity 

is not fully understoodo Gatcher et al (1978) assumes that for 

algae, metal toxicity is the result of the formation of metal 

complexes at important physiologically active siteso These 

complexes (MA) are related to metal aquo species (M2 +aq.) in the 

medium such that : 

[MA] = 

2 
K[Maq 
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In other words, the algal surface may be treated as a ligand 

having a certain complex formation capacity (Atot) and a certain 

complex formation constant (K)o The ligand only reacts with free 

metal ion or more weakly bound complexed metalo By this mechanism 

the amount of toxic metal will directly relate to the number of 

organisms and their surface areao In polluted water bacteria, 

despite their small biomass, will contribute the greatest surface 

area relative to other organisms. A comparison of bacterial 

numbers and heavy metal speciation might well further ideas on 

toxic metal uptake. 

A mechanism of heavy metal toxicity has recently been proposed 

(Brown et al 1983) based on the ability of certain heavy metals 

to cause the cleavage of nucleic acids. Lead and copper are 

particularly toxic because their respective acid dissociation 

constants as bound water molecules are similar to the physiol­

ogical pH of approximately 704. 

Whilst the contributing sources of heavy metals within the urban 

catchment are still somewhat speculative, it is now widely 

accepted that the levels of these priority pollutants in storm 

runoff can be SUbstantial. However, very little is known of 

the form in which these metals are transported or of their 

potential toxicity to receiving stream habitats. 

Progress in the study of speciation in natural water systems 

is now sufficient to enable a differentiation of toxic heavy 

metal species in urban stormwater. The dissolved phase is the 

most acutely toxic, while the suspended solid phase may represent 

a transport phase and a chronic exposure source for organisms 

following deposition and accumUlation in the receiving watero 

In order to interpret toxicity, speciation methods need to 

isolate the most bioavailable metal, which in the dissolved 
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phase is the free or weakly complexed metal and in the suspended 

solid phase is the readily exchangeable metalo Large fluxes 

of these toxic metals from the stormwater discharges may well 

be hazardous to both fauna and flora of a receiving streamo 

Studies ml.ist therefore identify and moni tor toxic and non-toxic 

heavy metal species entering receiving waters from polluted 

sources o The results of Gatcher and Urech (1983) have shown 

that 10 pg/l eu and 50 pg/l Zn can cause drastic reductions of 

phytoplankton and zooplankton in environmental systemso Since 

many urban storm discharges greatly exceed these dissolved 

heavy metal concentrations the toxicity may be well above 

'safety limits' and certa~nly above acceptable emission standards. 
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The development of sensitive 

for the measurement of metals 

(1 to 10-
10

M) has been of obvious 

of 

for 

metal 

studies. A 

t suitable 

trace levels 

in the deter-

are 

of 

es, such as free metal ions, from total metal can be 

achieved by Ion Selective Electrodes or Anodic Stripping 

Voltammetry. A preliminary separation technique, followed by 

instrumental analysis is also satisfactory and Electrothermal 

Atomic Absorption can be used as a sensitive detector. 

2.1 

The species - specific nature of metal ion selective electrodes 

which respond only to the activity of the free (hydrated) 

metal ion, has attracted widespread interest (Florence and 

Batley, 1980). Early work using ion selective electrode 

potentiometry reported that, despite a non-Nernst{an response, 

concentrations as low as 10-9M could be precisely measured. 

However, zinc) cadmium and lead ion-selective electrodes are 

not suitable for natural water analysis (Florence and Batley, 1977). 

Some early studies have applied th~ technique to copper in 

seawater (Blaedel and Dinwiddie, 1974; Jasinski et aI, 1974). 
There is some uncertainty about the nature of the non-Nernstian 

response at low con~entrations, between 10-6 and 10-9M, because 

equilibrium is not established between the electrode system and 

the trace metal. Wagemann (1980) reported that the copper electrode 

responded to the hydroxo- and carbonato - complexes of copper in 

addition to the free ion. 

The technique has been found to be unreliable for coastal 

water samples due probably to interference by chelating agents 

(Jasinski et al 1974) and the same problems might be expected 

in polluted waters with a high organic content. 
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2 .. 2 

Anodic Stripping Voltammetry (ASV) in the differential pulse 

mode is sufficiently sensitive, with a typical detection limit 

of about 10-9M, for the direct determination of heavy metals 

in natural waters (Florence 1982).. This analytical technique 

has an intrinsic capability for speciation work due to the 

distinction of the electrochemically available fraction, which 

may be toxic, and the bound or electrochemically inert fraction 

which is less likely to demonstrate toxic properties. 

2.2.1 Theoretical Considerations 

ASV initially involves a bulk electrolysis step (pre-electrolysis) 

to concentrate the desired metals into the small volume of a 

mercury electrode. The mercury electrode may be either a 

hanging drop or thin film typeo Following this electro-

deposition step, the material is redissolved or stripped from 

the electrode using differential pulse or linear sweep 

voltammetry and the current recorded.. If the conditions during 

pre-electrolysis are constant then exhaustive electrolysis of 

the solution is not necessary and, by proper calibration 

utilising fixed electrolysis times, the measured voltammetric 

response can be employed to find the solution concentrationo 

The redox procedure allows the differentiation of metal species 

at low levels and during the plating step the potential can be 

set so that certain species are not reduced .. In the stripping 

process the peak potential will depend on the metal species 

present and hence the following equations apply : 

ML 

M2+ + Hg + 2e 

2-
+ L 

M (Hg) 
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(1) ML = Species of 
interesto 

(2) M2+ = Aquo metal ion 

L2- = Free ligand 



M (Hg) 
2+ 

M + Hg + 2e (3) kf, kb = 
Rate consta..~ts 

The contribution of a metal complex species (~) to the ASV 

peak height or current relative to that of the free metal ion, 

depends on the rate constant for the dissociation of the 

complex (kf in equation (1)) and the thickness of the diffusion 

layer. Diffusion layer thickness depends on the stirring rate 

and therefore the thicker the diffusion layer, the higher the 

contribution of a metal complex to the ASV wave height 

(Florence 1982a) .. No research work has been reported concerning 

the determination of diffusion layer thickness ( ) which 

requires a well defined rotating disc electrode to enable cS 

to be calculated as a function of rotation speed (Whitfield 

and Turner 1979). 

2.202 Application of the Technique and its problemsft 

ASV has commonly been applied to the primary distinction 

between "labile" and "bound" metals in filtered water samples 

(Chau and Lum-Shue-Chan 1 974, Duinker and Kramer 1 977) .. The 

normal procedure for estimating the fraction of labile or 

electrochemically available metal involves a standard addition 

analysis of an untreated sample and is therefore dependent on 

the kinetics of the reactions controlling the assimilation of 

the metal spike (Whitfield and Turner 1979). Labile metal, 

as defined by the experimental conditions, therefore includes 

ionic as well as some weakly complexed metal. Bound metal is 

identifiable as the non-labile fraction and is typically 

associated with a variety of organic fu~d inorganic colloidal 

materials (Batley and Florence 1976a). 

Obviously there is a need to replace the "lability" concept 

with equilibrium and rate constant values (Astruc et al 1981) 

Whitfield and Turner (1979) have suggested that this is 

possible with a rotating disc electrode, although most measur­

ments have been made with hanging mercury drop electrodes. 
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There are a number of problems pertaining to the ASV analytical 

procedure which must be considered: 

i) Surface active compounds may adsorb on the mercury electrode 

e.g. humic and fulvic acids, long chain amines and alcohols 

which cause interference with the Cd and Pb peaks 

(Florence 1982a} .. This is particularly noticeable when 

operating in the differential pulse modea 

ii) Tensammetric waves arise as the result of adsorption -

desorption processes at the mercury electrode and have 

been mistaken for Cd', Pb or Cu peaks in seawater analysis .. 

Natural organic compounds in seawater give rise to these 

tensammetric waves which, at pH 5.0, occur near the Pb and 

Cd peakso However, they do not appear if a simple linear 

voltage scan is used (Florence 198/2a) .. 

iii) In practice, the removal of oxygen by bubbling nitrogen 

through the sample is necessary to prevent interference 

on the polarogram. In poorly buffered waters this may cause 

a large pH increase, due to carbon dioxide evolution, and 

a resulting change in metal speciation. This problem can 

be overcome by the addition of a suitable buffer or by 

flushing with a suitable N2/C02 gas mixture. Sodium acetate 

is probably the most commonly employed buffer but cannot be 

considered to be completely non-complexing .. 

iV) As ASV is an electrochemical procedure a base electrolyte 

must be employed if the sample does not already have an 

ionic strength of at least 0.02M. Many natural waters do 

not meet ,this requirement and, therefore, the addition of 

KN03 or KCl may be considered .. 

v) Cu and Ni form intermetallic compounds with zinc resulting 

in an underestimation of the zinc concentration. To over­

come this problem zinc is determined separatelyo 

2.2 0 3 Comparison of ASV Measurements with a 
Model Cell 

1ihitfield and Turner (1979) have reported two concepts that 

have been used to provide chemical analogues of the biological 
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availability of trace metals. 

i) Thermodynamic availability; this relates to the activity of 

the particular chemical form that is taken up 

by an organism .. 

ii) Electrochemical availability; this is the fraction of the 

total metal concentration that is available for electro­

deposition at an electrode immersed in the solution 

the timescale of the process .. 

