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STELLINGEN 

1. De door Gschwend en Wu gehanteerde uitdrukking voor de partitiecoëfficiënt van 
hydrofobe microverontreinigingen (Kptrue) is onjuist. 

Gschwend P.M. and S.C. Wu, (1985), Environ. Sei. Technol., 19:90-96, 
dit proefschrift 

2. Bij het gebruik van distributie- of partitiecoëfficiënten in waterkwaliteitsmodellen 
wordt de rol van variaties in de sediment- of zwevend slib-samenstelling ten 
onrechte buiten beschouwing gelaten. 

dit proefschrift 

3. Bij de interpretatie van desorptiesnelheidsconstanten voor verschillende adsorbentia 
houden Autenrieth en DePinto ten onrechte geen rekening met verschillen in gas 
debiet en vaste stof/vloeistof ratio. 

Autenrieth R.L and J.V. DePinto, (1991) Environ. Toxicol. Chem., 10:857-872. 

4. Het gebruik van de evenwichts-partitie benadering voor hydrofobe organische 
microverontreinigingen in waterkwaliteitsmodellen is vaak onterecht. 

5. De biologische beschikbaarheid van microverontreinigingen wordt teveel gezien als 
een stofeigenschap. 

6. De door Seedorf en Assmann ingevoerde aanduiding "sterol carrier protein-x" 
voor het 58 kDa grote eiwit dat de gehele sequentie van sterol carrier protein-2 
bevat is misleidend zolang het vermogen van deze eiwitten om sterolen te binden 
niet is aangetoond. 

Seedorf U. and G. Assmann, (1991), J. Biol. Chem., 266:630-636. 

7. In een land waar kerk en staat gescheiden zijn, dient het gelijkheidsbeginsel te 
prevaleren boven de vrijheid van godsdienst. 

8. Het belang van vakpublicaties ten opzichte van publicaties in internationale 
tijdschriften wordt onderschat. 

9. Publicaties in The Journal of Irreproducible Results dienen in een beoordeling van 
onderzoekskwaliteiten buiten beschouwing te worden gelaten. 

10. Het doorgaans ovationele applaus na concerten doet vermoeden dat de blijdschap 
over de afloop groter is dan die over de kwaliteit van het gebodene. 

11. Tuinieren is natuurbeheer en andersom. 

12. De verplichting tot het leveren van stellingen voor het verkrijgen van de doctors­
graad dient te worden afgeschaft. 

Stellingen behorende bij het proefschrift van A.A. Koelmans: 
Sorption of micropollutants to natural aquatic particles. 
Wageningen, 11 februari 1994 



to boldly go were no one has gone before.. 
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Introduction 

SORPTION OF MICROPOLLUTANTS TO NATURAL AQUATIC PARTICLES: 
INTRODUCTION AND OVERVIEW 

1.1 Introduction 
As great advances in chemical technology have been made throughout the world in 

the last decades, increasing concentrations of chemical substances originating from 
industrial sources and other human activities have been detected in air, water and soil. 
The elevated concentrations and subsequent bioaccumulation of many substances, have 
given rise to environmental and ecotoxicological effects, not only in industrial regions but 
also on the global commons, such as the Antarctic, the Arctic, and remote nature reserves 

[1]. 
A number of hydrophobic organic compounds (HOCs) and heavy metals are 

implicated in environmental contamination. Because these pollutants occur in the 
environment at relatively low concentrations, they are commonly referred to as 
micropollutants. The fate of micropollutants in lakes or rivers depends on physical 
transport, physico-chemical distribution, and transformation processes. Characteristics of 
the aquatic system as well as the properties of the chemical in question determine the rate 
and extent of general processes like transport by air and water flows, sedimentation, 
resuspension, evaporation or (photo)-chemical degradation [2,3]. Another important 
process is sorption to aquatic particles: sediments or particles in the water column, which 
is the subject of this thesis. Here, the general term sorption refers to all processes which 
cause the removal of a chemical species from an aqueous solution to a contiguous solid 
phase [4]. 

