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Stellingen 

1. De door Van den Berg (1982) aanbevolen l i n e a r i s a t i e van de Langmuir-
ve rge l i j k i ng , voor gebruik b i j de Mn02-adsorptiemethode, i s n i e t a l t i j d 
de meest g e sch ik t e . 
Literatuur: - d i t proefschrift (paragraaf 5.1); 

- Van den Berg, C.M.G. (1982). Determination o f copper complexation w i t h na tura l 
organic l igands i n seawater by e q u i l i b r a t i o n w i t h MnO-. I . Theory. Marine Chemistry 
H , 307 - 322. 

2. Stroes-Gascoyne, Kramer & Snodgrass (1986) maken n i e t d u i de l i j k waarom 
de d r i e door hen genoemde mechanismen voor de a d so rp t i e van koper aan 
Mn02 z i ch zouden moeten voordoen, en a l helemaal n i e t waarom deze d r i e 
mechanismen in dezelfde mate zouden moeten optreden. 
L i t e r a t u u r : Stroes-Gascoyne, S . , J.R. Kramer & W.J. Snodgrass (1986). A new model descr ib ing the 

adsorpt ion o f copper on MnO,. Environmental Science & Technology 20, 1047 - 1050. 

3. Wanneer b i j de SEP-PAK-ligand-kompetitie-techniek EDTA wordt 
toegevoegd, ve r schu i f t de kromme van geadsorbeerd versus t o t a a l koper 
n i e t naar hogere koncen t r a t i e s t o t a a l koper, zoa l s Sunda & Hanson 
(1987) s t e l l e n , maar naar l agere koncen t ra t i e s geadsorbeerd koper. 
L i t e r a t u u r : Sunda, W.G. & A.K. Hanson (1987). Measurement o f f r e e cup r i c ion concent ra t ion i n 

seawater by a l igand compet i t ion technique i nvo l v ing copper so rp t i on onto C.« SEP-PAK 
c a r t r i d g e s . Limnology and Oceanography 32, 537 - 551. 

4. Door sguare-wave-CSV-gegevens t e tonen en differential-pulse-CSV 
gegevens t e beschr i jven , suggereren Huynh Ngoc & Whitehead (1986) een 
hogere gevoel igheid voor hun n ikke l - en kobal tbepal ing dan z i j kunnen 
waarmaken. 
Literatuur: Huynh Ngoc, L. & N.E. Whitehead (1986). Nickel and cobalt determination in the North 

Western Mediterranean by differential pulse cathodic stripping voltammetry. 
Oceanologica Acta 9, 433 - 438. 

5. De in het evenwichtsprogramma MINEQL (1976) opgenomen log(K) van -5.1 
voor he t Sn (IV) /Sn ( I I ) -koppel i s n i e t in overeenstemming met de 
s t andaa rd - r eduk t i e -po t en t i a a l zoals gegeven in Weast (1979), en zou 
+5.1 moeten bedragen. 
L i t e r a t u u r : - Wes ta l l , J .C . , J . L . Zachary & F.M.M. Morel (1976). MINEQL. A computer program f o r 

t he c a l c u l a t i o n o f chemical e q u i l i b r i u m composit ion o f aqueous systems. Water 
q u a l i t y Laboratory MIT Technical Note No. 18. 

- Weast, R.C. ( ed . ) (1979). CRC handbook o f chemistry and physics, 59th e d i t i o n . CRC 
Press, Boca Raton, F l o r i d a . 

6. De formele l ad ing van het arseen-atoom in mono- en dimethylarseenzuur 
bedraagt +5, en n i e t +3 r e sp . +1 zoals Wood (1974) beweert . 
L i t e r a t u u r : Wood, J.M. (1974). B i o l og i ca l cyc les f o r t o x i c elements i n t he environment. Science 

83, 1049 - 1052. 

7. De door E lkha t ib , Bennett & Wright (1984) vermelde gegevens over de 
k i ne t i ek van arseent I I I ( - adsorp t i e z i j n in s t r i j d met de door deze 
au teurs vermelde formule. 
L i t e r a t u u r : E l kha t i b , E.A., O.L. Bennett & R.J. Wright (1984). A rsen i te so rp t i on and desorpt io ' 

i n s o i l s . So i l Science Society o f America Journal 48, 1025 - 1030. 



8. Een goede wetenschapper is niet altijd een goede manager. 

9. Kunst is onbetaalbaar. 

10. Alleen al het feit dat Veronica denkt De wereld in een half uur te 
kunnen behandelen, geeft aan hoe oppervlakkig deze omroep is. 

11. Om het autogebruik te ontmoedigen verdient het aanbeveling een systeem 
te ontwikkelen waarbij wandelaars en fietsers voortdurend groen licht 
krijgen, tenzij automobilisten uit hun auto komen en via een 
"drukknopje" hun aanwezigheid kenbaar maken. 

12. In het kader van het volksgezondheidsbeleid dient het gebruik van een 
walkman in openbare ruimten (inklusief het openbaar vervoer en musea) 
te worden verboden. 

13. Aangezien de Nederlandse overheid zich bezorgder toont om de toekomst 
van de Nederlandse taal dan om die van de Friese, lijkt hier geen 
sprake van een principiële betrokkenheid bij bedreigde talen. 

14. Efter dat allegearre, wat fatsoenlike lju ûnderinoar ûtmeitsje, leit 
dochs altyd it aventoer op'e loer (vrij naar Sigfrid Siwertz in de 
vertaling van Marten Sikkema). 

15. Patstelling. 

Stellingen behorend bij het proefschrift Speciation and bioavailability of 
copper in Lake Tjeukemeer. Wilko Verweij, 25 september 1991. 



Alleen de zuivere verschijning 
der elementen, in evenwichtige 
verhouding, kan in leven en kunst 
de tragiek verminderen. 

Piet Mondriaan 
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Chapter 1 

Introduction 

1.1. Actuation 

In the nineteen sixties the Limnological Institute in the Netherlands 
started a long-ter« research project in Lake Tjeukemeer within the framework 
of the International Biological Programme (IBP). The research work was 
continued after the conclusion of the IBP, and until now physical, chemical 
and biological (algae, zooplankton, fish) parameters have been determined. In 
the nineteen eighties trace metals were included in the chemical monitoring 
program. Investigations were focused on a selected group of essential metals, 
with certain specific biological functions which can not be performed by other 
metals. The lack of such metals results in limited growth. Some of these 
metals may be toxic, however, if present in too high concentrations. Copper 
is such a metal which may be limiting and toxic. 

Total copper concentration in Lake Tjeukemeer was found to be high 
enough to be toxic for algae, according to the literature. On the other hand, 
literature reports point at the fact that organic material is able to reduce 
algal copper toxicity by forming organic copper complexes, involving both 
synthetic organic ligands (Allen, Hall & Brisbin, 1980; Morel, Rueter & Morel, 
1978) and natural organic ligands (Baccini & Suter, 1979; Toledo, D'Aquino & 
Tundisi, 1982). Lake Tjeukemeer contains high concentrations of organic 
material, and the possibility that it may complex copper reducing its 
availability to the extent of only limiting algal growth can not be ruled out. 
This apparent contradiction between high copper concentrations and non algal 
toxicity was the reason that prompted the start of this research project 
focused on the bioavailability of copper for algae in Lake Tjeukemeer in 
relation to copper speciation. This thesis reports the results of such study. 

It should be emphasized that the chemical term "speciation" has several 
meanings. Before they can be discussed, it is useful to define the term 
"species" as a molecular form (configuration) of atoms of an element or 
cluster of atoms of different elements after Bernhard, Brinckman & Irgolic 
(1986). Based on this concept, "speciation" can then be defined as one of the 
following: 

1. the analysis of species; 
2. the description of the distribution of species of an element; 

3. the reactivity of a species; 
4. the transformation of certain species into other species. 

In this thesis the term "speciation" refers to the distribution of an element 
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over all possible species of that element. 

1.2. Aim of this project and setup of this thesis 

In order to investigate the relationship between copper speciation and 
its bioavailability in Lake Tjeukemeer, more insight into the environmental 
geochemistry of copper is required. First of all, it was not exactly known how 
the man-made hydrology of the lake affected total copper concentrations in the 
lake. Secondly, no information was available on the binding of copper to lake 
sediment. 