Figure 2.1 illustrates (a) the reactions occurring at an Ion 

Selective Electrode, (b) at the ASV hanging mercury drop or 

mercury film and (c) at the surface o'f a model biological cell .. 

The membrane of the Ion Selective Electrode simply senses the 

free metal ion without accumulation and hence the metal flux (J) 

is zero. The accumulation of metal ion at the model cell is 

not comparable to this system.. On the other hand, ASV shows a metal 

flux (Jk) which depends on the conditions employed in analysis. 

If the diffusion layer thickness (0) is known then a useful com-

parison wi th ,the ___ rn.~:t::l.~ __ f+~ __ at __ the m,o<i,e;t._ ,~~l~ ___ can _ be made.. Howeve~,-

it is important to realise that the transport of metal into the 

cell is dependent on membrane conditions whilst in ASV the limit­

ing condition is the metal flux in the diffusion layer. Consequent-

s rather low. -----. -- - ~. - . 

Although some features of the model cell cannot be reproduced 

electrochemically, e.g. surface adsorption sites, ,the work of 

Whitfield and Turner (1979) suggests that electrochemically 

a~ailable metal may relate to bioavailable metalo 

2 .. 3 

Although the technique is non-species selective, Electrothermal 

Atomic Absorption is an automated sensitive technique suitable 

for measur'ing total metal concentrations (Astruc et aI, 1 981 ) . 

It can be used, in conjunction with a preliminary separation 

process, to provide information on metal speciation. Gas 

Chromatography for volatile organo-metallics (Fernandez 1977, 
Van Loon 1979) and separation on the basis of size or charge 

(Guy and Chakrobarti 1976) are typical first steps. 
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Inductively Coupled Plasma techniques are now being increasingly 

used, with the high temperature plasma as a spectral emission 

source. With comparable detection limits to Electrothermal 

Atomic Absorption the main advantage is application in simultaneous 

multi element analysis (Pinta-1978) .. 

2.4 

Neutron activation analysis and X-ray fluorescence can be used to 

detect heavy metals, ~though their applications to speciation are 

limited .. 

Neutron Activation Analysis 

The radioactive properties of a nuclide can be utilised to detect 

an element using neutron activation analysis.. After bombarding 

a sample with neutrons in a reactor the induced activity is 

compared with standards to provide both qualitative and quantit­

ative results. The technique is very sensitive providing all 

the samples and standards are irradiated in the same particle 

flux" It is usually necessary with water samples to carry out a 

prelj_minary separation step to remove sodium,magnesium and 

phosphorus, which interfere and decrease the precision of the 

technique.. Total metal concentrations are measured by neutron 

activation analysis, although de Jong and Wiles (1976) have used 

the method to determine methylmercury in fisho 

2.4.2 X-ray Fluorescence 

Total heavy metals can also be determined by X-ray fluorescence. 

This is a highly sensitive technique which has recently been 

incorporated into a speciation scheme for heavy metals in river 

water (Pik et al 1982)" Particulate material is analysed 

directly by thin film X-ray fluorescence, while determination 

of the dissolved phase requires co-precipitation of the metals 

before analysis. The low detection limits of this method 
-1 1 (Cd = 0.1 pgl ,Pb = 106 pg 1- ) suggest a more widespread use 

of X-ray fluorescence in future speciation schemes o 
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2.5 

A direct measurement of bioavailable heavy metals is highly 

desirable for the rapid screening of wastewaters Whitfield 

and Turner (1979) demonstrated that direct ASV analysis is 

more representative of the bioavailable fraction than Ion Select­

ive Electrodes, although the comparison of an electrochemical 

cell with a model biological cell can only be a theoretical one o 

Atomic Absorption, Neutron Activation Analysis and X-ray 

Fluorescence measure only the total heavy metal and therefore 

the sample requires suitable preliminary separation techniques 

before metal analysis. 
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The preliminary separation of heavy metals according to 

physico-chemical characteristics has been carried out in a 

variety of ways.. Ion exchange resins which are selective for 

heavy metals may be used to remove the toxic metal species, 

whilst organically bound metals can be released by several 

different oxidation procedures. Separation on the basis of 

size allows the differentiation of dissolved, colloidal and 

particulate associated metal species. The different approaches 

are complementary to each other providing a wide range of 

information on metal speciation. 

3. 1 

The introduction of heavy metal selective ion exchange resins 

provided an important step forward in speciation studies. It 

is thought that these resins may provide some indication of bio­

available metal and if such a resin can be developed then it 

could find a valuable use in the removal of toxic metal species 

from wastewaterso 

Chelex-100 is known to take up the free metal ion and weakly 

complexed metals. Thiol resins may more closely resemble the 

natural uptake of metal ions; certainly more copper is removed 

by this resin(Florence 1 982. b) .. Cellulose chelating exchangers 

provide an almost quantitative removal of metals from the 

aqueous environment, although species - specific chelating 

groups might usefully be attached to the cellulose. 

30 1 • 1 Chelex-100 Chelating Resin 

This resin contains an iminodiacetate chelating group which is 
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highly selective for heavy metals and has been successfully 

applied to seawater analysis (Riley and Taylor 1968, Florence 

and Batley 1976)0 The pore diameter is such that colloidal 

associated metals are excluded. 

Metals are strongly complexed by the oxygen and nitrogen atoms 

of the iminoacetate groups, but it is mainly only the ionic 

form of the metal which is taken up due to the small pore 

diameter of the resin (1 t to 3 nm ) .. The stabili ty of imino­

acetate groups - log K ~13 for copper - is such that weakly 

complexed metals may dissociate and preferentially associate 

with the Chelex - 100 0 The ionic form retained by the resin 

represents the more readily bio-available metal, whilst the 

organically coated colloidal particles which are excluded are 

considered to be important for metal solubilisation and trans­

porto 

An alternative theory on the mechfu~ism of uptake of metals by 

Chelex - 100 has been put forward by Figura and McDuffie (1979)" 

The slow dissociation of metal complexes in solution, rather 

than molecular exclusion, is stated to be the cause of the in­

complete retention by Chelex - 100 of some trace metals in 

natural waterso Hence the non-uptake of highly stable metal -

NTA complexes by Chelex - 100 complexes may be due to slow 

resin kineticso 

Two experimental approaches to the use of Chelex resin have 

been tested : 

(1) Resin bed in a column; metal ions are taken up as the 

water sample passes down the column at a known flow rate, 

typically 1-2 mIs/min (Batley and Florence 1976, 

Montgomery and Santiago 1978). Blocking of the columns 

due to the swelling characteristics of Chelex - 100 is a 

C0I11mOn problem wi th this technique. 

(2) Batch technique; longer contact times, up to 16-24 hours, 

are employed enabling full equilibration of resin and 
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sample metals to be reached (Hart and Davies 1977). The 

method has proved useful in identifying colloidal assoc­

iated metals on the basis that these are not kinetically 

labile during the batch experiment (Figura and McDuffie 1980) 

A criticism of the method is that displacement of chemical 

equilibria may occur so that chelates that are sufficiently 

labile may be displaced (Astruc et al 1981). 

In order to maintain stable pH conditions in the sample and 

to carry out the experiment over a wide range of pH values 

the calcium form of Chelex - 100 is now preferred (Figura 

and McDuffie 1977) compared to the sodium (Hart and Davies 

1977) and hydrogen (Florence and Batley 1975) forms. 

Despite problems of interpreting the results in terms of 

toxic metal, the use of Chelex - 100 is a flexible technique 

which allows the concentration of a variety of metal ions 

over a wide pH range to be determined. A simple separation 

by either the Column or Batch technique is rapid, inexpensive 

and with care presents little opportunity for contamination. 

3.1.2 Thiol Chelating Resins 

Recently Thiol based materials have been used successfully to 

remove Zn, Cd, Pb and Cu from natural waters (Florence 1982b). 

The presence of chelating sulfhydryl groups has been shown to 

correlate with heavy metal toxicity (Fisher and Price 1981) 

and on this basis the metal fraction removed by the thiol group 

is considered to be a realistic estimate of bioavailable metal 

(Florence 19821;». The transportation of metals across a cell 

membrane is believed to·be dependent on the lipid solubility 

of metal species. Similarities between metallothioneins and 

membrane carrier proteins (Cherian and Goyer 1978, Koyima 

and Kagi 1978, Lerch 1980, Roesijaldi 1980/81) suggests that 

metals may be complexed and transported in association with 

sulfhydryl groups. This process may be simulated using a 

Thiol resin and it has been reported that thiol materials 

generally have a lower affinity for Pb, Cd and Zn, but a higher 

affinity for Cu, than Chelex - 100. The order of selectivity 
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at pH 5 .. 5 is Cu (II) > Pb (II) Cd (II) > Zn (II)" This 

preference for copper may explain the high toxicity of copper 

towards aquatic organisms .. 