Suspended and settling particles have been recognized as important scavengers for 
organic and inorganic micropollutants [5,6]. As such, they have strong influence on the 
residence times and geochemical cycling of these substances [7]. Several sediment trap 
and suspended solid studies have demonstrated that the vertical flux of particulate matter 
is one of the most important natural removal mechanisms for organic and inorganic 
contaminants [5,6,8,9]. These studies also show that among the constituents of settling 
materials in lakes, planktonic particles and detritus are the dominant vectors for trace 
metals and hydrophobic organic compounds. Besides an effect on transport processes, 
accumulation in settling solids also affects the bioavailability of micropollutants: the 
extent to which a contaminant is accumulated determines the concentration in solution 
and, consequently the potential for transport in the water column or uptake by organisms. 
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Chapter 1 

1.2 Purpose of this thesis 
The purpose of the work described in this thesis was to investigate the equilibrium 

and kinetics of sorption of HOCs and heavy metals to natural aquatic particles such as 
sediments and suspended solids. Special attention was paid to the role of phytoplankton 
and detritus in the scavenging of micropollutants. 

To allow the possible validation of laboratory results, the study consisted of 
laboratory sorption experiments, as well as the interpretation of field data. The research 
was performed in the framework of an assessment of management strategies for protection 
of Lake Volkerak/Zoom by the Dutch Institute for Inland Water Management and 
Wastewater treatment (RIZA). Therefore, natural adsorbents and field data from Lake 
Volkerak/Zoom were used. When necessary, experimental conditions were attuned to the 
conditions in the lake. 

In the following paragraphs of Chapter 1, an overview of the literature on 
micropollutant sorption to sediments and phytoplankton is given. The aspects of sorption 
which are not well documented and are the subject of this research, are identified. 
Chapter 2 describes a study on the relationship between adsorbent characteristics and 
contaminant concentrations for settling and suspended solids in Lake Volkerak/Zoom. A 
set of field data obtained in a routine monitoring program, was interpreted using statistical 
techniques. A selection of sediment and suspended solids samples obtained in this 
program, was used for sorption studies in the laboratory (Chapters 3 - 5). 

A problem in the determination of HOC distribution coefficients in the laboratory is 
the impossibility to separate the solid phase completely from the aqueous phase [10]. 
To obtain meaningful distribution coefficients the influence of this artefact must be 
quantified (Chapter 3). In Chapter 4 the relationship between suspended solid 
characteristics and distribution coefficients for cadmium and a chlorobenzene congener is 
described. Chapter 5 focuses on the HOC desorption kinetics for the same type of 
particles. 

Because planktonic particles and detritus are a constituent of natural suspended 
solids, the results reported in the chapters 2 - 5 also allow the evaluation of the role of 
phytoplankton as scavengers of micropollutants. Further, several aspects of biosorption to 
algae, were explored in detail by laboratory experiments with algal cultures (Chapters 6 -
8). 

In Chapter 6 the temperature dependency of the bioconcentration factor (BCF) of 
some chlorobenzene congeners for phytoplankton is discussed. When phytoplankton 
decomposes, this concentration factor may change. The influence of decomposition on 
chlorobenzene (bio)sorption characteristics, and the differences between algae, detritus 
and sediments is described in Chapter 7. Measurements on the influence of chlorinity and 
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Introduction • 

algal decomposition on distribution coefficients for three heavy metals are presented in 
Chapter 8. 

1.3 Sorption of HOCs to sediments 
Reviews on HOC sorption to sediments were published by Karickhoff [11], Weber 

and Miller [12,13] and Brusseau and Rao [14,15]. Sorption of organic 
micropollutants to natural aquatic particles depends on both sorbent and sorbate 
properties. Because natural particles are heterogeneous, probably the most important 
sorbent characteristic is their chemical phase composition. Typically, sediments contain 
mineral phases such as clays, quartz, feldspars, amorphous aluminosilicates, iron- and 
manganese (hydr-)oxide coatings, carbonates, and organic matter originating from 
decomposed animal, plant, algal and bacterial remains, or the aggregation of lower 
molecular weight organics [16]. 