Preliminary experiments indicated that copper complexing capacity in 
Lake Tjeukemeer is fairly high (several tens of uM of copper), but no 
additional information on copper speciation was available. There was also a 
lack of data on copper bioavailability, since no biological experiments had 
been performed. It was therefore chosen to investigate: 

the influence of Lake Tjeukemeer hydrology on its copper concentrations 

(described in sections 2.3 and 2.4); 
the binding of copper by lake sediments (section 2.5); 

the speciation of copper in Lake Tjeukemeer; one physical technique 
(ultrafiltration) was used (chapter 3) and several chemical techniques: 

anodic and cathodic stripping voltammetry (chapter 4), adsorption to 

manganese oxide (section 5.1), competition with a synthetic ligand in 

combination with voltammetry (section 5.2), and modelling (chapter 7); 

the fate of copper added to lake water by performing copper titrations 

(chapter 6); 

the bioavailability of copper for algae by carrying out bioassays 
(chapter 8 ) . 

The remaining sections in this chapter are devoted to the relationship 

between copper speciation and bioavailability, and the problems associated 

with investigating copper speciation at natural copper concentrations. 

In section 2.1 and 2.2 the chemistry and hydrology of Lake Tjeukemeer 

are briefly discussed. 

Finally, the information presented in each chapter is compiled and 

summarized in chapter 9. This is followed by summaries in English, Dutch and 

Frisian, and literature references. 

1.3. Which species control copper availability? 

In section 1.1 it has already been remarked that organic ligands could 

reduce the toxicity of copper by forming organic copper complexes. Apparently 
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not all copper species are equally toxic. The question arises as to which 

copper species determine copper availability. Since copper predominantly 

exists in the divalent form under environmental conditions (Huntsman & Sunda, 

1980), no attention was paid to monovalent copper. A literature review led to 

the conclusion that Cu2* (so-called "free" copper) controls copper 

availability, although lipid-soluble copper complexes may also be available 

and toxic too. This conclusion is discussed in the following paragraphs. 

In 1976 Sunda & GuiHard published a paper in which they described 

bioassays of two algal species in synthetic culture media. They varied the pH 

and the concentration of 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS) in 

order to control pH and free copper concentrations. The free copper activity 

was computed by chemical equilibrium calculations. The biological parameters 

examined by these authors (copper contents of the algal cells and growth rate 

inhibition) were found to be a function of free copper activity and not of 

total copper concentration. 

Comparable experiments were also described by Anderson & Morel (1978). 

They monitored parameters such as fixation of 14C02 by a dinoflagellate and 

its loss of motility in artificial seawater media. TRIS and 

ethylenediaminetetraacetate (EDTA) were used to control the free copper 

concentrations. The mentioned parameters appeared to be a unique function of 

the calculated free copper activity rather than of total copper concentration. 

Sunda & Gillespie (1979) described bacterial bioassays in diluted 

seawater in which the concentration of nitrilotriacetic acid (NTA) was varied 

to control free copper concentration. The uptake of 14C-glucose again appeared 

to depend on free copper activity rather than on total copper concentration. 

Baccini & Suter ( 1979 ) reported about chemical and biological conditions 

in limno-corrals. Copper bioavailability could be described as a function of 

the pH, the concentration of organic ligands and the conditional stability 

constant of the organic copper complexes. By using chemical equilibrium 

computations this relationship could be explained in terms of free copper 

controlling bioavailability. 

In 1979 Hagemann & Barica published a commonly cited paper in which they 

suggested that other copper species besides free copper are suspected toxic. 

These authors described how lakes were treated with copper sulphate to reduce 

the growth of algae. They estimated free copper concentration by equilibrium 

calculations, but did not measure growth or any other biological parameter. 

However, they suggested that, in addition to Cu2+, Cu(OH)+ and Cu(0H)2 are also 

toxic. No clear evidence was presented to support this hypothesis. 

Petersen (1982) cultured a green alga in a synthetic medium, measured 

the growth rate and calculated the free copper concentration. Growth rate was 

a function of the free copper concentration rather than the total copper 

concentration. 

Sunda & Ferguson (1983) examined the incorporation of ̂ -labelled amino 

acids by natural marine microbial communities. Copper and NTA concentrations 

were varied. Free copper concentration was calculated by comparing the 
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incorporation in a copper addition series without NTA with the incorporation 
in a copper addition series with NTA, and by using appropriate equilibrium 
calculations. Amino acid incorporation was a function of free copper 
concentration and was independent of total copper concentration. 

Florence, Lumsden & Fardy (1983) cultured a marine diatom in enriched 
sea water, and measured the cell density. Linoleic acid (an unsaturated fatty 
acid) reduced the growth of algae slightly, but its copper complex was more 
toxic. Two other ligands, 8-quinolinol and 2-methyl-8-quinolinol were also 
toxic, both as free ligand and as copper complex. These three mentioned 
ligands are all lipid-soluble. Comparable ligands whose copper complexes were 
not lipid-soluble, were not toxic. These authors concluded therefore that 
lipid-soluble copper complexes may be toxic for algae. 

Sunda, Klaveness & Palumbo (1984) reported on bacterial bioassays in 
synthetic media in which the NTA-concentration was varied. Uptake of labelled 
amino acid or glucose was recorded to represent growth, which turned out to 
be a function of the free copper activity and not of the total copper 
concentration. 

Anderson, Lively & Vaccaro (1984) used the same method as Sunda & 
Ferguson (1983) to determine free copper concentration. The uptake of labelled 
glucose by a bacterial clone was recorded, and appeared to be a function of 
the free copper concentration, not of the total concentration. 

The conclusion from these studies is that the free copper ion Cu2+ and 
lipid-soluble copper complexes are the only species controlling copper 
availability for bacteria and algae. In this thesis, attention is focused on 
free copper, since the toxicity of lipid-soluble copper complexes is a result 
of the toxicity of copper and the toxicity of the ligands. The separate 
contributions can not be distinguished. Besides, the ecological relevance of 
the lipid-soluble copper complexes is not clear. Moreover, the free copper 
concentration was pointed to as the parameter controlling copper availability 
by many more authors than lipid-soluble copper complexes. 

It should be stressed that, since none of these authors systematically 

varied the ionic strength, it is in fact not clear whether free copper 

activity or free copper concentration controls its bioavailability. 

Nevertheless, the fact that only one species is responsible for controlling 

bioavailability, allows one to focus attention on this particular species when 

investigating copper availability instead of having to take into account 

several possibilities. Besides, the activity of Cu2+ is about 30% of the 

value of its concentration when the ionic strength is 0.5 M (as calculated 

using the Davies equation). This ratio is much smaller than the ratio between 

free and total copper concentration. 

Two questions yet have to be answered in this section: why is copper 

essential for algae, and why can it be toxic. The reason copper is essential 

for algae stems from it being a necessary element in plastocyanin (a protein 

involved in photosynthesis) and a cofactor for several enzymes (Huntsman & 
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Sunda, 1980). Copper can not be replaced in these enzymes without disturbing 
their biological activity. When the copper concentration becomes too high, 
copper effectively competes with other metals for sites in numerous other 
enzymes whose biological activity is reduced when copper replaces those metals 
(Huntsman & Sunda, 1980). Besides, copper may react with functional groups in 
enzymes (Huntsman & Sunda, 1980; Stauber & Florence, 1986). Stauber & Florence 
(1985a, 1985b, 1987) demonstrated that trivalent metal ions (Al, Cr, Mn, Fe, 
Co) reduced copper toxicity, probably by forming copper-impermeable hydroxides 
on the outside of the cells, whereas divalent metal ions (Ni, Zn) did not. 

1.4 . How to determine [Or*] 

In all papers mentioned in the previous section, the free copper 
concentration or activity was calculated, not measured. The reason 
computations are used is that by means of currently available analytical 
techniques it is impossible to determine experimentally the free copper 
concentration at ambient levels. For open seawater samples, total copper 
concentration is typically between 10'9 and 10~8 M (Huntsman & Sunda, 1980), 
for inland water usually about one order of magnitude higher with extreme 
values up to 5 * 10~7 M for the highly polluted river Rhine (Salomons & 
Förstner, 1984). 