Florence (1982b) has reported metal speciation results for a 

thioglycollate chelating resin '\vhich was ini tially prepared by 

Phillips and Fritz (1978). The resin contains the thioglycol­

oxyloxymethyl chelating group (-CH20CO-CH2SH) attached to the 

benzene ring of a polystyrene-divinylbenzene resin (XAD-4). 

The use of 500 mg resin/50 mls of sample is considered to be 

suitable for a batch extraction.. The sulphur content of the 

prepared resin is generally 1.87 mmol/g and heavy metals form 

a 1:2 complex with the mercapto group of the resin (Phillips 

and Fritz 1978). 

3.1.3. Chelating Cellulose Exchangers. 

Cellulose exchangers have been used to remove heavy metals 

from water samples by attaching suitable chelating groups. 

HYPHAN is a cellulose chelating exchanger which is selective 

for heavy metals at trace levels. Using this material Burba 

and Willmer(1982a, 1982b) found that heavy metals were recovered 

from seawater to the extent of 80-100%0 In simulated aqueous 

samples the metals were stripped off humic acids, but were not 

removed from EDTA complexes. 

3 .. 2 

Several methods, both chemical and physical, have been used to 

decompose organic materials in natural waters.. Some organic 

compounds are highly resistant and require extensive oxidation 

before their associated heavy metals are released. 

3.2.1 Ultra-Violet Irradiation 

The decomposition of organic compounds in natural waters by 

ultra-violet irradiation was introduced by Armstrong et al (1966) 

for the determination of organic carbon in seawater and was 

subsequently used by other workers to release organically assoc 
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iated heavy metals (Florence and Batley 1977',. Laxen and 

Harrison 1981a). The sample usually 150 to 200 mIs, is intro­

duced into quartz tubes and after the addition of a few drops 

of 30% H2 0 2 , is irradiated for 4 to S hours with a medium 

pressure ultra-violet lamp of between 500 and 1000W. 

The method has had most success in seawater analysis because 

in freshwaters, iron hydroxide is released from an organic 

colloidal coating and co-precipitates the heavy metals (Laxen 

and Harrison 1981b.,Florence 1982a). It should be possible to 

dissolve the precipitate in 1M RN03 prior to analysis although 

this has not been tested. Heavy metals will rapidly adsorb 

onto the surface of the quartz tubes during cooling and therefore 

immediate analysis is recommended. 

30202 Adsorption of Organics by Resins 

8M2 and XAD-2 are divinylbenzene resins with a high surface area 

which can adsorb organic material from aquatic samples. It is 

possible to remove lipid soluble metal from a variety of water 

samples using SM2 or XAD-2 (Florence 1982b). Following adsorp­

tion, the lipid associated metals are either eluted with methanol 

and decomposed by wet acid oxidation (Florence 1982b) or the 

resin and organics are decomposed by a dry ashing procedure 

(Montgomery and Santiago 1978). 

3.203 Oxidation by Concentrated Acids 

Organic material can be completely oxidised by the addition of 

suitable concentrated acidso Chau et al (1974) used a persulphate/ 

sulphuric acid oxidising mixture, while Florence (1977) used a 

mixture of perchloric and nitric acids.. In seawater, a reduction 

to pH 2.0 followed by boiling for 15 minutes is usually 

sufficient to liberate all the heavy metals (Florence and 

Batley 1977) .. 

In the Middlesex Polytechnic Urban Pollution Research Centre a 

mixture of concentrated perchloric and nitric acids in a ratio 
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of 1~9 is used as a standard method for organic degradation 

(Revitt et al 1981)0 Concentrated nitric acid (0.18 mls) 

and concentrated perchloric acid (0002 mls) are added to a 

filtered sample (25 mls) and the resulting mixture evaporated 

to dryness. The liberated metal is taken up in 1M HN03 

(10 mls) prior to analysis. 

3 .. 2 .. 4 Decomposition of Organics by Ozonolysis 

The use of ozone to decompose organics in natural waters has 

been investigated (Laxen and Harrison 198·1 a) and shown to give 

an unexpected decrease in the levels of electrochemically 

available metals. In the case of lead it was suggested that 

this was due to the precipitation of the metal as lead dioxide 

after ozone oxidation of Pb (II) to Pb (IV). 

3.3 
Size Separation 

Heavy metals may be associated with dissolved, colloidal or 

particulate phases. The accepted separation of the dissolved 

phase by 0 .. 4 ).ln1 or 0 0 45 ).lll1 filtration often results in clogging 

of the filters due to the presence of organic and inorganic 

colloids (Astruc et al 1981). Another approach for separating 

metal fractions is therefore to discriminate on the basis of 

molecular size or molecular weight by either centrifugation, 

filtration, ultrafiltration or dialysis. Size fractionation 

can be used to complement other physico-chemical separation 

methods (de Mora and Harrison 1983). 

3.3.1 Centrifugation 

The speed and time of centrifugation determines the quantity 

of particulates removed from suspension, the separation depending 

not only on size but also on densityo This makes an efficient 

comparison with other physical separation techniques difficult .. 

Centrifugation at 3000 rpm for 30 minutes has been shown to 

separate particles smaller than 190 nm (Benes and Steinnes 1975) 
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whilst centrifugation at 40,000 rpm for up to 5 hours may remove 

humic substances (Buffle et al 1978)0 

The radius of the centrifuged particles shows the following 

relationship to centrifugation time (Steinnes 1983): 

2 
r 

3 .. 3.2 Dialysis 

91') In (x2/x1 ) 

2 (p - Pot 

t = centrifuga~ion time 

X1 ,X2 = initial and final 
distances of the 
particles from the 
axis of rotation. 

P 'Po = densi ties of respect­
ively the particle 
and the dispersing 
medium .. 

~ = viscosity of the 
dispersing medium 0 

G.) = angular rotation 
velocity 

Dialysis allows the separation of different groups of species on 

the basis of particle size (Buffle 1981). Typically ultra-pure 

water in a dialysis bag is allowed to equilibrate with the 

sample for 24 hours (Guy and Chakrabarti 1976)" Under these 

conditions and with a pore size of 1 to 5 run (molecular weight 

cut-off value f"',J 1 000) it is found t hat free dissolved metal ion 

concentrations inside and outside the dialysis bag are equal. 

An alternative approach is to place the bag in situ for 1 to 

14 days until the absorpt~on equilibrium is reached. However, 

the length of time of equilibration has been reduced by Hart 

and Davies (1981) using a semi-continuous process which has been 

incorporated into their speciation scheme. A dialysis unit 

coupled with a Chelex - 100 column was found to reduce the time 

of equilibration to 5 hours. Metal adsorption and dissociation 

at the membrane surface are the main problems and probably 

limit the application of the method to in situ analysis. 
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3 .. 3 .. 3 

A on step, a 0 .. 4 or 0 .. 45 f'ilter is 

often employed as a separation for the dissolved and 

iculate phases. However, this s on is complicated by 

the presence of colloids (stumm and Brauner 1975). Laxen and 

Harrison (1981a)have introduced a speciation scheme using a 

series of five nucleopore filters in size f'rom 

0 .. 015 to 12 Nuc filters act as barrier rather 

than depth filters allowing a very tive cut-off value 

few adsorption losses (Sheldon 1972).. In a recent review of 

size separation techniques de Moya and Harrison (1983) recommended 

the use of filtration as a useful comparison to other speciation 

techniques .. 

3 .. 3 4 Ultrafiltration 

Benes and Steinnes (1974) pioneered the use of ultrafiltration 

in speciation work. Ultrafiltration can be defined as the 

separation of metal fractions by filtration below 0.015 pm. 
However, ultrafiltration cannot be exactly related to molecular' 

weight as the ultrafiltered fractions are separated not only 

on the basis of size, but also shape and charge qharacteristics 

(Guy and Chakrabarti 1 976) .. Nevertheless the;' sizes for metal 

species can be compared with typical cut-off values for ultra­

filters. The Amicon PM10 filter has a pore size of 1.8 nm and 

shollild permit the s~paration of free metal ions and small organic 

and inorganic complexes from trace metals associated with 

humic substances and colloidal species.. Laxen and Harrison 

(1981) incorporated this si~gle ultrafiltration step in their 

filtration based scheme. 

A cascade system of ultrafilters, or sequential ultrafiltration, 

can be used to reduce the adsorption of high molecular weight 

compounds by preventing their contact with small pore size 

materials. Hoffman et al (1981) found that large concentration 

gradients could be avoided by only filtering the first 50% of 

the sample at each step and hence avoiding the need for repeated 

washings. To calculate the concentration of. metals in each 

molecular weight range a system of mass balance equations was 
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f'ormulatedo 

The main problems relating to ultraf'iltration are as f'ollows 

i) the membraries are expensive 

ii) the f'ilters as supplied are of'ten contaminated with metal 

and soluble organic materialo 

iii) contamination and adsorption losses in ultraf'iltration are 

especially serious because there is a large surf'ace to 

volume ratio .. 

iV) the concentration gradient at the surf'ace of' the membrane 

f'ilter may cause dissociation of' colloidally associated 

metals and changes in ionic strength .. 

v) the trapping of' particles in the pores of' f'ilters make the 

separations dif'f'icult to achieve and consequently result in 

long f'iltration times o 

Despite recent advances in ultraf'iltration this technique is still 

open to criticismo Nominal molecular cut-of'f's are imprecise 

making the interpretation and comparison of' results dif':ficul to 

The technique is expensive requiring a new membrane f'or each 

f'iltration and the long f'iltration times inhibit the handling of' 

large numbers of' samples. Because of' these problems de Moya and 

Harrison (1983) pref'er dialysis to ultraf'iltration on the basis 

of' cost, speed of' analysis and ef'f'iciency of' separation. 