Equilibrium sorption of HOCs has been found to vary with contaminant 
hydrophobicity, as parameterized by the octanol-water partition coefficient Kow or aqueous 
solubility, and is commonly considered as a partitioning process in which the sorbate 
permeates into the three-dimensional network of the sorbent organic matter [15,17]. 
Among others, particularly Chiou [18,19] and Karickhoff [11,20] provided 
evidence for the equilibrium partitioning model: (a) the linearity of sorption isotherms 
over a wide concentration range; (b) the existence of an inverse, linear relationship 
between solute aqueous solubility and partition coefficient; (c) a low and exothermic heat 
of sorption; (d) the absence of competitive sorption when solutes are present in mixtures, 
and (e) the linear relationship of the partition coefficient with the organic matter content 
of the solids. The partitioning model implicitly assumes that HOCs have equal affinities 
for all particulate organic matter and that sorption rates are rapid, and has been able to 
explain a large amount of data for sorption of hydrophobic (nonionic) organic 
contaminants by a wide variety of natural sorbents. However, in several situations the 
equilibrium concept fails to describe experimental and field data on sorption of HOCs. 
First, limitations arise when organic matter fractions are so small that partitioning no 
longer dominates over sorption to the mineral constituents [11,21]. Second, in aquatic 
systems sorption may not be at equilibrium which was demonstrated in several recent 
studies (e.g. [22,23]). Sorption kinetics is found to be slower for more hydrophobic 
compounds [14,24-27] and may have time scales of months to years [25,27]. Recent 
work of Brusseau and co-workers [17] provided strong evidence that intraorganic matter 
diffusion is the responsible process for retarded sorption. Third, laboratory partition 
coefficients vary with the solid/water ratio [28-32]. One plausible explanation is the 
experimental artefact of incomplete phase separation. As ideally partition coefficients are 
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Chapter 1 

measured with regard to pure water, in practise dissolved organic matter and non-
separable particles (e.g. colloids) remain in the aqueous phase and increase the apparent 
solubility of the chemical in consideration [10,33-36]. As a result, partition coefficients 
are underestimated. The extent of underestimation is dependent on sorbate and non-
separable phase properties and on the sediment/water ratio (Chapter 3). The mobilization 
of HOCs due to binding to humic or colloidal materials is not only encountered in the 
laboratory, but is operative in natural aquatic or soil systems as well [37-42]. Besides 
incomplete phase separation, other mechanisms are likely to contribute to the variation of 
the partition coefficient with the sediment/water ratio, such as: particle induced desorption 
[32], changes in solids aggregation or chemical reactions such as mineral dissolution or 
precipitation [43]. Fourth, several studies have shown that different types of organic 
matter have different partition coefficients (Koc) [44-49]. In these studies, sediments or 
soils of different origin are compared. However, it is not clear whether and to what 
extent mineralization of fresh biogenic material from one source, changes the partition 
coefficient (Chapter 7) 

1.4 Biosorption of HOCs to phytoplankton 
The biosorption of HOCs to phytoplankton was reviewed more than ten years ago by 

Butler [50] and Baughman and Paris [51], and more recently by Swackhamer and 
Skoglund [52]. Usually the extent of biosorption at equilibrium is quantified by the 
bioconcentration factor BCF which is the ratio of sorbed and dissolved states of the 
hydrophobic chemical. The BCF is often normalized to the fraction lipid in the cells, 
analogous to the carbon normalized water-particle partition coefficient, Koc. As for 
sediments, in many studies equilibrium biosorption of HOCs to phytoplankton has been 
found to vary linearly with contaminant hydrophobicity, as parameterized by the octanol-
water partition coefficient Kow [51-57]. Mainly because of this observation biosorption to 
phytoplankton or to microorganisms is generally considered a partitioning process. 
However, in these studies, equilibration times typically were several hours, linear 
relationships of \ogKow versus logBCF had slopes less than one, and mostly chemicals 
with logÄOH,<7 were used [52]. In recent work of Swackhamer et al [58,59] increasing 
slopes of logKow versus logBCF plots with equilibration time (up to 20 days) and a lack of 
consistent logKow-logBCF relationships for \ogKow>7 were reported for a suite of 40 
polychlorobiphenyls (PCB). This suggests that in many studies equilibrium may not have 
been reached and that HOC uptake, at least for the more hydrophobic HOCs, is slower 
than commonly assumed. The slow approach to equilibrium may partially result from 
algal growth. Rhee [60] studied uptake of a PCB in continuous cultures (turbidostat) and 
found steady state cellular PCB concentrations after 4 - 6 days, at growth rates of 0.2 -
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0.6 d"1, which confirms the slow approach to steady state. Another approach may be to 
test the logBCF - logKow linearity at low-growth conditions (Chapter 6). Further support 
for the partitioning model are the linear biosorption isotherms reported by several authors 
[61,62] and the absence of competition effects [63]. Data on isotherm linearity are 
somewhat conflicting because some other authors report non-linear sorption [64]. This 
may be caused by the contribution of other sorption mechanisms than partitioning. 
According to Wang [65], for HOCs with Äow<1000 a Langmuir type surface sorption 
may become significant. Another explanation for non-linear isotherms is incomplete 
equilibrium. 