Free copper is only a fraction of total copper and its concentration is 
therefore lower than the above mentioned values, thus reaching extremely low 
concentration levels. Yet many analytical chemists consider it a challenge to 
try and experimentally determine free copper concentrations at ambient levels. 
In this section several methods will be briefly described including their 
potentials and drawbacks. It will be shown that serious problems are 
associated with all methods mentioned. 

Size fractionation techniques may be used to gain insight in the size 

of species present in a sample. Ultrafiltration, probably one of the most 

frequently applied size fractionation techniques in metal research, is not as 

straightforward as it sometimes seems to be. The results depend not only on 

the size of a molecule, but also on its shape and charge as well as the degree 

of hydrophobicity of the filter (Hoffmann et al., 1981). Besides, results may 

be complicated by adsorption of species onto the filter (Benes & Steinnes, 

1974; Buffle, Deladoey & Haerdi, 1978), speciation changes due to the long 

time needed for the experiments and the gradually increasing concentration of 

species too large to be filtered off (Benes, Gjessing & Steinnes, 1976; Buffle 

& Staub, 1984; Hoffmann et al., 1981; Sojo & De Haan, 1991) or contamination 

(Benes & Steinnes, 1974; Giesy & Briese, 1977). Results of ultrafiltration 

experiments should therefore be interpreted with care. 

Several electrochemical techniques can also be applied to obtain 
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information on free copper concentration. The cupric ion selective electrode 
(ISE) can be used to determine free copper activity but its high detection 
limit renders it unusable in unpolluted waters. Another disadvantage of the 
cupric ISE, is the interference of chloride ions. Although this does not 
represent a problem in freshwater, it does hinder its application in seawater 
(Sunda, Klaveness & Palumbo, 1984). Another electrochemical technique, anodic 
stripping voltammetry (ASV), has a sufficiently low detection limit to detect 
copper at ambient concentration levels, but beside free copper, several other 
important inorganic copper complexes and some organic complexes are determined 
simultaneously (Florence, 1986; Betti & Papoff, 1988). Recently cathodic 
stripping voltammetry has been introduced in metal speciation research (Van 
den Berg, 1984a, 1984b, 1984c, 1986). For copper the method is based on the 
competition of catechol (1,2-dihydroxybenzene, a synthetic ligand) with 
natural ligands complexing copper. Copper complexes that dissociate fast 
enough (typically within a few minutes) will therefore be detected together 
with free copper ions. This method can not be applied to samples containing 
high concentrations of organic carbon (Gerringa, 1990; this thesis). 

Another group of methods also based on addition of a synthetic ligand, 
but requiring much longer equilibration times is ligand competition 
techniques. In these cases it may be assumed that true equilibrium exists, 
allowing the free copper concentration to be computed if certain conditions 
are fulfilled. Results of calculations have to be interpreted with care, 
however, because the data required for the equilibrium calculations are not 
always known accurately enough. Besides, sometimes extrapolation is necessary 
to obtain information on natural situations. Examples of ligand competition 
techniques are the Hn02-adsorption method (Van den Berg & Kramer, 1979a, 
1979b; Van den Berg, 1982a, 1982b, 1983) and the SEP-PAK C1B adsorption method 
(Sunda & Hanson, 1987). 

Neutron activation analysis is a method with very low detection limits 
(Benes & Steinnes, 1974; Benes, Gjessing & Steinnes, 1976), but for copper no 
isotope exists with a suitable half-life time (Weast, 1979), which is a 
prerequisite for this technique. 

This enumeration is not complete, since the number of techniques in use 
is so large that it is very hard to review them all. Apart from analytical 
techniques, chemical equilibrium calculations are sometimes used to estimate 
free copper concentrations. For simple, well defined, inorganic systems 
usually sufficient information is available to calculate the speciation. 
However, even in such simple systems problems arise, because the reported 
equilibrium constants sometimes differ by a factor 100 or 1000 (Giesy & 
Alberts, 1989). For natural systems it is usually not possible to calculate 
the speciation, unless detailed experiments are done to study the interactions 
of copper with organic matter. 

Bioassays may yield ecologically interesting information on possible 
limitations in natural waters. Bioassays as such do not make clear which 
species is or are available, nor do they give specific quantitative 
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information. 

The conclusion thus must be that no ideal method exists for determining 

free copper concentrations in natural systems, except for highly polluted 

waters. The problem as described in section 1.2 must therefore be tackled by 

a careful interpretation of non-ideal methods and a combination of 

simultaneously used methods, e.g. bioassays with equilibrium computations 

(chapter 8 ) . 

1.5. Implications for materials and methods 

The extremely low levels of total copper concentrations found in natural 
waters already imply that normal "good laboratory practice" is by far not 
enough to obtain reliable experimental results. For speciation research, 
demands on methods and procedures are obviously even more stringent. Because 
this holds for all experimental methods applied, the consequences of careful 
handling during experiments described here are general. By giving this 
information at this point, it becomes unnecessary to discuss this subject in 
detail in each individual chapter. 

Collection and filtration of samples, as well as all subsequent handling 
may be a severe source of contamination (Hart, 1979a, 1979b; Mart, Nürnberg 
& Valenta, 1980). For this reason, all new sample containers and other new 
materials that might come in contact with samples were soaked with acid 
(usually 10% HN03) at least overnight, and flushed with Milli-Q water at least 
four times. The containers and other materials were kept in contact with 
Milli-Q water at least overnight, and this portion of water was measured for 
copper contents using a graphite furnace atomic absorption spectrophotometer 
(GFAAS). If the copper concentration did not exceed 3 nM (about the detection 
limit of the equipment), the materials were considered clean. 

Polyethylene bottles were used throughout, except when explicitly stated 
otherwise. Bottles were, whenever possible, used for only one purpose (same 
matrix, same total copper concentration), and were in such cases rinsed only 
with Milli-Q water (four times) and not with acid. If bottles were to be used 
for a different matrix and/or total copper concentration, they were rinsed 
four times with Milli-Q water, equilibrated with Milli-Q water at least 
overnight, and the copper concentration of that portion of water was 
determined using GFAAS. Concentrations of 3 nM and lower were considered 
acceptable. When the copper concentration was higher, the bottles were treated 
as described for new materials. 

All chemicals used were at least reagent grade. Milli-Q water was used 
for rinsing and preparing solutions. All critical experiments were carried out 
in a room only used for trace metal work. A slight positive pressure was 
applied to this room, and incoming air was being filtered to prevent 
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contamination by dust. 

All these measures were required in order to keep sample contamination 

to a minimum and under control throughout this project. 
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Chapter 2 

Copper concentration in Lake Tjeukemeer and external 

influences 

2.1. General description of Lake Tjeukemeer 

Lake Tjeukemeer, the object of this study, is situated in the north of 

the Netherlands, in the province of Friesland (figure 2.1). It is a shallow, 

alkaline lake (average depth: 1.5 meter) with a peaty bottom. The water is 

eutrophic (1989 average: 0.22 mg P'L"1; 3.59 mg N'L"1) and has a brown colour 

caused by a high concentration of organic compounds (1989 average: 19.1 mg 

dissolved organic carbon (DOC)-IT1). Lake Tjeukemeer is connected with several 

other lakes by canals. This system of interconnected canals and lakes is 

called the Frisian "boezem". 

The lake is surrounded by polders that are predominantly used for 

agricultural purposes. The hydrological regimes of these polders determine by 

and large the composition of the water in Lake Tjeukemeer. In autumn and 

winter, the wet seasons, there is usually a surplus of water in the polders, 

which is pumped into the lake. Water from the polders is more eutrophic (1989 

average at the sampling point: 0.26 mg P'L-1; 4.39 mg N-L"1) and browner by 

organics (1989 average: 29.5 mg DOC-L"1) than the lake's. As a consequence, 

in the wet seasons, the lake contains increasing concentrations of phosphorus, 

nitrogen and DOC. In the dry seasons, there is usually a need for water in the 

polders. Lake water is then let into the polders, and the lake is supplied 

(via the "boezem") with water from Lake Usselmeer, which itself is not part 

of the "boezem". Lake Usselmeer is fed by the river Ussel, a branch of the 

river Rhine, which contains high concentrations of sodium chloride. This 

results in increasing chloride concentrations in the lake and, because of 

dilution, decreasing DOC-concentrations in summer time. The chloride 

concentration decreases at the start of the wet season by dilution with water 

from the polders. Changes in meteorological conditions out of the average may 

obscure these changes. 