3 .. 4 

Several alternative methods of' separation and analysis have been 

tested and, although not of'ten used, these techniques can be 

usef'ul f'or comparison with the more generally accepted methods. 

For example metal ion catalysis is very specif'ic to the f'ree 

ion and should compare with other f'ree ion measurements such as 

anodic stripping voltammetry or dialysis .. 

3.4.1 Metal Ion Catalysis 

During the metal ion catalysis of' oxidation-reduction reactions 
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the rate of reaction is directly proportional to the free 

metal ion concentration.. An example of such a system which has 

been studied is the catalytic effect of copper on the oxidation 

of L-Ascorbic acid (Mottola et al 1968)0 Ferrer-Herranz and 

Perez-Bendito (1981) devised a method, based on this technique, 

for the determination of copper in water at the 10-90 pg/l 

level and Nakano et al (1981) used a similar approach for 

copper in tap water. A method which is free from interferences 

has been devised for the determination of zinc in water 

samples (Haraguchi et al 1980). The presence of zinc causes a 

difference in the rate of the ligand substitution reaction 

between 1-(2-thiazolylazo)-5-napthol chelates and EDTA. 

However, the method has been avoided in natural waters, despite 

its specificity for free metal ion, as it is thought that 

catalysts or inhibitors in the sample may affect the accuracy of 

the determination o 

3 .. 4.2 Radiotracers 

Radiotracers can be added to a sample as a means of tracing the 

species which a heavy metal can form" Attempts to use ionic 

radiotracers have been hindered by the slow equilibration of 

the labelled ions with the non-ionic species of the heavy 

metal in the sample (Benes and steinnes 1976) .. The equilibration 

period may be of the order of months or even years (Bowen et al 

1 979) • 

3.4.3 Gel Filtration Chromatography 

For polluted waters gel filtration chromatography may be an 

attractive method for separating metals into molecular size 

fractions (Steinberg 1980) .. 

Sample or solute flow is retarded in relation to eluent on a 

column of porous polymeric beads. The large molecules elute 

first followed by a continuous size spectrum of molecules 

(de Moya and Harrison 1983) .. 

28 -



Direct analysis of a sample by this method is limited to waters 

with high metal concentration because the small sample volume 

compared to eluent gives rise to high dilution factors and large 

blank values .. An alternative approach is to use pre-concentration 

procedures prior to gel filtration chromatography. This method 

has been used to distinguish between copper and lead size 

associations with organic material in coastal waters (Sugai and 

Healy 1978), although the procedure has unknown effects on metal 

speciation .. 

Several different approaches have been applied to separating 

fractions of heavy metals in natural waterso Chelating resins 

are easy to use and relatively free from contamination. By 

adjusting the properties of the chelating groups attached to a 

resin it is possible to remove those metals which are pre­

dominantly bioavailable. The organically associated metals are 

best extracted by acid digestion or by U.V. irradiation, as 

ozonolysis and resin removal are more subject to interferences. 

Size separation is most satisfactorily achieved by filtration 

or dialysis techniques, although centrifugation is a viable 

alternativeo Ultrafiltration is a difficult technique 

requiring experienced operators whilst Gel Filtration Chromat­

ography is an interesting method which still requires further 

development in relation to metal speciation work 0 
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The formulation of the analytical procedures described in the 

previous chapters into detailed speciation schemes was first 

attempted by Batley and Florence (1976b). The use of size sep­

aration was incorporated into a comprehensive scheme by L~~en 

and Harrison (1981)0 However, both schemes are detailed and 

require specialised and lengthy analytical procedures. For 

polluted waters a simple, fairly rapid evaluation of toxic 

metal content is required (Florence 1982). 

4.1 

Despite the difficulties of separating heavy metal species in the 

dissolved phase, a scheme for application to sea water has been 

introduced by, Batley and Florence (1976b). This comprehensive 

scheme is illustrated in Figure 4Q1.Labile (pH 4.8) and bound 

metals are analysed by Differential Pulse Anodic Stripping 

Voltammetry both before and after the sample is subjected to a 

number of separation techniques. Labile 'and bound measurements 

are made at the following stages .-

i) 

ii) 

iii) 

iV) 

before treatment 

after passage through a Chelex-100 column 

after U.V. irradiation 

after passage of the D.V. irradiated sample through 
a Chelex-100 column 

Seven metal species are identified from the eight measurements 

and the scheme has been applied by Batley and Florence (1976a, 

1976b) to sea water samples. 

The results showed that, in sea water, cadmium is mainly present 
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FIG. 4 1: Speciation Scheme of Batley and Florence (1976b) 

- 31 -



as an ASV labile organic specieso Most of the copper is found 

to be in the form of organic colloidal complexes but lead, which 

forms weaker complexs with organic materials, is mainly present as 

inorganic colloids o 

Batley and Gardner (1978) applied the same scheme to copper, lead 

and cadmium speciation in estuarine and coastal waters Assoc­

iations of cadmium (15-35%) and lead (45-70%) with inorganic 

colloids were found to be important, while 40% of copper was 

present as inorganic and organic colloids. 

In river water the colloidal organic and inorganic species to­

gether account for 52% of total copper, 24% of total lead and 

5% of total cadmium (Batley 1983)0 

A scheme incorporating filtration and ultrafiltration as the 

major.separation techniques has been introduced by Laxen and 

Harrison (1981) and is illustrated in Figure 4.2. The metal species 

were size fractionated using Nucleopore filters of 12, 1 0 0, 0.4, 

0.08 and 0 0 015 pm rated pore size, followed by a series of Amicon 

ultrafilters. ASV-labile, Chelex-labile and U.V. irradiated 

fractionations were also included in the scheme. The separation 

techniques are complex and only a few of the fractions possessed 

metal levels above the detection limit.. However, the ultra­

filtration steps give data on truly dissolved metals which are 

believed to be highly toxic. In this re~pect a comparison of 

the ultrafiltration steps with, for example, bioassays, would be 

interestingo 

The results for the application of this scheme to the effluent 

from a sewage treatment plant showed that most of the metals were 

associated with the colloidal and particulate phases (Laxen and 

Harrison 1981b)" However, a high percentage of the cadmium (45%) 

was present in the ultrafilterable, less than 0.015 pm, fraction~ 

Copper is also important in the ultrafilterable fraction (47%) 

but, although Chelex-labile, it is not present as the ASV-labile 

forma 
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In a later application of the scheme to the effluent from a 

lead-acid battery manufacturer, the ultrafiltration stage was 

omitted (Laxen and Harrison 1983), probably because of the 

problems associated with this technique. The metal levels for 

the Chelex-labile metal of the < 1 pm fraction and the total 

metal of the <0.015 pm size fraction were found to be similar. 

The scheme has, therefore, proved useful in determining the 

impact of heavy metals from both industrial and sewage 

effluents on receiving waters. 

The schemes described in 401 and 4.2 require Class-100 clean room 

facilities, which are designed for the analysis of sub-ppb levels. 

Another inhibiting factor is their intrinsically detailed nature, 

leading to an abundance of data which is difficult to interpret. 

A more satisfactory situation for polluted waters would be a 

scheme which provides information on the bioavailability, or 

geochemical mobility, of metals and yet is relatively easy to 

apply. 

The first attempt to devise a scheme for polluted waters was 

introduced by Stiff (1971). This scheme was designed to assess 

the impact of copper in polluted freshwater and sewage effluents 0 

Free copper ion, measured by ion selective electrode, was less 

than 2 pg/Lo CuCOJ was thought to be an important species on the 

basis of calculations using uncertain stability constants, 

total hardness values and free copper ion concentrations. The 

species present in the greatest concentration was that described 

as amino acid complexed, although this fraction probably included 

any strongly bound species. 

Chau and Lum-Shue-Chan (1974) distinguished between labile and 

non-labile forms of metals in lake water by their response to 

Differential Pulse Anodic Stripping Voltammetryo Labile metal 

was determined after the addition of acetate buffer, while 
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bound metals were determined after digestion with persulphate/ 

sulphuric acid or nitric/Rerchloric acids o A similar different 

iation of labile and non labile species for North Sea and River 

Rhine samples were carried out by Duinker and Kramer (1977). Zinc 

was found to be labile, while copper and lead were mostly in the 

bound forma An additional extraction with APDC/MIBK gave the 

same lability results for zinc, but higher values for lead and 

copper and lower values for cadmium. 

Relative labilities of metals have been assessed by Figura and 

McDuffie (1980) in a scheme based on calcium Chelex. Very labile 

refers to metals which are directly measurable by ASV o Moderately 

labile and slowly labile metals are those which are taken up by 

calcium Chelex column and batch extraction methods 9 respectively. 