Several researchers compared live with dead microbial biomass to asses the possible 
role of active processes in the bioaccumulation. They found that biosorption is the same 
on live and dead cells [51,66], or somewhat greater on dead cells [67] or somewhat 
greater on live cells [68]. However, most of them conclude that uptake is a passive 
process [52]. The greater sorption on dead cells is explained from greater loss by 
excretion by live cells, or by cellular alterations by the killing of the cells. 

Also data on the organic matter pool responsible for HOC uptake are conflicting. 
Several authors report that biosorption is a partitioning process to the lipid fraction of the 
cells [66]. In other studies BCF values showed no or poor correlation with lipid content 
[59,62,69]. Autenrieth and DePinto [62] studied the relationship between BCF and lipid 
content as well as organic carbon fraction and found no significant correlation in either 
case. This is probably caused by experimental artifacts such as incomplete equilibrium or 
differences in lipid composition, or by the contribution of other organic matter fractions 
than lipid. 

For the analogous HOC partitioning between water and fish, and water-octanol, a 
significant temperature dependency was found by Opperhuizen [70]. For sediment to 
water partition coefficients, literature data are somewhat conflicting. Horzempa et al. [71] 
found increased sorption of a PCB at increasing temperatures. Szecsody et al [72] found 
decreased sorption of chlorobenzenes to a model soil with increasing temperatures. In a 
more recent study, no significant variation of sorption of chlorobenzenes with temperature 
was found [73]. The question is whether the way in which the partitioning of these 
pollutants to algal organic matter responds to temperature changes, is similar to fish-fat 
or, on the other hand similar to sediment-type organic matter (Chapter 6). 

Several authors suggest a two-step uptake mechanism with a fast initial sorption to 
the surface, followed by slower uptake in the cells [52,62,67]. However, to date, detailed 
studies on biosorption and desorption kinetics for phytoplankton are scarce and 
fragmentary. Tsezos and Bell [67] tried to find evidence for the uptake mechanism by 
comparing the HOC content of cell walls to that of whole cells which were at sorption 
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equilibrium. Because the cell walls accounted for 16-49% of the total amount of sorbed 
HOC they conclude that besides the walls, other cellular components contribute to the 
biosorption process. This was confirmed by Herman and co-workers who studied HOC 
distribution over cell walls, microsomes and whole cells [57]. However, HOC 
distributions at equilibrium do not provide information on uptake mechanism. Better 
support for the two-step mechanism comes from studies in which fast initial, followed by 
slower sorption is observed from uptake or depuration experiments (e.g. [52,62]). 
Experiments by Lederman and Rhee [69] showed different initial uptake rates for cells 
that were treated differently, which indicates that surface type is important in the initial 
stage of sorption [52]. Whereas most studies used batchwise equilibration and phase 
separation by filtration or centrifugation, Autenrieth and DePinto [62] were the first to 
study desorption from phytoplankton with a gas purge method. They interpreted the 
desorption data in terms of an empirical first order two-compartment model. Although 
their results support the plausibility of a two-step desorption mechanism, a mechanistical 
approach allowing the calculation of rate constants which can be compared for different 
sorbents (e.g. algal species, sediments, detritus) is to be preferred (Chapter 7). 

1.5 Sorption of HOCs to suspended and settling solids 
In many aquatic systems, suspended or settling solids are complex mixtures of 

planktonic particles, detritus and/or resuspended sediments. Several authors report on 
differences between sorption to sediments as compared to biosorption to phytoplankton or 
on simultaneous competitive sorption to phytoplankton and sediments. Powers et al [74] 
and Nau-Ritter et al [75,76] exposed phytoplankton cells to PCB contaminated sediments 
and mineral particles, and reported PCB transfer from particles to water and subsequently 
to the phytoplankton cells. Autenrieth and DePinto [62] performed competitive sorption 
tests in which a hexachlorobiphenyl originally sorbed to sediments was released to be 
taken up by algae. Weber and co-workers [68] report larger Kp values for algae and 
bacteria than for sediments. Organic carbon normalised partition coefficients (assuming a 
40% carbon content for algae) were about equal. Oliver [23] compared Koc values for 
suspended solids and algae which were calculated from field samples. For PCBs with 
logÄow>5.5, he found algal Koc values one order of magnitude higher than those for 
suspended solids, assuming a 50% organic carbon content for the algae. It must be noted 
that field data often do not refer to sorption equilibrium, and that sorption equilibration 
time may be different for algae than for sediments. Smets and Rittmann [64] studied 
trichloroethene (log^OM,=2.88) sorption to algae. They compared their BCF values on a 
dry weight basis, with organic matter normalised partition coefficients (^om) which where 
calculated using empirical logK^-logK^ relationships reported by other researchers, 
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using other methods. The values for the algae were one order of magnitude higher than 
those for sediment or soil organic matter. Although these studies prove the sorption 
potential of algae and suggest that Koc differences between sedimentary organic matter and 
planktonic organic matter may exist, the results are difficult to interpret as long as 
different (non)equilibrium situations, or results obtained with different methods are 
compared, or as long as organic carbon content is estimated instead of measured. We are 
not aware of any previous studies on HOC sorption to suspended solids containing 
planktonic particles (Chapter 4, 5) or on the effect of decomposition of phytoplankton on 
sorption characteristics (Chapter 7). 