The eutrophication of the lake results in huge algal blooms, usually 

dominated by diatoms in spring and by Cyanobacteria in summer. Cryptophyceae 

and green algae may also occur in large numbers, but they seldom dominate the 

phytoplankton community. 

More information on Lake Tjeukemeer can be found in e.g. Leenen (1982), 

Hoed & Hoogveld (1982) and Van Huet (1990). 
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Figure 2.1. Map showing location of Lake Tjeukemeer and its sampling points. 
Arrows indicate water movement in winter and summer. 
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2.2. Copper concentration in Lake Tjeukemeer 

During this study, the copper concentration in water from Lake 

Tjeukemeer was measured fortnightly in both raw and filtered (< 0.2 urn) water. 

Samples were taken from ten sites (numbered 1 - 10 in figure 2.1), using a 

perspex tube (length 1 meter). The samples were mixed upon arrival at the 

laboratory. Since copper concentrations were sometimes close to the detection 

limit of our equipment, a 100 ml aliquot of the mixed sample was concentrated 

by freeze-drying, redissolving in 10.6 ml 0.79 M HN03 and heating overnight 

at 110°C. Copper concentrations were subsequently determined on an atomic 

absorption spectrophotometer (Ferkin-Elmer 2380) equipped with a graphite 

furnace (HGA-400) and autosampler (AS-40). Background correction was performed 

by using a deuterium lamp. 

The most common pore size used for separating "dissolved" species and 

particles is 0.45 urn (Salomons & Förstner, 1984). Yet for this study 0.2 urn 

was chosen because it is the pore size which has been used for over twenty 

years at our institute, allowing to compare results obtained in this study 

with those for other elements. However, some material which is not truly 

dissolved may be smaller than 0.2 um (Stumm & Morgan, 1981), so neither 

0.45 urn nor 0.2 um really distinguish between the dissolved and the 

particulate fraction. 

De Haan et al. (1990) showed that the total concentration of copper in 
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Figure 2.2. Dissolved (< 0.2 yja) copper concentration in Lake Tjeukemeer (in 
nM). 
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Lake Tjeukemeer was strongly correlated with wind speed. Hind-induced 

resuspension in this shallow lake was therefore supposed to control the 

strongly fluctuating total copper. For this reason, all experiments described 

in this thesis were done in filtered (< 0.2 um) samples to exclude wind 

effects, unless explicitly stated otherwise. Using filtered samples also has 

a disadvantage, since during the process of filtration the sample may become 

contaminated (see also section 3.1 ). However, contamination of the "dissolved" 

copper fraction by filtration was at most a few tens of percents, while wind 

influenced total copper concentration by as much as a factor three (De Haan 

et al., 1990). 

Figure 2.2 shows the "dissolved" copper concentration in Lake Tjeukemeer 

during the term of the experimental part of this project. With the exception 

of one contaminated sample half-way 1988 containing more than 160 nM, 

"dissolved" copper concentration was never higher than 85 nM. 

2.3. Influence of water from Lake IJsselmeer 

One might wonder if the water quality in Lake IJsselmeer, indirectly fed 
by the highly polluted river Rhine, may increase copper concentration in Lake 
Tjeukemeer, when water from Lake IJsselmeer is let into the Frisian "boezem". 
This is not a purely hypothetical situation, since usually 30% of the water 
let in at Lemmer (near Lake Tjeukemeer) reaches Lake Tjeukemeer (Van Huet, De 
Haan & Ciaassen, 1987). At present it is not easy however, to answer this 
question using the available data. 

Measurements taken by other researchers showing that copper 
concentrations in Lake IJsselmeer are much higher than in Lake Tjeukemeer, as 
described by De Haan et al. (1990), may shed some light on the subject. The 
difference between copper concentrations in both lakes must be analyzed with 
caution, since the methods and techniques used to determine copper in Lake 
IJsselmeer may not be compatible with those used in Lake Tjeukemeer. At any 
rate, the assumption that water from Lake IJsselmeer entering the Frisian 
"boezem" contains more copper than that of Lake Tjeukemeer, does not 
necessarily imply that the copper load let in at Lemmer reaches Lake 
Tjeukemeer. 

One way of testing this latter statement is to look at the copper 
concentrations at an eleventh sampling point (called "11") situated in the 
west of Lake Tjeukemeer, close to where water from Lake IJsselmeer enters Lake 
Tjeukemeer (see figure 2.1). Unfortunately, only copper measurements in 
unfiltered samples are available for this sampling point. Comparison with 
copper concentrations in unfiltered samples taken from the rest of the lake 
is hardly useful because of the wind effects that probably work out 
differently in the small, nearly enclosed, western part of Lake Tjeukemeer 
than in the much larger rest of the lake. If this comparison nevertheless is 
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Average copper concentration (nH) 

year 

1987 

1988 

1989 

Lake Tjeukemeer 

36 (20) 

38 (25) 

2 7 ( 2 4 ) 

point "11' 

34 (20) 

35 (25) 

27 (24) 

Table 2.1. Average copper concentration in nH during three years in Lake 
Tjeukemeer and at point "11", the sampling station close to where water from 
Lake iJsselmeer enters Lake Tjeukemeer; between brackets: n. 

made, hardly any difference is found, as demonstrated by table 2.1. Even in 

dates when the chloride concentration exceeded the year average (i.e. when 

water from Lake IJsselmeer was let in), the same conclusion is reached. It is 

therefore not possible to conclude unambiguously that letting in water from 

Lake IJsselmeer increased the copper concentration in Lake Tjeukemeer. 

It is possible that some geochemical mechanism is responsible for 

removing copper from Lake IJsselmeer water on its way to Lake Tjeukemeer. This 

mechanism could be coprecipitation with calcium carbonate. Salomons & Hook 

(1980) have shown the importance of calcium carbonate precipitation in the 

geochemistry of Lake IJsselmeer, especially in summer. It is likely that this 

precipitation reaction also occurred after water from Lake IJsselmeer was let 

into the Frisian "boezem". Possibly copper coprecipitated with calcium as a 

mixed carbonate, thus lowering the copper concentration. Another explanation 

is physical settling of particles (e.g. carbonate colloids or suspended matter 

with adsorbed copper) already formed in Lake IJsselmeer. 

Summarizing, no reliable indications were found that the copper 

concentrations in Lake Tjeukemeer were increased by letting in water from Lake 

IJsselmeer into the Frisian "boezem". 

2.4. Influence of water from the polders 

It is interesting to investigate the possibility that water from the 

polders around Lake Tjeukemeer controlled the total concentration of copper 

in the lake, now that is has been established that water from Lake IJsselmeer 

did not demonstrably do so. Average copper concentrations in Lake Tjeukemeer 

and at "Echten/Bantega" (a sampling station in the "Veenpolder van Echten", 

a polder south of the lake), displayed in table 2.2, suggest this might be 

indeed the case. If this hypothesis is true, it should be possible to show 

that the copper concentrations in the polder water increased locally by either 

leaching, or surface run-off, or both. Two types of experiments were used to 

test the relevance of leaching (percolation experiments and sampling of ground 
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Average copper concentration (nM) 

year 

1987 

1988 

1989 

Lake Tjeukemeer 

36 

38 

27 

(20) 

(25) 

(24) 

point "Echten/Bantega" 

51 

42 

28 

(20) 
(26) 

(24) 

Table 2.2. Average copper concentration in nM during three years in Lake 
Tjeukemeer and at point "Echten/Bantega", a sampling station in the 
"Veenpolder van Echten", south of the lake; between brackets: n. 

water), while a third type (sampling of field-drains and ditches1, and 

comparing of results) was used for testing the importance of surface run-off. 