The inert fraction contains metal which is not susceptible even 

to calcium Chelex batch uptake and probably represents extremely 

stable organo~metallic complexes or metal adsorbed strongly to 

colloidal material.. The separations are not completely satis­

factory as the very labile fraction is not always fully retained 

by the Chelex column or batch methods (Batley 1983)0 Consequently 

the results cannot be interpreted in terms of dissociation kinetic 

The scheme was applied to river water and most of the cadmium 

and zinc (81-90% and 86-100% respectively)was found to be present 

as very labile or moderately labile specieso Copper and lead 

existed in more strongly bound forms with most of the lead 

associated with the slowly labile fraction and the copper almost 

entirely in the moderately labile and slowly labile fractions o 

Hart and Davies (1981) used a .combination of sodium Chelex (batch 

method), dialysis and acidification to determine metal speciation 

in estuarine waterso The determination of other parameters 

such as chloride, suspended solids and organic carbon, followed 

by an analysis of this data by a computer simulation, allowed 

some prediction of the species present. 

Cadmium and zinc '\vere fractionated on a column of Chelex by 
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Pik et al (1982)0 The remaining metal associations described as 

colloidal, were determined by coprecipitation of the metals with 

a molybdenum carrier complex. Metal determinations were carried 

out using the highly sensitive X-ray fluorescence technique. 

The results showed that, for estuarine and river waters, zinc 

was 70-100% Chelex exchangeable, whilst 50-100% of copper was 

colloidalo 

The importance of the colloidal associations has been shown by 

Sholkovitz et al (1978) to be due to the flocculation under est­

uarine conditions of" the 0.1 urn and 0.45 um size fractions. Welte 

and Montiel(1980) suggested 0.45 um and 0.22 um filtration, to 

separate these or~anic collids 9 followed by columns of anionic 

(Cl- form) and cationic (H+ form) resins. U~Vo irradiation may 

also be incorporated into the scheme to provide information on 

organic and inorganic formso 

Sugai and Healy (1978) used Gel filtration chromatography 

combined with Anodic Stripping Voltammetry to identify metal-

organic speciation in an anoxic fjord. Complexation of both 

copper and lead with organic material was observed over a wide 

range of molecular weights, typically 500-10,000. 

The concepts of lability and physical separation have been 

combined by Hasle and Abdullah (1981). Ultrafilterable fractions 

of coastal seawater were determined by Differential Pulse 

Anodic Stripping Voltammetry for labile, acid soluble (pH 2.8) 

and total metals. Acidification releases inorganically and 

organically complexed metals, whilst organo-metallic compounds 

probably account for most of the total non labile fractiono 

Cadmium and lead were found to be associated with the low 

molecular weight fractions with cadmium showing a tendency to be 

non labileo Copper was largely associated with organic colloids. 

4.4 

Speciation schemes for separating dissolved heavy metal fractions 
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have provided some insight into the toxicity and geochemical 

mobility of metals. 

The lability concept applied to ASV and Chelex resin analysis 

allows some distinction between free and complexed forms (both 

inorganically and organically). Physical separation is an 

additional technique which allows differentiation between colloidal 

and dissolved metals. 

The results for fresh waters generally show that cadmium and zinc 

exist in relatively free forms, lead is predominantly inorganically 

complexed, but copper is found mostly as organic complexes (both 

colloidal and 10\'17" molecular weight) 0 

Previous work indicates that the procedures described can be adopted 

for polluted waters. In such waters the suspended solid phase 

also becomes an important source of heavy metalso 
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Although the toxicity of the dissolved phase is higher because 

of its direct contact with organisms, the non lithogenic 

fractions of suspended solids may subsequently release heavy 

metals into aqueous systems. The fractions studied must there-

fore reflect all heavy metal species which might have a direct 

effect on the aquatic biota. 

Municipal, industrial and storm surface runoff are increasingly 

polluting river, marine and estuarine sediments with heavy 

metals (Gupta and Chen 1975). For instance, the cadmium concen­

trations in the sediments of the river Rhine have increased 

more than 100 fold in eighty years ( Salomons and Forstner 1980). 

Metal contaminants exist in relatively unstable fractions and 

may be released by engineering operations such as dredging or by 

resuspension during storm surgeso 

The concentrations in each fraction will depend on such solid­

phase reactions as precipitation, adsorption and ion exchange. 

From these considerations several schemes have been proposed 

for the sequential extraction of chemical fractions from sediments 

and suspended solidso 

5.1 

Because of the importance of the availability of metals to plants 

most of the early,work was carried out on soils (Jackson 1958)0 

In marine pelagic sediment studies (Chester and Hughes 1967 , 

Nissenbaum 1972) it is the interactions of metal fractions with 

pore water and the sediment/sea water interface which are of 

more concern. 
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The separation of sediment associated metal species into fractions 

is best achieved by a series of sequential chemical extractions. 

The extraction steps are not species selective and repeated treat~ 

ment often gives a further release of metals, especially in the 

reducible fractions. The reactions are also influenced by the 

ratio of solid material to volume of extractant 0 

5.1.1. Exchangeable Fraction 

Th~ exchangeable fraction is considered to be that which is 

available primarily and immediately for biological uptake. It 

may include metals which are weakly attached to the surfaces of 

clays or hydrous iron and manganese oxides or to organic coatings. 

The addition of a high concentration of chloride or acetate 

provides a competing ligand for the heavy metals. Hence MgC12 
(Tessier et al 1979, Eisenreich et al 1980), BaC12- triethanol­

amine (Forstner and Patchineelam 1980) and NH40Ac (Salomons and 

Forstner 1980) have been proposed as extracting agents, usually 

at 1M concentrations and at pH 7 0 0. Ammonium acetate is not a 

suitable extractant due to its tendency to attack carbonates 

(Tessier et al 1979). 

5.102 Carbonate Fraction 

Carbonates in sediments exist as cements and coatings which co­

precipitate with heavy metals. A lowering of pH, such as occurs 

with acidified rain, would dissolve carbonates and release the 

associated heavy metalso The most accepted extraction method is 

a sodium acetate/acetic acid (pH 5.0) treatment although some 

attack on metals weakly bound to hydrous iron and manganese 

oxides may occur (Tessier et al 1979). Forstner and 

Patchineelam (1980) claim that their acidic cation exchange 

method is very specific for carbonate associated metals. 

5.1.3 Hydrous Iron and Manganese Oxide Fraction 

Hydrous Fe and Mn oxides are thought to exist as coatings on 

particulate surfaces (Davis and Leckie 1978). These coatings 

have a high capacity for metal adsorption (Gadde and Laitinen 1971+)0 

- 39 



In orcl t ion (-IT--~ ) \ ___ 1 
\ 

) J 

( ~T- \ -

\ __ L 'I ) ---) 

1 

-1 ) , 

). • L~ 0 

o 

Pol o_n 

fract on 

oxic1Cl. t 0 

tals c 

e 0 

1 

(Eis 

c 

o 

(: 

o 

wat er t o s e 

and it is mor realis ie to 

silicate this r sp ct concentra d rchlorie 

aeicis in ratio of 9:1 can b used to stion 

o o (Tab1 5. 1 ) al 

appro b Cl.n inve i ion iIlto ions o:f 

o of o c frac lon :fo11 

eli t 

Gibb 

tache to me 21.1 c solids 

53 in a on and 

So I"' t_nel~ e1 1. 



7.0 

cl 

J) 

Cone J 

• 1,-

o 0 

,2 

33.0 

,­
L 



·1. 0 

2. 

6 

I 

8 

c 
ieI. 

Carbona 

St 
or 

Re i 

TABLE 5.2: 

o. 

Acidic cation 

T) 

) 

O./l-C 

i c 

10 LL 

S nti 
Forstne 

e 

s 0:[ 

1 ( ·1 C) 8 () \). 
/' ~J..J 

~·re s 
humic 
acids. 

0Ietals assoc 

s ~l 
s 

I.n.o c r 

c1 0 

ic 

t Cl 

3 6 

s 

iclne 



and T si () s s 

o s 

cl stab i ion 

s 1 

1 

and Forstner (-1980) to -I ;:1, 

ShC)IIln in i 5.1 Ells in pol. 

most ociated 

o b 

-Lo 

e .5 a L~ 3 r t in 

v r s s 0 

tal p C in 

s icl ound 

tElls 0 Thi i s 01 

ch relate to on str or 

labili of the me also 

c son a sequential extraction r suI s with that tal I,vhich 

i rna t reacli bi')C:lvail I 

r 3.I1t :fraction b 

fract on s r 

rrlC) t 

ion cont 

r mos of the 

crys alline o The 

traction stucli scan b 

thea lC studi s a 

o:f s SCI' 

is not strai fa 

te 

s oci 

s 

assi eel b a 

soci ions 

nex 

J 

icle 

1~ 

. 1 
la..L 

most 

ablf; 

a 

non-

ion of 

iC"Lllat 



oxide 

B 

si 

0. 
) . 

) 
110ur 

5.0 
c l 

0,0 
in ) 
5 hours, 96°C. 