Besides sorption equilibrium, kinetics are different for different particle types. 
Autenrieth and co-workers [62] found hexachlorobenzene desorption from a sediment to 
be slower than from phytoplankton. In another study [77], Autenrieth et al report 
differences in PCB desorption kinetics among sand, bentonite, activated carbon and waste 
activated sludge. The microorganisms released PCB much slower than sand and bentonite. 
Such studies show the characteristics of desorption for the different particle types. 
However, because particles often exist in the water column as complex mixtures or 
aggregates, measurements on the desorption from natural suspended solid mixtures may 
yield useful information (Chapter 5). 

1.6 Sorption of heavy metals to sediments 
The sorption of heavy metals to sediments was reviewed by Honeyman and Santchi 

[78], to soils by Evans [79] and to organic matter by Sposito [80], and for all these 
sorbent types by Birkett and co-workers [81]. The surfaces of sediments contain sites that 
are neutral, negatively or positively charged. Adsorption of trace metals to sediments may 
involve complexation reactions with the surfaces of mineral and organic constituents. 
Besides, metals may be retained by precipitation reactions resulting in secondary mineral 
phases. If the adsorption proceeds beyond the formation of a monolayer, then the 
distinction between adsorption and precipitation is less clear. Hydrolyzable elements such 
as the transition metals and the rare earths, can form inner sphere complexes with oxides, 
oxyhydroxides, and hydroxides, and thus are very strongly held to sediments through 
ligand exchange reactions [79]. Complexation with organic matter is important for metals 
that form strong associations with oxygen and sulphur atoms, such as most hydrolyzable 
metals. In general, natural adsorbents are heterogeneous and contain adsorption sites with 
a continuous distribution of sorption affinities [78,82,83]. 

Sorption to sedimentary surfaces is often described on a molecular level with models 
as the surface complexation model (SCM) [78,84,85] or the surface precipitation model 
(SPM) [86-88]. Although these models successfully describe metal sorption to model 
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phases over wide concentration ranges, to date, the applications of this type of models 
have been restricted to model phases such as metal oxides. In contrast, Oakley et al [89] 
and Davies-Colley [90] have presented a simple model for the distribution of a trace metal 
among a number of phases comprising an aerobic sediment. Mathematically, the model is 
identical with those of complexation and distribution of soluble trace metals among 
dissolved ligands. It is assumed that parameters such as chlorinity, pH, pE and ionic 
strength are constant so that conditional equilibrium constants can be used. It is also 
assumed that the adsorption of the trace metal has only negligible effect on the total 
concentration of available surface sites. In that case, precipitation and competition 
between different trace metals can also be neglected, and instead of the site concentration, 
the fixed concentration of the solid phase can be used. Finally, it is assumed that all 
sedimentary phases behave independently. According to the model, the distribution of a 
metal over the different phases of a sediment or suspended particle is a function of the 
abundance of that phase and its binding ability. According to the literature, the relevant 
adsorbent characteristics for heavy metal sorption are the contents of organic matter (e.g. 
phytoplankton), manganese (hydr)oxides, iron (hydr)oxides and clays [89-95]. However, 
the applicability of Oakley's approach to field data has not been tested (Chapter 4). 

1.7 Biosorption of heavy metals to phytoplankton 
Biosorption of heavy metals to algae, or generally aquatic microorganisms were 

reviewed by Wood and Wang [96] and Sigg [97]. As for HOCs, for live phytoplankton 
usually the bioconcentration factor is used to express the extent of biosorption. In general, 
the distribution between sorbed and aqueous states is considered as the result of active 
(metabolic energy-driven) uptake processes into the cells, and binding to cell surfaces [96-
98]. The first mechanism is considered unique for live cells, whereas surface adsorption 
also occurs to dead cells or cell debris. Surface adsorption may be a first step in the 
eventual total uptake. 