Percolation experiments were used to investigate leaching in the upper 

ten to twenty cm of the soil column. Samples from meadows in the "Veenpolder 

van Echten" were taken in the wet season, by pressing a perspex tube into the 

soil, and were eluted with a solution of artificial rain water. Preliminary 

experiments with artificial rain water were carried out at a pH of 3 to test 

for potential copper leaching. Since this appeared to be the case, subsequent 

experiments were run at a pH of 4.7, equal to the local rain water pH. At both 

pH's, typical copper concentrations in the unfiltered eluate, as determined 

by flame AAS, ranged from 800 to 1600 nM. The pH of the artificial rain water 

solution appeared to have little effect on the eluate pH, since this was 

always alkaline. This indicates that the buffer capacity of the soil was not 

exceeded. The time during which the artificial rain water was kept into 

contact with the soil column appeared to have a greater effect than the pH of 

the solution. When the outlet of the column was shut off overnight, the copper 

concentration in the eluate was much higher the next morning than shortly 

before shutting the column off. This may be due to diffusion controlled 

kinetics of copper leaching or slow ion exchange kinetics. 

A few experiments were also conducted with samples taken at a site 

where, until shortly before sampling, a dung-hill of cow-dung had been 

located. The copper concentrations in eluates of these soil columns were 

typically around 16000 nM. The conclusion from these experiments was that 

copper may leach from the upper ten to twenty cm of the soil column, provided 

the contact time is long enough. 

To find out if copper may also leach from deeper soil layers, tubes of 

two meter in length were placed in the meadows at the "Veenpolder van Echten" 

to sample the ground water between one and two meter below the surface. The 

lower meter of the tube was perforated to let the ground water through, and 

^'ditches" as meant here are typically 0.5 to 1.5 m wide, and around 0.5 m 
deep. 
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covered with nylon gauze to prevent particles from entering the tube. The 

ground water was pumped up through a plastic tube and collected in 

polyethylene bottles. Copper concentrations in the unfiltered samples were 

determined using graphite furnace AAS. The average of 85 samples taken from 

eight different tubes during ten weeks in the wet season was 21 nH of Cu, 

which was a lower concentration than that of the polder water at the sampling 

site (cf. table 2.2). Apparently, copper may leach under certain conditions, 

but the copper concentrations in ground water between one and two meter below 

the surface did not reach values as high as in surface water. Leaching of 

copper is therefore not likely to have increased its concentration in surface 

water in the polder and in Lake Tjeukemeer. 

Another possible explanation for the high copper concentrations in 

polder water, compared to Lake Tjeukemeer, might be surface run-off. To find 

out the validity of this assumption, samples were taken from field-drains, and 

from small drains collecting water from these field-drains. Copper 

concentrations in the unfiltered samples were determined using graphite 

furnace AAS. In the field-drains the average copper concentration was 127 nH 

(standard deviation 127 nH; median1 61 nH; 25 samples), in the small ditches 

46 nH (standard deviation 54 nH; median1 26 nH; 41 samples). The highest 

concentrations were measured during rainy spells. This means that in the 

field-drains copper concentration was much higher than at the sampling site 

"Echten/Bantega", and slightly higher in the small ditches. Since these small 

ditches in turn, drain into larger ones which transport the superfluous water 

via sampling point "Echten/Bantega" to Lake Tjeukemeer, it is likely that 

surface run-off, especially during rainy weather, increased copper 

concentration in Lake Tjeukemeer. 

2.5. Release of copper from the sediments to the water 

It is also important to have an idea if copper may be released from the 

sediment into the water column. Extraction of sediments may give some 

indication about the binding of metals to sediment. In a typical extraction 

experiment, a portion of sediment is mixed with a solution of an extracting 

solution. After equilibration, the sediment is physically separated from the 

supernatant solution, and the concentration of the element under study is 

measured in this solution. In some cases, extraction schemes involving various 

extractant solutions of increasing degree of "aggressiveness" are used. 

Synthetic chelators are also used in the extraction process. 

The interpretation of results of sediments extractions is not easy. E.g. 

because the standard deviation is about as high as the average, the median 
is also given. 
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Tessier, Campbell & Bisson (1979) developed an extraction scheme for metal 
studies consisting of five steps: 

1. extraction with either a magnesium chloride solution or a sodium 
acetate solution to extract exchangeable metals; 

2. extraction with an acidified (pH = 5) sodium acetate solution to 
release carbonate bound metals; 

3. extraction with hot hydroxy 1 amine in 25% acetic acid to extract metals 
bound to iron and manganese oxides; 

4. extraction with hot, acidified (pH s 2) hydrogen peroxide solution to 
release metals bound to organic matter; 

5. finally digestion with a mixture of hydrogen fluoride and hydrogen 
Perchlorate to release the remainder of the metals. 

Although this method appeared to have a fairly high selectivity, some overlap 
occurs among extracted fractions. Care should therefore be taken in 
interpreting the metals released in one of these steps as belonging to a 
specific geochemical class of compounds. Rapin et al. (1986) pointed to other 
potential artefacts. Anoxic sediments displayed quite different extraction 
patterns after exposure to air for the first, second and third step in the 
procedure described above. They also showed that the pretreatment of the 
sediment samples influences the extraction results. De Groot, Zschuppe & 
Salomons (1982) emphasized the importance of controlling the grain size 
composition of the samples subjected to the extraction, as different grain 
size compositions may display quite different results. They proposed to use 
the fraction < 63 um for extractions. It is therefore clear that the results 
of extractions have to be interpreted carefully; nevertheless interesting 
information may be obtained (Gerringa, 1990). 

Samples were taken at six sites in the lake. Site A was situated near 

the inlet of water from the "Veenpolder van Echten", site B in the south east 

of the lake, site C in the north east, site D in the north, site E in the west 

(at the same location as the water sampling point "11"; see also section 2.3 

and figure 2.1 ) and site F in the south west, near the water sampling point 1 

(see figure 2.1). Cores of at least ten cm in length were taken using perspex 

tubes. All cores consisted of mainly peaty material. After arrival at the 

laboratory, the cores were split in three layers, of 0 - 2, 2 - 5 and 5 - 1 0 

cm depth. The portions were sieved over 63 urn nylon gauze (UGB Panissières, 

France) with as little Hilli-Q water as possible. Usually around 100 ml was 

required. The sediment was subsequently dried at 40" C as recommended by De 

Groot, Zschuppe & Salomons (1982) until dryness (usually a few weeks). 

In this study two types of extractions were used. The first type 

followed the extraction scheme recommended by Salomons & Förstner (1984) which 

is a modification of the scheme developed by Tessier, Campbell & Bisson 

(1979). The second type of extraction uses EDTA and was developed by Keizer, 

Van Riemsdijk & De Haan (unpublished results). 
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The sequential extraction scheme as recommended by Salomons & Förstner 

(1984) was used as follows : about 0.1 g of dried sediment was weighed in a 

centrifuge tube and subjected to the extraction procedure. 

1. 1 ml of 1 N ammonium acetate (pH = 7) was added (to release 

exchangeable metals) and the suspension was shaken for 2 hours. The 

centrifuge tubes were centrifugea for 30 minutes at 3000 rpm. The 

liquid phase was decanted, and stored in plastic tubes to measure 

copper. To prevent carry-over into the next extraction solution, 5 ml 

of Milli-Q water were added, the suspension was shaken for 30 minutes 

and centrifugea for 30 minutes. The liquid phase was decanted and 

discarded. 

2. 1 ml of 1 M sodium acetate buffer (pH « 5) was added (to release 

carbonate bound metals) and the suspension was shaken for 5 hours. The 

suspension was subsequently separated and decanted as described for the 

first step. 

3. 5 ml of hydroxy1 amine, brought to pH = 2 with nitric acid were added 

and shaken for 12 hours to extract metals bound to easily reducible 

phases. For further treatment see the first step. 

4. 5 ml of oxalate buffer (0.2 H of ammonium oxalate and 0.2 H oxalic 

acid; pH = 3) was added to extract metals bound to moderately reducible 

phases and shaken for 24 hours. Further treatment was as described for 

the first step. 