2.0, 

° 

sociat 
d s as 

concretio 
b tween par icl s 
01" co 

thin tlJ.e cryst;:ll 
s ructure o:f 

c 

ue ial traction S for diments 
and Sus ed Solids (Tessi 1" al 19 9). 

t 

cl 



Elb 

FIGURE .1 s i 
d 

(from Salomons 

ion 

tion S 
Ilut d Riv 

Fors 

- 4 

I G 



1 : c 
1 

2 0 c: (\ 0 ti 'J , 
-I 0 r-t 0 co .1. 

I 

3 Bound 0 0 1 me al 
3 30 min. °e oxj coat 

1 c. b 



6 

Other o o ci o s o 

only b 

l 

s ta.bili int 

c ort:"' 1 of o 

acldi ion labo on s -cu.eli s he to 

ain a1 cla a uential ex racti ;::) on 

iculat s ~fix ~, al10\v som into 

Ia als on COTl l,';ith receiv 

~A.ll o e b 

thermo e 

and interac ions of all the 

sy 

c t 

co 

1. c 

r~ i i o c 1 es comparison with r 

ta fficulto 

e1' 0 c 1 cls ra1 1 s 1 1 s 

c11'1(1 C:tI"'e t 0 l: 0 0 r 1 'yo 1: .L ( < 
11 \: c, _- Cl cu 0 c 

e 0 "0-

1 ix i 1 '1 \ s -) ) so 

e J 0 1 97 
-~ 

) ) ! -

0 eI"' l ]. 

into aCCOl.ill 



( i) The ads ion of al onto iculat (J 

Davis and L 1 9 ) iOI1S a d 

01 t r ) & 

(:Li) f e ~r i Et_~L 

s 1 

1 o ae Octt t:Leul 

materi ( DEnri 

c r mod the acto s in 0 ac "lv-ould ed 

to b d IIp ;:1 consiclerab amol.Lnt o:f analy i.e data] 

Hart and Davies (1981) ineorpora d data from a ciation s 

to ther th data into r 1110 1. 

In s c r used 0 as i t in 

int i edi ion tal s ei Tl. 

6 2 

colloidal i 

i a1 

co o icu1a 

d o s orne t ) . Ho\vever, 

o s 

cl 0 '.vIl i f" 1 1 .,.le_Le., ribution 0 

s ~L l S J e cal prop cal 

composi ion may vary wide \'\;i th size The s 

its If 1 ad to in siz and Leckie 

1 9 

Surf or:L f o1.111cl to 11 

t 11. s 

s 

do s no o 

ar aIs c 1 o c metals, theori 

:1. Tabl 6.1 s s i i 



ace c 

C 

, 1 Cont:col 
s s, 

F 2 JI 
alumina c 

:·[nO ') 
:::-

s 

o 
in 

c 

y 

() 1'""" als in "[:t.c 



of metcl1s b 

al 

/' 
0 2 . 1 ory 

Surfac 

subje of a 

\{es t cl.II '1 C) 
/ 

be 

aql.lo Gie a1 i 

SOH 

SOrI 

The 

speci:fic 

ion (Luoma and 

b 

The 

th 

1 
_L 

for adeLL ion of 

= 

c i ion 

s 

of 

and Lai 

val 

a s 

• 

+ 

o 

en differ mat 

compone 

ory in 

(Hohl al 

Le 1 9 ) 

ination or c!.c 

ir o ic c 

+ 
SO 

o 

may b rno 

t cd 0 be 

yst b 

·1 9 

tal ion can 

rea.ctions invol v 

es. 

S = sur:face 
M = metal 

nt 0 the 

ionic radius react Ell 

Hence J. ad 
\ ? ') ) J ].s 1 t 

i model (James 

ads ion 

Log is the i c t t 

ir t o metal i 

(OI-I) + • 

o l co 1 

a 

t on 
-r 

value 0 .J (Gacld 

.: 9 8 Li The 

1 6,2, can b c 

l l iron 

- 50 



.0 9.5 

6.0 7.0 8.0 

o s 

or ) 



(Figure 6 1) Similar results have been obtained for 

silica (Huang et al 1977), clays (Farrah and Pi 

1 976a, 1 976b, 1 9 1 979, -1980) and hydrous aluminium 

oxides (Shuman 1977) 
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secreted from algal cells, which also form coatings on 

particulates 

Certain 0 c Ii are capable of binding or compl 

heavy metals and certainly soil and I,vater derived humic and 

ful vic acids sho\v this abili (ShLunan and Cromer 1 9 

The compl ability of or c fibrils is under investi 

ation (Leppard and Burnison -1983) A higher stabili ty 

constant is found for the complexation of heavy metals \vi th 

h luni c sub stan c e s (i 0 e extracted by alkali) at higher 

values (Mantoura et al 1978). 

A comparison of conditional stability constants at pH 8.0 for 

F' ((lU \ e \ V.H) 3 and organics has been made by Luoma and Davis (1983), 

as shown in Table 6.3. Copper is bound more strongly in 

organic matter than Fe(O?)3 I,vhile caclmium, zinc and probab 

lead are preferential • , 1 ., 1 TC"'. f 
assoclate~ W1T~ ~e~ \ 

)0' 
J 

6 3 

The laboratory simulation approach is necessari a s ific-

ation of the real system al e some indication 

of the behaviour of individual components. 

et al ( -1 q'--' - ) -' / J observed the in heavy me al distribution 

icula di solved compone s such as 

oxide humic acids clays, ove a wiele range of 

values The model develo cIS a result of se studies 

appeared to be in quali ativ8 agreement with reported distrib-

utions for natural waters cal values for Cu Cd and Zn 

are en in Table 6 ~ The resul s show that Cu has much 

greater t to attach to paT tic u 1 ('1 t e e (represented 

and cl than it I' Cel 0 Zn. eu a1 s ShOIY'S;::l 

r at tion 0 dissol eel 

obs d endency of Cd and t () l~e olubilised 

in leacl"la t tudies on o lis Revitt -19 2) 

is in agr ement I,vi th the 8sul s of and Chc:dcrabarti ( 1 976) 

as both metals seem to er e clissolv 
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Cu (II) 

Ph (II) 

Zn (II) 

Cd (II) 

log K,pH 8.0 
Fe(OH) 

7.9 

9.6 

6.7 

5.7 

log KJpH 8 0 
Organics 

8.9 - 1 1 • L~ 

5.3 - 5.9 

4.7 

TABLE 6.3: Conditional Stability Constants for ~etal 
exat iOD of A210 F'e (OR) 3 and c 

~aterial at 0 
From Luoma and Davis (19 3). 

-c 
.)0 



Cu 

Zn 

Cd 

X\I ( mm 01 . m 2 tal / 
• g.MnO ) 

1 .95 

0.96 

1 .10 

X\<f(mmol.metal/ 
~~ g.huInic acid) 

0.42 

0.21 

0.22 

= ~\raXim1.1m sorption Val1.1E!s 

5 ° 
Ionic st .0 x -10 

Distribution 
coefficient 
for clay. 

9.0 

4.3 

4.8 

potassium acetate 

TABLE 6.4: s ion Charac eristics of 
and Bentonite. From 

1lumic Acid) 
eta 1 (-I 97 5) . Nn02 

.:J I 



6.4 (Mixing Experiments) 

Mixing experiments were introduced by Sholkovitz (1976) to 

determine the composition of removal products (flocculants) 

due to the mixing of filtered river and sea waters at varying 

salinities The results of these experiments showed that 

rapid flocculation of Fe, ~m, AI, P, organic carbon and 

hur:.1ic acids occurs in the estuarine environment. Most of the 

precipitate is formed within one half hour of mixing, and is 

removed for analysis. A further 24 hours is required before 

enough precipitate forms for a second determination. The 

procedure is illustrated in Figure 6.J, 

Further studies (Boyle et al, 1977, Sholkovitz et al, 1978) 
demonstrated the important role of dissolved organic matter 

The high molecular weight component of dissolved humic acids 

(0.1 pm 0045 )lrn filtered) \,;hich constitutes a small fraction 

of river dissolved organic material, is preferentially and 

rapidly flocculated during estuarine 

The ication of experiments to the modelling of the 

impact of stormwater on river water would be interest 

During winter storms high concentrations of chlorides are 

frequently observed due to the use of de ic salt. The 

resulting large in ionic st be -elve en inc 

storm\Vater and ambient river \'vater may rise to s in 

the speciation of the toxic metals. Other pararneters \vhich 

are often significant different between storrmvater and 

river water; and which may result in flocculation, include 

o c material (both dissolved and iculate), 

solids 10 and iron and manganese concentrations, 

6.5 

c son of oretical L ,. 
SL,UCll S T'<'ii the data f'rom 

speciation schemes shows that some similarities exist between 

the two approaches, Copper is found most in the C)l~ c 

fraction of iculat s becaus of the hi s abili of 
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resulting complexes; for the same reason lead is mostly 

associated with hydrous metal oxides. Zinc and cadmium 

tend to be more readily solubilised in the pH range of most 

aquatic samples. 

Mathematical models, theoretical studies, laboratory 

simulation and mixing experiments are useful methods for 

interpreting heavy metal fractionation data from speciation 

schemes. 
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Organic ligands of both simple and complex structure occur in 

abLmdance in natural waters, typically at concentrations of 

10 mg/l in river water Approximately half of these organics 

are fulvic and humic acids (Saar and Weber 1982), both of which 

closely resemble organic extracts from soil (Reuter and 

Perdue 1977). 