Some trace metals are essential for the organisms because they have some biological 
function. For these elements elaborate transport mechanisms have evolved which are 
specific and carefully regulated by the cell. Many of the same elements are toxic at 
higher concentrations and therefore homeostatic mechanisms maintain a proper balance 
for biological function [96,99]. This means that the stoichiometric composition of algal 
cell material for the major elements (C, N, P, O, H) may be extended to essential trace 
metals [6,9]. However, nonessential elements may be mistaken as micronutrients by the 
cell. A description of the biochemistry or molecular mechanisms is beyond the scope of 
this introduction, we mention only a general model for uptake [96,97], in which special 
ligands (often proteins) synthesized by the cell, form high stability complexes with the 
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metal. One type of ligands carries the metal through the cell membrane, while another 
type binds the metal to the cell surface, or forms a complex in the cell interior. The 
uptake is further actively regulated by concentration gradients that are established through 
the complexation reactions, or by energy-coupled channels and pumps. The accumulation 
of the trace metal by the cell is not at equilibrium, because metabolic activity is 
responsible for the synthesis of the ligands, as well as the energy-driven channels and 
pumps. Many chemical parameters influence the metal uptake, e.g. charge, ionic radius, 
preference for the coordination of metals to certain organic ligands (as expressed by 
stability constants), coordination geometry or available concentration of ligands and 
metals in solution. The latter factor is influenced by pH and pE. 

Binding of metals to the cell surface is considered through coordination with ligands 
at the cell surface, such as amino, carboxylic or hydroxo groups [97,100,101]. The 
surface complexation can be described in a similar fashion as for metal binding to mineral 
surfaces. Factors that influence the surface complexation are the surface type of the cells, 
which may depend on the life stage of the cells, the metal type, pH and Eh, and the 
aqueous speciation of the metal in consideration. Probably because of the many factors 
involved, metal biosorption is very different among metals and species [102-104]. 
Because various functional groups have different affinities for the binding of metal ions 
and thus different stability constants, the affinity spectra approach [105-107] may give the 
best description of metal binding tendency. The concepts of coordination chemistry have 
been found to apply to binding to algae. Several researchers found the selectivity of the 
algal surface for metal ions to vary with the Irvin-Williams order of complexation 
constants [108]. Fisher [109] successfully correlated metal concentration factors for 
phytoplankton with solubility products of metalhydroxides. 

1.7 Sorption of heavy metals to suspended and settling solids 
As is suggested by the model of Oakley [89], sorption to natural suspended and 

settling solids can be considered as sorption to several competing phases. The relative 
importance of the phases in the uptake of metals is determined by their abundance and 
affinity for the metal. Many authors report on the scavenging and solid phase speciation 
of metals in aquatic systems [16]. Because of the many differences in the characteristics 
of the aquatic system, such as particle type, flow conditions, pH, pE or temperature, 
generalisations are not straightforward. Conflicting data have been reported regarding to 
the relative importance of cadmium adsorption by organic material in soils and sediments 
([95] and references therein). Shafer [8] and Sigg [6,9] found algal matter to be the most 
important carrier for heavy metals in lakes. Davies-Colley [90] reported an important role 
of organic matter for Cu in marine sediment, but not for Cd. Rauret et al [110] also 
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reported an important role of organic matter for Cu in river sediment, but not for Pb. 
This means that the fate modeling for a metal like cadmium should not be based on 
literature data only, but must be supported by data obtained from the system in 
consideration (Chapter 4). 

Relatively few studies provide data on the role of detritus as compared to live algae 
in the scavenging of heavy metals. Fisher and Wente [111], studied the accumulation and 
subsequent release under dark conditions of metals from marine phytoplankton. They 
found significant differences in the time course of metal:dry weight ratios for different 
metals and species. Lee and Fisher [112] studied the degradation and release rates of 
carbon and metals from phytoplankton debris. They also found that release rates were 
very different for different metals. For some metals, the release was much slower than 
the release of C (the mineralization rate), so that for these metals settling of detritus will 
be an important transport process, while for other metals rapid recycling can be expected. 
However, their approach did not allow the calculation of equilibrium distribution 
coefficients for detritus. The question whether distribution coefficients change when 
phytoplankton mineralizes is very relevant for modeling purposes (Chapter 8). 
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MICROPOLLUTANTS IN SUSPENDED SOLIDS IN LAKE VOLKERAK/ZOOM: 
SEASONALITY AND TIME TRENDS 

Abstract- This study describes the 1987 - 1992 time variation of the bulk chemical composition, levels of 

heavy metals, polychlorobiphenyls and pesticides in suspended and settling solids in Lake Volkerak/Zoom. 