5. 5 ml of hydrogen peroxide, acidified with nitric acid to pH = 2, were 

added to release organically bound metals. The centrifuge tubes were 

heated to 85°C until dryness. Ammonium acetate was added (5 ml; pH = 7) 

and after 2 hours of shaking the above described procedure was used. 

6. 5 ml of concentrated nitric acid were added to extract the residual 

metals. The tubes were heated to 120°C until dryness. 5.4 ml of 1 H 

nitric acid was used to redissolve the residue. The concentration of 

copper was measured in the liquid phase without further treatment. 

Copper concentrations were determined using graphite furnace AAS. 

Standards were prepared in the same matrix as the solutions. To check the 

reliability of the procedure, total copper concentrations were determined by 

destruction of the sediments by a mixture of equal volumes of nitric acid, 

hydrochloric acid and hydrofluoric acid. The total concentrations in sediments 

determined in this method, were compared to the sum of the concentrations 

obtained from each individual step in the extraction procedure. 

Preliminary extractions had shown that during the first and second step 

no measurable amounts of copper were released; during the third step small 

amounts were extracted in only a few samples. Since, as far as known, changes 

in the extraction pattern by contact with air do not occur for the remaining 

steps of the extraction scheme, exposure to air was not avoided. 

The sum of the concentrations released in each individual step was in 
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sample 

A 

B 

C 

D 

E 

F 

depth (cm) 

0 - 2 

0 . 3 / 5 6 . 3 / 1 8 . 9 / 2 4 . 5 
(286) 

0 . 2 / 6 5 . 5 / 9 . 1 / 2 5 . 3 
(393) 

0 . 5 / 5 5 . 6 / 2 . 9 / 4 1 . 0 
(345) 

0 . 6 / 5 9 . 2 / 1 2 . 5 / 2 7 . 7 
(605) 

0 . 1 / 6 4 . 8 / 1 7 . 1 / 1 7 . 9 
(577) 

0 . 0 / 6 0 . 7 / 2 0 . 9 / 1 8 . 4 
(666) 

2 - 5 

0 . 0 / 5 1 . 5 / 3 6 . 7 / 1 1 . 8 
( 78) 

0 . 2 / 5 6 . 7 / 1 0 . 2 / 3 2 . 9 
(277) 

5 . 1 / 4 8 . 0 / 2 4 . 7 / 2 2 . 2 
(146) 

8 . 6 / 5 1 . 9 / 1 1 . 9 / 2 7 . 6 
(424) 

0 . 0 / 6 5 . 3 / 1 3 . 9 / 2 0 . 9 
(485) 

0 . 0 / 3 5 . 3 / 4 6 . 9 / 1 7 . 8 
(185) 

5 - 1 0 

0 . 0 / 3 2 . 2 / 5 5 . 4 / 1 2 . 5 
( 69) 

0 . 0 / 5 5 . 6 / 2 4 . 1 / 2 0 . 3 
(163) 

0 . 0 / 3 6 . 9 / 4 3 . 5 / 1 9 . 6 
(225) 

4 . 3 / 4 7 . 2 / 5 . 2 / 4 3 . 3 
(243) 

0 . 2 / 6 4 . 2 / 4 . 3 / 3 1 . 3 
(475) 

0 . 0 / 3 0 . 2 / 6 1 . 5 / 8 . 3 
(158) 

Table 2.3. Results of the sequential extraction scheme. For steps 3 to 6 the 
percentages of released copper are shown. Between brackets the sum of the 
copper concentrations in nmol of copper per gram dry sediment are displayed. 

good agreement with the total copper measurements, generally within 10%. 

Results of duplicate extractions displayed variations of usually less than 

10%. 
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Figure 2.3. Distribution of extracted copper at sampling point A in percents; 
Hy = hydroxy1 amine (hardly visible); Ox = oxalate; Fe - peroxide; Ni = nitric 
acid. 
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A typical example of extraction results is displayed in figure 2.3. 

Table 2.3 contains all the results. The total copper concentrations in the 

sediments clearly decrease with depth. Extraction with hydroxy1 amine hardly 

releases any copper from the sediments. The fraction of copper released by 

extraction with oxalate gradually decreases with depth, while the fraction 

extracted by hydrogen peroxide increases with depth for most samples. The 

residual fraction displays a varying pattern. The observation that fairly 

aggressive chemicals are necessary to release any copper at all implies that 

copper in sediments of Lake Tjeukemeer is strongly bound. 

EDTA copper extraction was performed as described by Keizer, Van 

Riemsdijk & De Haan (unpublished results). To 1 gram of dried sediment 3 ml 

of a 0.02 H calcium nitrate solution were added. The solution was equilibrated 

with the sediment by shaking for 80 hours. 1 ml of a solution of a 5 iH 

Na2H2EDTA solution (pH = 7) was added to extract copper; to blanks 1 ml of the 

calcium nitrate solution was added. After centrifugation, the total copper 

concentrations were determined using AAS, the amount of copper released from 

the sediment was calculated after blank correction, and compared to the total 

concentrations as determined using the mixed acid destruction method. It 

appeared that only 10% of the copper in the sediment could be extracted this 

way. 

The conclusion drawn from these experiments'is that the copper present 

in sediments of Lake Tjeukemeer was rather strongly bound. Copper 

(re-)mobilization from the sediments to the water is therefore probably not 

very important. 
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Chapter 3 

Ultrafiltration 

3.1. Discussion of the technique 

Ultrafiltration is a technique that may be used to fractionate 

components of natural waters. Unlike many other speciation techniques, its use 

is not only limited to a few elements, but it may be applied to determine size 

fractions of any element provided its total concentration can be determined 

by some method. Ultrafiltration has been used in for example the 

characterisation of organic carbon in natural waters (Buffle, Deladoey & 

Haerdi, 1978), and to gain an insight into the size of copper complexing 

ligands (Giesy & Alberts, 1989; Alberts, Giesy & Evans, 1984; Giesy, Alberts 

& Evans, 1986; Benes, Gjessing & Steinnes, 1976; Buffle & Staub, 1984; Giesy 

& Briese, 1977; Hoffmann et al., 1981). The first three papers in the above 

list demonstrated that large amounts of organic carbon were small, i.e. not 

more than a few nm, and may be responsible for complexing copper. Since 

inorganic ligands were also found in the smallest fraction, these may also 

complex copper. Buffle & Staub (1984) showed that copper was complexed by 

small organic ligands. 

It is remarkable that only a few workers have investigated the behaviour 

of metals using ultrafiltration. Benes & Steinnes (1974) and Benes, Gjessing 

& Steinnes (1976) have: they were able to draw conclusions about which metals 

were likely to be associated with humus and which were not, but for some 

reason or another they did not include copper in their research. Giesy & 

Briese (1977) investigated the size of copper complexes, and found that 70% 

were smaller than 3.2 nm, but no copper species smaller than 0.9 nm were 

detected. This is remarkable since more than 70% of organic carbon was smaller 

than 0.9 nm. The authors state that it is not possible to inorganically 

complex copper at the pH (3.5) and redox (55 mV) conditions of their sample, 

thus the copper must be either free or organically complexed or both. The 

ratio Cu/C was higher in the larger fractions, which can only be explained by 

a different activity of carbon in the various size fractions. Hoffmann et al. 

(1981) found that more than half of the copper present was in species with 

molecular weight of less than 10000, and a small fraction with weights of even 

less than 1000. Carbon displayed a similar behaviour. Baccini & Suter (1979) 

found that 30% of Cu had a molecular weight less than 1000 and the remainder 

less than 10000. Small carbon species could complex more Cu per gram C than 

larger species. 

Since the data obtained by Giesy & Briese are given in nm units, while 

the others are reported in molecular weights, the sizes obtained by Giesy & 
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Briese will have to be converted in cut-offs. If copper species behaved like 
globular proteins, 70% would have a molecular weight less than 50000, while 
no copper species less than 500 units would be present. The conclusion from 
the work of Giesy & Briese (1977), Hoffmann et al. (1981) and Baccini & Suter 
(1979) is that some copper complexes have molecular weights below 1000, while 
a substantial fraction of copper complexes has weights of less than 50000, and 
possibly less than 10000. 