A large proportion of heavy metals in natural waters are 

believed to exist in complexed or chelated forms with organic 

ligands (natural or anthropogenic) which therefore act as 

regulators of metal availability (Chau 1973). Complexation may 

therefore control the geochemical transport and bioavailability 

of metals in the aquatic environment (van den Berg and Kramer 

1 979a) . 

In addition to increas the possibility of heavy metal transport 

in natural waters, as well as through waste water treatment 

processes, compl s may hinder the removal of metals 

from water, increase the corrosion of metal surfaces and affect 

the oxidation state of metals in -\vater (Kunlzel and Manahan -1973) 

Analysis of the complexation properties of these organic 

compounds is complicated "Qy the irregular structure and "vide 

range of components present 

been developed to investi 

Several experimental methods have 

e the c ex behaviour of 

o c fractions in natural l,..,-aters. :\(ost methods involve a 

titrimetric procadure in which the Ii are reacted \\;i tll a 

suitable metal ion until end pointj ent to the 

c ex capaci is reached A t to detect r 

free metal is therefore r ed Voltamme is the mos-t 

tested method (ShLunan and l,{ood1,vard, -1973, 7, Shuman and 

Cromer, 1 979) al it may measure we c exed metals 



in addition to free metal ion. Potentiometry, ion selective 

electrodes, solubilisation, bioassay and ion exchange are 

other available tec~~iques. 

Preliminary polarographic studies of consecutively formed 

complex ions (Deford and Burne, 1953) 'ivere deyeloped by 

Natson (1968) 'il/ho used Anodic Stripping Vol tammetry as a 

sensitive technique to detect free, as opposed to organically 

complexed copper. Copper is a satisfactory metal for the 

titration as it forms strong, specific complexes with many 

organic COmlJOunds. 

Nethods for determining Apparent Complexing Ca~acity (Chau 1973, 

Chau and Lum-Sbue-Chan, 19(4) and later Conditional Stability 

Constants (Shl.lillan and 1voodward, 1973 ~ 1977) have since been 

developed. The me-'~hod is rapid, sensi tive, allows the determin-

ation of total ligand concentration and is applicable over a 

wide pH range, 

7.1.1. Determination of Apparent Complex Capacity' . 

The technique is essentially a complexometric titration of 

metal ion against ligand. 

ially those with the hi 

Where ligands are titrated sequent-

st stabili constants are complexed 

first of all (Crosser and Allen 1977) 

A typical ti tration curve for copper 'i\;-i th a idater sample is 

illustrated in Figure 7.1 Wilen man.y Ii are present, and 

their individual concentrations are small, a smooth curve as 

sho'il/n by the dashed line in the fig'"ure is typical In this 

case the sharp s in stabilit constants are offset small 

s in concentration s in titration slo e are 

therefore reI ed to the product of t cone ration of 

Ii times its Conditional Stability Cons ant 

The nt Compl Capacity is found extrapolation of 

the free metal ion (final slope) to the x-axis~ There appears to 
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Cu-' additions p mOle/L. 

FIGURE 7.1 Titration of a Water S 
with Copper 
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have been some ambiguity in the literature regarding this 

determination. Some authors have used the value of CL, which 

is the value at the point of inflection of the final and the 

directly preceding slopes (Duinker and Kramer 1977, Hart 1981, 

Shuman and Wood1vard 1 977) . This value is then used in the 

calculation of Conditional Stability Constants. Other authors 

(Eisenreich et al 1980, Laxen and Harrison 1981b, 1983) appear 

to have used the reco®nended procedure of Chau (1973) as 

illustrated in Figure 7 1, and this is the commonly pref'erred 

method. 

Calculation of the Conditional Stability Constant 

The Conditional Stability Constant can be calculated on the 

basis of formation of the complex : 

aM + bL = [fifa.LbJ 

[MJa [LJ b 

where a and b depend on the stoichiometry, 

L = ligand 

r-1 = metal 

K I = Stabili 
iYJL 

Constant 

For a given C ion Capaci , the initial slope becomes lower 

for increasing values of the Conditional Stability Constant. 

Using ASV titration data, Sh1.1rnan and 'i{oodward (1973, -1977) derived 

the following equation : 

i ~ 
s 

\'There i slope o:f' after all c 

= Concentration of metal added 

C = Concentration of total Ii 
L 

at the interce 

For a -I : 1 complex a ot of is vs [CM/(CL Cr-I) ] 

of ! , lv-hi Ie for a 1 :2 complex a ot of is vs C 

has a slope of 

- 64 -
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11i th low stabili ty constants the calculation is accurate, 

within 20%. for titration values up to halfway to the endpoint 

The error decreases for higher stabili constants. 

Some kinetic dissociation has been observed for humic and fulvic 

acids (Shuman and Cromer 1979) and the extent is dependent 

on ligand concentrationo After applying a suitable correction 

factor the stabili ty constant was not significant changed, 

while the Complexation Capacity was slightly increased 

In environmental samples displacement reactions can tlli~e place 

in addition to the direct reaction in equation (1). (Neubecker 

and Allen 1983). 

H + MIL iY1L + H t 

HI = another metal 

K 7 -filL .- (3) 

Therefore, the conditions for measurement eag o pH, ionic strength, 

competing complexation are different from those relevant to the 

determination of the Thermodynamic Stability Constant and the 

term Conditional Stability Constant is therefore used The 

changes in the Conditional Stability Constant during titration 

may be offset by small changes in concentration and hence it may 

only be possible to quote an Average Conditional Stability Constant 

for a ethora of Ii 

Although the results depend on the experimental conditions 

the technique is simple and straightforward to carry out Some 

workers have found problems ,,vith the use of ASV as the measurement 

teclL~ique in that metal complexes may be reduced by the electro 

chemical procedure, This problem can be overcome by 0 ing 

at Dotentials hi e o reduce the free metal ion. 

A.l."lother area of concern s t surface active 0 c material may 

be adsorbed to the electrode surface causing erroneous free metal 

values 

The use of this metbod has been criticised Tuschall and 

Brezonik (1'982) and shown to 

c to other methodso 

e low stabili constant values 

The subject remains controversial 

!C'-
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as is indicated by a recent exchange of comments (Bhat and 

Weber 1 982) " 

However, Brisbin (1980) fOLmd a close relationship between 

the ASV titration technique and the amount of copper required 

to inhibi t the gro"\vth rate of The 

tecb~ique is probably therefore valid to predict the toxic 

relationships of trace metals and the biota of natural waters .. 

7 2 

Potentiometric titration has been widely used by soil scientists 

(Schnitzer and Kahan 1972) for determining the complexing 

capacity of isolated materials. As a direct technique 

an insufficient change of is found in natural waters due 

to the low concentrations of complexing ligands and the high 

concentration of bicarbonate" Shuman and Cromer (-1979) carried 

out a potentiometric titratiorLon humic and fulvic acids 

isolated from ~ake water.. The copper complexation capacity from 

ASV titration data only represented 1 

capacity from total acidi 

of the theoretical 

Ion selective electrodes in theory only measure free ion and 

should therefore be very suitable. However, it is generally 

difficult to achieve Nernstian response below a filterable 

copper concentration of 1 Buffle et al (1977) have applied 

the te to fresh waters, but difficulties arise in obtaining 

a stable response, probably due to the presence of organic ligands 

Solubilisation finds most application when studying strong 

chelating agents such as EDTA and NTA The procedure, introduced 

Kunkel EL.Yld Hanahan (1 973), is based on the solubilisation of 

metal the addition of Ii to a metal hydroxide suspension 

at pH 10 0 The precipitate is :fil tered and soluble copper 

determined by Atomic Absorption c -Come A concen-

tration of copper in the filtrate greater than 15 pg/l must be 

due to complexation by water s e constituents (lliLder the 

conditions of the ) . Despite the simplici of the 
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technique there are many problems including 

i) the requirement of highly alkaline pH conditions 

(Cam?bell et aI, 1977) 

ii) incorrect resul ts are obtained "vi th \,veak ligands (Frimrr.el 

e t aI, 1 980 ), 

iii) the necessi of boiling the solution for 1 hour (Neubecker 

and Allen -1983) 0 

i v) the slo\l1 attainment of equilibrium bet1veen the solution 

and the precipitate, precipitate ageing and the 

operational definition of solubility in terms of 

filtration through a 0 45 pm filter (Crosser and Allen, 1977) 