The relations between solids characteristics and pollutant concentrations in the particles were investigated 

using correlation and factor-analysis. Heavy metals, except manganese, were associated with clay content of 

the particles and with organic carbon (OC). OC was mainly determined by phytoplankton growth. 

Manganese as well as hydrophobic compounds (HOCs) were correlated with OC only. Clay and associated 

heavy metal content, and organic matter and associated HOC content, showed negative trends on all 

locations, and a seasonality due to dilution by algal biomass. This dilution also resulted in a lowering of OC 

normalised HOC concentrations. Settling particles showed higher clay content and higher C/N elemental 

ratios than suspended solids which points to a larger degree of mineralization. Settling particles had also 1.3 

to 6.8 times higher OC normalized HOC concentrations. This may be explained by the different character of 

the organic matter, by biomagnification or the smaller impact of growth dilution for settling solids. 

INTRODUCTION 

In aquatic systems, the cycling of heavy metals and hydrophobic organic compounds 
(HOCs) is often dominated by resuspension, sedimentation and horizontal transport of 
sediments. The close relationship between pollutant fate and sediment transport is mainly 
caused by the strong tendency of many pollutants to accumulate in particulate materials. 
The extent of this accumulation, and the accumulation rate are highly dependent on 
suspended solid composition. The composition is influenced by several chemical and 
biological processes which show a strong seasonality. Many laboratory sorption studies 
address the influence of adsorbent properties on sorption phenomena. In these studies the 
processes occur under controlled conditions which allows the variation of one factor while 
the others are kept constant. However, the results obtained under typical laboratory 
conditions should always be compared with those obtained in field studies. 

This study concerns the temporal and spatial variation of heavy metal, arsenic, 
polychlorobiphenyl (PCB) and pesticide levels in suspended and settling solids in a 
freshwater lake and its inflows and relates this variation to changes in particle 
composition. All data were obtained in a routine monitoring program. The primary aim of 
this program was to determine concentration levels and trends in the framework of an 
assessment of management strategies for protection of the lake. The pollution status and 
the implications for the water quality management have been described recently [1]. A 
secondary aim of the program, which is the main subject of this paper, was to investigate 
the relationship between adsorbent properties and pollutant concentrations. In data 
interpretation special attention was paid to: (a) the relative importance of the different 
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geochemical phases responsible for pollutant scavenging, (b) the effect of organic matter 
type on sorption of hydrophobic chemicals, and because of the expected eutrophication of 
the lake (c) the role of phytoplankton. A five year set of suspended solid data for four 
locations, sampled monthly with continuous flow centrifuges and sediment traps, was 
examined using statistical techniques. 

MATERIALS AND METHODS 

Study area 
The study area was the new Lake Volkerak/Zoom (The Netherlands) which came in 

to being in 1987 as a result of a dam closure. After a desalination period of about a year, 
the previously estuarine section of the Eastern Scheldt has turned into a stagnant 
freshwater lake. Since then, this lake has mainly been fed by small tributary rivers and by 
water suppletion from the Rhine/Meuse system. Because of the damming, North Sea 
water no longer dilutes the incoming river water and concentrations of heavy metals and 
organic pollutants have increased [2]. It was expected that without preventive measures, 
the ecosystem would be dominated by phytoplankton [3], and that sediments and 
organisms would become contaminated. 

Lake Volkerak/Zoom consists of two parts: Lake Volkerak in the north, and Lake 
Zoom which is located in the south (Figure 1). The two lakes are connected by a channel, 
the Eendracht and form one water system. Morphological data are shown in Table 1. At 
the northwest of the lake, water from the Hollandsen Diep enters the system. This water 
is a 3:1 mixture of Rhine/Meuse water and is the most important source of 
micropollutants. Also at the northwest of the lake, two tributary rivers: Dintel and Vliet 
drain freely into the northwest of Lake Volkerak and are an important source of fresh 
water. The Dintel is strongly fed by rainfall and is the second important source of 
micropollutants. Other sources of pollutants may be atmospheric deposition and shipping. 