The concept of ultrafiltration is simple. Nevertheless, some problems 
may frustrate the application of ultrafiltration. First of all, the 
relationship between pore size and molecular weight cut-off is not linear. 
This is because the shape and charge of a molecule determine the actual cut­
off, given the pore size and degree of hydrophobicity of the filter (Hoffmann 
et al., 1981). In addition, the chemical nature of complexes is not simply 
made clear: Giesy & Alberts (1989) e.g. found copper, organic and inorganic 
ligands in small fractions. They could not come to any definite conclusions 
as to the complexation of copper. Statistical relationships between the size 
fraction and the occurrence can be calculated for copper and ligands, but high 
correlations do not prove associations; at most, they give strong indications. 

Adsorption of all kinds of elements onto the filter may also be a source 
of error (Benes & Steinnes, 1974; Buffle, Deladoey & Haerdi, 1978). 
Furthermore, the speciation in the sample may change during the experiments 
because of the long time periods needed to perform the filtration and the 
increase in concentration of species too large for the applied pore size 
(Benes, Gjessing & Steinnes, 1976; Buffle & Staub, 1984; Hoffmann et al., 
1981; Sojo & De Haan, 1990). 

The greatest risk in using ultrafiltration is probably contamination. 
Salomons & Förstner (1984), Kramer (1985) and Hart (1979a) warn about the 
severe risk of contamination of samples when they are filtered. It is evident 
that at very low copper concentrations ultrafiltration is even more vulnerable 
to contamination (and in fact becomes extremely difficult), since 
ultrafiltration requires more time (increasing exchange between solution and 
vessel), while concentrations are lower. Benes & Steinnes (1974) and Giesy & 
Briese (1977) point out this risk explicitly. 

Since this project focused on free copper, with a size of about 0.6 run 
(Morel, 1983), it is obvious that most attention should have been paid to the 
fraction < 0.6 run. The smallest pore size used, however, was 5 nm, so the 
smallest filtrate could possibly contain, besides all of the free copper, 
considerable concentrations of copper complexes. As a consequence, the copper 
concentration in the 5 nm filtrate will only allow a limited insight into the 
concentration and proportion of free copper in Lake Tjeukemeer. It was 
therefore considered more useful to focus attention on the fractions > 5 nm, 
since here one could be sure that the copper present in those fractions, is 
present as some copper complex. 
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3.2. Materials and methods 

Amicon equipment was used in combination with Schleicher & Schuil 
filters BA 83 (< 200 nm), AC 64 (< 35 run), AC 63 (< 20 ran), AC 62 (< 10 run) 
and AC 61 (< 5 nm). A gauge pressure of 1.75 atm (AC 64) to 5.25 atm (AC 61) 
was applied using 99.8% nitrogen gas. After sampling, the procedure was as 
follows: two litres of lake water were filtered over BA 83; the first 100 ml 
were discarded, 300 ml of the remainder set aside for analyses. The remaining 
1600 ml was filtered over AC 64; again the first 100 ml were discarded and 
300 ml used for analyses. The remaining 1200 ml were filtered over AC 63 and 
so forth. During filtration the sample was stirred continuously. A 
disadvantage of this sequential procedure is that, once contamination has been 
introduced into the sample, all succeeding filtrates will also be 
contaminated. The practical consequence of this fact is that once the first 
ultrafiltrate has a higher concentration than the 0.2 um filtrate, one can not 
be sure if this is caused by contamination during the filtration process, or 
during the (pretreatment for the) total copper determination. Since one must 
take into account the possibility that the filtration process itself 
contaminated the sample, measurements in all subsequent filtrates should be 
rejected. The alternative to the sequential procedure, using raw lake water 
for all ultrafilters, is however not very practical, since it is excessively 
time consuming to filter water with an often high particle loading through 
filters with pores of only a few nm. Besides, filters probably would have to 
be changed during one filtration session, which implies an extra possible 
source of contamination. 

Copper was measured according to the procedure described in section 2.2, 
but no duplicate determinations were performed. 

In order to eliminate contamination the equipment and filters were 
thoroughly cleaned with acid, followed by intensive flushing with Milli-Q. 
Experiments were carried out in a "clean" room (see also section 1.6). 

3.3. Results and discussion 

Since contamination could be considered the greatest problem in 
ultrafiltration, results will have to be examined very critically. One way to 
do this is to compare the starting material for the ultrafiltration, the 
0.2 urn filtrate, with the "routine" 0.2 urn filtrate (see section 2.2). These 
filtrates should contain the same copper concentration, but since they were 
prepared separately, they can be used to eliminate some unreliable data. At 
these low concentration levels, an uncertainty of 10% should be accepted for 
each measurement at the present state of the technique, so a ratio between 0.8 
and 1.2 indicates reliable starting material. Table 3.1 shows that six cases 
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DATE 

29 Sep 87** 
8 Dec 87* 

12 Jan 88 
8 Har 88** 
3 Hay 88* 

31 Hay 88** 
28 Jun 88 

6 Sep 88 
18 Oct 88 
15 Nov 88 
8 Feb 89 
8 Har 89 
5 Apr 89** 

31 Hay 89** 
10 Oct 89 
15 Nov 89** 

[Cu] in 
"routine" 
samples 

(nH) 

19 
30 
85 
36 
54 
38 

162 
27 
42 
30 
36 
36 
35 
39 

9 

[Cu] in 
ultrafiltration 

samples 
(nM) 

16 
41 

134 
35 
74 
41 
42 
14 
28 
20 
27 
20 
33 
36 
14 
8 

average: 
standard deviation 
number: 

ratio I 

1.2 
0.7 
0.6 
1.0 
0.7 
0.9 
3.8 
1.9 
1.5 
1.5 
1.4 
1.8 
1.0 
1.1 

1.2 

1.36 
0.75 

15 

Table 3.1. Comparison of < 200 nm filtrates prepared for ultrafiltration with 
"routine" filtrates. 

satisfied this condition (marked with two asterisks) while two cases almost 

did so (one asterisk). 

Another means of checking for contamination is to see if the copper 

contents of each ultrafiltrate is lower than or equal to the copper 

concentration in the filtrate of the next bigger pore size. Since the 

variation in concentration measurements increases percentually as the 

concentrations decreased, and approached an absolute level of 3 nH, a 

difference of 6 nH was considered acceptable. From table 3.2 and figure 3.1 

it becomes clear that only five series (marked with a "-") were demonstrably 

contaminated. 

Even after this critical examination five series turned out to satisfy 

both conditions (marked in table 3.2 with an asterisk). The average copper 

concentrations of these five gradually decreased down to 19 nH in the 5 nm 

filtrate, being 56% of the concentration in the 200 nm filtrate. 

A quite different approach to judge these results would be to suppose 

that contamination would be stochastically divided over all samples. If there 

are enough samples, the average copper concentrations in each size class would 

be raised by the average contamination, but the absolute decrease in copper 

concentration, going to a smaller pore size, would not be influenced. Indeed, 

both series of averages display the same pattern (table 3.2), except for the 

smallest pore size. This would suggest that the averages of the five selected 

series were too high for this size class. The percentage of copper in the 

smallest fraction for all series is 42%, slightly lower than the figure for 

32 



DATE 

29 Sep 87* 
8 Dec 87* 

12 Jan 88 
8 Mar 88* 
3 May 88-

31 May 88* 
28 Jun 88 

6 Sep 88-
18 Oct 88 
15 Nov 88 
8 Feb 89-
8 Mar 89-
5 Apr 89-

31 May 89* 
10 Oct 89 
15 Nov 89 

average 
st. dev. 
number 

average* 
st. dev.* 
number* 

tCu] 
< 200 nm 

16 
41 

134 
35 
74 
41 
42 
14 
28 
20 
27 
20 
33 
36 
14 
8 

36 
29 
16 

34 
9 
5 

[Cu] 
< 35 nm 

16 
25 
27 
38 

132 
35 
33 
16 
28 
20 
30 
38 
35 
41 
14 
14 

34 
27 
16 

31 
9 
5 

[Cu] 
< 20 nm 

13 
25 
25 
22 
44 
38 
14 
25 
24 
20 
28 
24 
58 
30 
19 
6 

26 
12 
16 

25 
8 
5 

[Cu] 
< 10 nm 

14 
17 
19 
16 
71 
17 
6 

20 
16 
11 
35 
8 

57 
30 
11 
5 

22 
18 
16 

19 
6 
5 

[Cu] 
< 5 nm 

14 
22 

8 
31 
22 
11 
16 
19 
11 
8 
6 
6 

30 
9 

15 
8 

14 

19 
8 
5 

Table 3.2. Ultrafiltration results in nM; "st. dev." is standard deviation. 