Biological response or bioassay is related to the response of 

micro organisms (Davey et aI, 1973) to the toxic forms of heavy 

metals. By measuring a metabolic parameter as a function of 

added copper ion, the fraction of bioavailable (free) copper in 

solution can be determined A titration-like curve may be 

formed from which an endpoint is estimated (Davey et al 1973, 

Gatcher et al 19 Gilles e and Vacarro 1978), 

Ion exchange, introduced Schubert (1948), has been well tested 

by soil scientists (Zl-mino et al -1972, Schc"litzer and Kahn -1972) 

al the ion r tends to strip the metal from its 

complexes. The ion behaves as a second ligand onto 

which the metal can become bOl-md 

A more acceptable tech.Ilique, utilising a 1veak ion exchanger, 

iY1n02 in place of synthetic resins has been introduced by 

van den Berg and Kramer (1979) Most free copper ion is bO"lmd 

and the oxide does not remove metals from c s 

The method works well for c exes with Conditional Stabili 

Constants lower than log K = 10 and also for low Ii 

concentration (0 2 1 c C) The formation of ternary 

c exes o:f Ii at the oxide surface (Davis and 

Leckie, 1978) is the main criticism of this technique 



7 J 

There is still a certain amount o:f critical discussion 

regarding the measurement of heavy metal complexation 

capaci and the presently available techniques require 

further development H01v-ever, the importance of the abili 

of organic ligands to complex heavy metals is well reco s.ed 

For this reason the ASV titration method, if standardised 

wi th respect to analytical conditions, is a simple techn.ique 

for monitoring the spatial and temporal variations of complexing 

organic ligands in polluted waters 
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Consideration of the Ii terature, \vhich has been revie\ved in 

this report, has enabled a speciation scheme to be devised for 

heavy metals in natural waters (Figure 8.1) The scheme is at 

present being tested for stornnvater runoff as part of a project 

being carried out by the Middlesex Polytechnic Urban Pollution 

Research Centre, in collaboration \vi th the Urban Geohydrology 

Unit, Chalmers University of Technology, Gothenburg, under the 

auspices of N--:ERC and S:NV a1vards 

8. 1 

One requirement is for a well balanced scheme which is experi-

mental easy to perform an.cl is not extensively time consufning. 

A further objective is the provision of a complete analysis 

(both dissolved and particulate associated metals) which will 

provide relevant information on bioavailable and total heavy metal 

levelso 

A preliminary separation allows an operationally defined distinction 

bet'\v-een the dissolved and suspended solid es This is achieved 

by filtration through a 0 0 4 pm Nucleopore polycarbonate filter. 

The heavy metals in the soluble and insoluble phases are then 

chemical extracted into different fractions depending on their 

relative ease of release. The fractions have been chosen to enable 

comparisons with the relative bioavailability of the metals. 

The dissolved phase is separated into fractions depending on the 

c ion str of the heavy metal~ The free ions and 

c exed metals are determined direct us 

Differential Pulse Anoelic S 

and are termed the Electrochemical 

Voltammetry (DPASV) 

Available fraction. 

heavy metals which are more strongly complexed are removed 

Those 



DISSOLVED 
PHASE 

ELECTRO 
CHEMICALLY 
AVAILABLE 
FRACTION 

100 
REMOVEABLE 
FRACTION 

Polluted W'ater 
sample 

I 

FILTRATION 
0.4 pm 

B01J01D 
FRACTION 

ABLE 
FRACTION 

SUSPENDED 
SOLID PHASE 

AND HYDROUS 
}·1ET AL OXIDE 
FRACTION 

FRACTION 

FIGURE 8.1 A ciation Scheme for the Analysis of 
Heavy Metals in Polluted Waters. 
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using a Chelex Batch method. Both the Electrochemically 

Available and Chelex-100 Removeable fractions may be 

biologically available. The remaining Total Dissolved 

fraction, measured after acid digestion, is probably 

largely inert to organisms. 

The suspended solid phase is divided into fractions accord 

to the ease of metal release Heavy metals which exchange with 

MgC1 2 may be released from the suspended solid phase under 

normal pH conditions in stormwater. Reducing conditions, such as 

those found in anoxic sediments e.g. in gullypots, are necessary 

to release the metals associated with carbonates or hydrous 

metal oxides. Total "organically bound" metal is probably 

largely unavailable to organisms. 

8.2 

All equipment is pre-soaked in 10% HNO J for 24 hours and 1,vC1shed 

,v-ith Milli Q Double Distilled \.Jater (:tvLD.D.). The dissolved 

and suspended solid phases in stormwater are separated by 

filtration through a 0.4 )J1T1 Nucleopore polycarbonate filter, 

us a polyethylene Millipore filtration system. Only \Vater 

pressure is applied to prevent algal or bacterial cell bre 

The suspended solid phase is air dried (SOOC) to constant wei 

and stored in a dessicator. 

Dissolved organic carbon levels and are routinely monitored 

Particulate organic carbon,complexation capacity, chloride 

concentration and conductivity are also measured to provide 

useful background data. 

The dissolved e is separated into the three fractions outli 

belo,v 

o 
( i) Electrochemically available An al t (10 cm~) of the 

dissolved e is determined direct for heavy metals 

Differential Pulse Anoelic Stripp Vol tarnrnetry. 2:'1 soclium 
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acetate (001 ml) which acts as a buffer and support 

electrolyte, at the pH of the natural sample is added 

before analysis 0 The analytical conditions are as 

follows .-
Plating time 

Equilibration time 

Deoxygenation period 

Initial Potential 

Scan rate 

= 1 80 seconds 

JO seconds 

240 seconds 

-1.JV, -0.9V or -O.JV. 

2mV/sec 

ii) Chelex-100 Removeable o An aliquot (50 ml ) of the dissolved 

phase is added to prepared Calcium Chelex-100 (500 mg) and 

equilibrated by shaJ<::ing con tinuously for 24 hours. The 

heavy metals are then eluted off the Chelex resin with 

iii) 

1 M liN 0 J (1 0 ml ) and \Va she d wit h £vi. D . D . \V ate r (10m I ). 

After maJ-:ing up to 25 ml the metal levels in the eluate 

(7 ml are det ermined after the addi tion of' 2{-'1 s odium 

acetate (Jml ) by Differential Pulse Anodic Stripping 

Voltamme 

Total metala The strongly bound metals are released by 

acid oxidation. Concentrated nitric acid (0.18 ml ) and 

concentrated perchloric acid (0.02 ml ) are added directly 

to an aliquot (25 ml ) of the dissolved phase After 

evaporation to dryness in a fume cupboard the metals are 

taJ<:en up in 1 £vi ENOJ (-10 ml ) and determined in the s arne way 

as the previous fractione 

The suspended solid phase is separated into three different 

fractions according to the ease of release of the metals. The 

first two digestions are carried out in polyethylene tubes in a 

water bath at controlled temperatures. The final digestion is 

carried out in a small ass becL1<:er ( ml ). 

(i) Ex able heavy metals. 12 at pH 7 0 0 (5 ml ) is 

added to the dried suspended solid phase and agitated at 

room temperature for;1 hour. The supernatant liquid is 

separated by centrifugation at 5000 rpm for 45 minutes and 

aft r wa with M.D.D. water (5 mI.) 

- 72 -



@l?natants are combined and an aliquot (9ml ) determined 

by DPASV, after the addition of 2M sodium acetate (1ml). 

ii) Carbona~e and hydrous metal oxide associated heavy metals. 

iii) 

The suspended solids from (i) above are digested with 

0.04M {-·)1120H.HCI in 2 glacial acetic acid. (10 ml ) 

at 96°C with occasional agitation for 5 hours The 

solids are washed with M.D.D. water (10 ml ) as before. 

An .aliquot of the combined supernatants (7 ml ) is 

determined by Differential Pulse Anodic Stripping Volt-

ammetry after the addition of 2M sodium acetate (3ml ). 

Total heavy metalo These strongly bound metals are 

releasedby digestion with nitric and. perchloric acids 

(9:1). Concentrated. nitric acid (18 ml ) and concentrated 

perchloric acid (2 ml ) are added directly to the 

suspended solid phase from (ii) The mixture is evaporated 

to dryness in a flune cupboard 7 then taken up in 1;VI RN03 

(10 ml ) and the supernatants combined. Heavy metals are 

determined in the same \V-ay as the previous fractions. 

8.3 Problems Encountered in the 

Obtaining 10\1{ and consistent blanl~ values is difficul t at the 

trace level. Lo\v blanl~ values, about 0.1 1, can ~e obtained in 

fairly clean laboratory and \vi th rapid analysis preventing air con-

tamination.. Materials coming into contact with the sample can 

be rendered metal free by acid washing (101£ RN03) for at least 

24 hours, followed by rins with M.D.D water All materials 

coming into contact \v-ith the sf.iillple should be polyethylene or poly­

carbonate, as other materials may contaminate the sample (e g. rubber) 

or adsorb metals from the s e (e g ass) Amber ass ground 

stoppered bottles are used for st es due to be sed 

for organic carbon These vessels are pre by so in 

chromic acid overni follol'ied rins with 

M.D.D. water 
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Intermetallic compounds interfere during sample analysis by 

Differential Pulse Anodic Stripping Voltammetry The copper 

peal\:: ShO\11S an increase in height in the presence of zinc. 

It is therefore preferable to se copper and zinc separately 

In freshwater samples some interference is seen in the voltammogram 

for the Electrochemical available fraction, particularly between 

-0 5V and -0 2V Ho\vever, the lead and cadmium pea...1<:s are 

usually clearly visible llild are confirmed by the standard 

addition method. 

Some care needs to be taken "\vhen carrying out standard addi tions 

due to possible weak complexation of the added metal by organic 

ligands in the sample This effect reduces the gradient of 

the analysis slope and so leads to elevated results. This can 

be prevented by utilising at least three standard additions 

in the analysiso 
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