Concentration in ultrafiltrates 
« 200 nm set to 100%) 

2 0 0 

150 

£ 100 

1 2 3 4 5 6 7 8 9 10111213141516 

Figure 3.1. Ultrafiltration results. Numbers refer to successive 
ultrafiltration experiments. 
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Reference 

Giesy & Briese (1977) 

Baccini & Suter (1979) 

Hoffmann et al. (1981) 

This thesis 

Result 

70% 

bulk 

> 50% 

50% 

< 3.2 nm 

< 0.9 to 1.5 nm 

< 1.5 nm 

< 5 nm 

Table 3.3. Comparison of ultrafiltration results. 

the selected five series. 
Both approaches displayed a consistent pattern: about half of copper 

complexes smaller than 200 nm were larger than 5 nm, which was quite large, 
bearing in mind that other workers found most of organic carbon to be very 
small. If the molecular weight cut-offs of Hoffmann et al. (1981) and Baccini 
& Suter (1979) are converted to size classes using the conversion factors 
mentioned by Giesy & Briese (1977) for globular proteins, the results as 
displayed in table 3.3. are obtained. Values obtained here for Lake Tjeukemeer 
are comparable to results of other workers who used the same technique. 
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Chapter 4 

Voltammetric techniques 

4.1. Anodic stripping voltammetry 

4.1.1. Discussion of the technique 

Anodic stripping voltammetry (ASV) is probably the most widespread 
technique in speciation studies (see e.g. Batley (1987), eleven, Del Castilho 
& Wolfs (1988), Davison et al. (1987), Florence (1986), Florence, Lumsden & 
Fardy (1983), Kramer (1986) and Nürnberg (1984)). 

The principle of polarography and voltammetry is recording the current 
at a working electrode as a function of the applied potential. 

The theory of ASV and related voltammetric and Polarographie techniques 
will not be treated here, since this is not a methodological thesis, and this 
theory is described elsewhere (e.g. Bond, 1980; eleven, 1984). Two items 
should however be mentioned: the faradaic versus the nonfaradaic processes, 
and the types of mass transport in the measurement cell. 

Nonfaradaic (or "charging") current is caused by changes in the charge 
of the layer around the electrode without transfer across the electrode-
solution interface. If such a transfer does occur, the resulting current is 
called faradaic. Using modern techniques and instrumentation, it is possible 
to decrease the influence of undesired nonfaradaic processes, resulting in 
better achievements. 

Provided the transport of metal ions and thus the current is diffusion-
controlled during the measurement, the current is proportional to the 
concentration of the species being measured. To reach this situation, an 
excess of inert electrolyte is added to effectively eliminate migration 
current. 

A clear advantage of ASV is its low detection limit and high 
sensitivity. Interpretation of ASV-measurements, however, is not easy because 
of the complexity of the technique (Bond, 1980; eleven, Del Castilho & Wolfs 
(1988); Betti & Papoff (1988); Van Leeuwen, eleven & Buffle (1989)). 

The main advantage of ASV, in the context of this thesis, is the 
suggested relationship of metal detected by ASV with biological availability 
(Salomons & Förstner, 1984; Florence, 1986). 

The most important disadvantage of ASV is that it is only operationally 
defined: a species which is detected ("labile") under certain circumstances 
may be not detectable under different conditions. Among the factors 
controlling the ASV-lability of a species are deposition time and potential, 
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the area of the working electrode, the stirring speed during deposition, the 
pH of the solution, and complexing characteristics of the buffer (if used). 

At a pH of 5, all inorganic copper species are determined, while organic 
copper species and colloidal copper are not (Batley, 1983, as cited in 
Salomons & Förstner, 1984; Florence, 1986). Some organic complexes may also 
dissociate according to Betti & Papoff (1988). 

Each ASV-measurement starts with the "deposition step", during which a 
sufficiently negative potential is applied to reduce the species under study 
and to concentrate it in the working electrode (usually a mercury drop) where 
an amalgam is formed. This implies that only metals which react with mercury 
can be successfully determined. In addition, a kinetic aspect is introduced, 
since the amount of metal deposited in the mercury drop depends on the 
reduction rate. If a species is not reduced during the deposition step, it 
will not be detected, no matter its thermodynamic properties. During the 
deposition step, the solution is continuously stirred to exclude concentration 
gradients caused by removal of species at the mercury drop. After deposition, 
an anodic scan strips the metals out of the mercury, thereby increasing the 
current. A differential pulse is usually used to reduce the effects of 
charging currents. 

4.1.2. Materials and methods 

In this work a 384B polarograph (EG & G Princeton Applied Research) was 
used with a 303A electrode in the hanging mercury drop mode and a 305 stirrer 
(400 rpm). Results were displayed on a plotter (model DMP-40 Houston 
Instruments). Nitrogen gas (99.999%) was used for purging. All potentials were 
recorded against an Ag/AgCl reference electrode. A platinum wire served as 
counter electrode. 

parameter 

purge time 

drop size 

deposition time 

deposition potential 

equilibration time 

wave form 

pulse height 

scan speed 

| frequency 

ASV 

240 seconds 

medium 

500 seconds 

-0.6 V 

15 seconds 

differential pulse 

0.05 V 

0.004 V/second 

CSV 

240 seconds 

large 

180 seconds 

0 V 

15 seconds 

square wave 

0.1 V 

0.720 V/second 

90 Hz 

Table 4.1. Settings used in voltammetry measurements. 
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Ion 

Na+ 

Mg2-

K* 

Ca2+ 

HCO3-

S04
2" 

ci-

Concentration 

0.91 mH 

0.26 mH 

0.27 mH 

0.95 mH 

0.91 mH 

0.40 mH 

1.91 mH 

Table 4.2. Composition of standard solution used for calibration. 

A portion of four ml of filtered (< 0.2 ]tm) lake water was mixed with 

1 ml of 0.5 H acetate buffer (0.25 H sodium acetate plus 0.25 H acetic acid; 

the resulting pH of the sample was 5.0) and equilibrated overnight. Under 

these conditions, and taking into account ligand concentrations in Lake 

Tjeukemeer, virtually no inorganic copper species were present. Any inorganic 

copper present before buffering the sample will have dissociated to form (ASV-

labile!) copper acetate complexes, as calculated by the equilibrium model 

GECHEQ (chapter 7). In fact, a buffer that does not form complexes with copper 

must be preferred. 

The measurements were performed using the settings mentioned in table 

4.1. The deposition time was quite long (500 seconds), but shorter times too 

often resulted in the deposition of copper in the mercury drop in quantities 

too low for detection. Calibration was carried out in a standard solution, 

with concentrations of Na+, Mg2*, K*, Ca2+, C03
2", S04

2" and CI" resembling lake 

water as closely as possible, as recommended by Florence (1986). Refer to 

table 4.2 for details. Dissolved Organic Carbon (DOC) was analyzed with a 

Phase SEP TOCsinll carbon analyser. Optical density (OD) at 250 and 365 nm was 

measured on a Zeiss PHQII spectrophotometer. 

4.1.3. Results and discussion 

The results are shown in figures 4.1 and 4.2. It is obvious that ASV-

labile copper was low, usually below 2 nM. Expressed as percentage, ASV-labile 

copper never exceeded 9 percent of the "dissolved" copper (defined as 

< 0.2 urn). 

Quantification of labile copper was very easy in some cases, since the 

polarograph reports the current if a peak is recognized. In other cases, the 

peak was too small to be detected by the polarograph, but could be quantified 

manually. In yet other cases, no peak was observed. In these cases, it was 

estimated as to how big the peak should have been in order to be quantifiable. 
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