Sampling and sample storage 
Suspended solids were collected monthly in the Hollandsch Diep (HD), the Dintel 

(DM), Lake Volkerak (VZ3) and Lake Zoom (VZ7), between October 1987 and december 
1992 using continuous flow centrifuges (Pennwalt, AS 16). The water was centrifuged at 
a speed of 1000 1/h and 15000 rpm (13200 g). Teflon sheets were attached to the inner 
surface of the centrifuge in order to prevent contamination with metals from the walls. 
The centrifuge samples were immediately frozen, freeze dried and stored at -18 °C. In 
three of the five years (from april 1989 to december 1991) settling particles were also 
sampled monthly at locations VZ3 and VZ7 with sediment traps. Six 60 cm long 
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<LU_i_Ukm 

Fig. 1: Lake Volkerak/Zoom and the sampling locations HD, DM, VZ3 and VZ7. 
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cylindrical traps with <t>= 6 cm, collected sufficient material for the subsequent analysis. 
To minimize the collection of resuspended material, the traps were located 1 m above the 
bottom sediment. For VZ3 and VZ7 these depths were 7 m and 19 m respectively. The 
exposure time of the traps was two weeks. After collection of the traps and transport to 
the laboratory, the suspended material was allowed to settle for 24 hours at 4°C before 
the overlying water was removed by a siphon. Sediment trap samples were immediately 
frozen, freeze dried and stored at -18°C. 

TABLE 1: 
Morphography of Lake Volkerak/Zoom 

Lake Volkerak/Zoorn Lake Zoom 

Surface area 
Volume 
Mean depth 
max. depth 

(km2) 
(m3) 
(m) 
(m) 

45.7 
238 X106 

5 
24 

15.5 
80X106 

6 
20 

Data were taken from [2]. 

Analysis of settling and suspended solids 
All determinations were carried out using freeze dried and homogenized sample 

material. Total organic carbon (OC) and carbonates (IC) were measured independently 
with the method described by Begheijn [4]. Loss of ignition (LOI) was measured by 
heating at 600 °C for 3 h. Chemical oxygen demand (COD) was measured as oxidizability 
by K2Cr207. Chlorophyll-a (CHL) was extracted with ethanol (80 % V/V) and measured 
on a Beekman DU-64 spectrophotometer. Total nitrogen and phosphorous were measured 
after destruction with a mixture of H2S04, Se, salicylic acid and H202 at elevated 
temperature on a Skalar San-plus autoanalyzer. The particle size fraction < 16/im was 
measured with the conventional pipette analysis. The elements Al, As, Cd, Cr, Cu, Fe, 
Hg, Pb, Mn, Ni, Sc and Zn were extracted from the samples using a HN03/HC1 
digestion mixture. Digestion was at 100°C for three hours. Concentrations in the extracts 
were measured with ICP-AES (Sc) graphite-furnace-A AS (Cd), flame-A AS (Fe, Mn), the 
hydride generation technique (As) and the cold vapour technique (Hg). 
Polychlorobiphenyls (PCB) and organochlorinepesticides were extracted with acetone by 
repeated vigorous shaking and ultrasonication. Extracts were mixed with diethyl-ether and 
washed several times with water to remove the acetone. The combined diethyl-ether 
extracts were dried with sodiumsulphate and concentrated with a Kuderna Danish 
apparatus to a volume of 5 ml, and subsequently to 1 ml under a flow of clean nitrogen. 
The extracts were cleaned by passage over a column of deactivated alumina and used for 
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GC-ECD analysis. A Hewlett-Packard 5890 double column gas chromatography system 
equipped with two 63Ni electron capture detectors (ECD) was used in chlorobenzene 
quantisation. Congener separation was accomplished with 50 m, 0.25 i.d., HP Ultra 1 
(0.5 ftm film thickness) and Ultra 2 (0.33 /*m film thickness) columns. 

Data analysis 
In this study, pollutant concentrations are evaluated for their variation in time and 

space and for their relationship to particle characteristics. To study variation in time and 
space, differences in sorption affinity among the particles should be eliminated. This was 
done by correcting the pollutant concentrations for differences in suspended solid 
composition. For the heavy elements, the affinity for the particulate material is 
determined by a few geochemical phases which are mainly associated with the clay 
minerals [5,6]. Consequently, the metal concentrations can be normalised by division 
by the clay content. A good alternative which is used in this study, is division by the 
content of the conservative element scandium [7,8], which is positively correlated with 
the clay fraction and can be determined relatively easy. For the study of heavy element 
concentrations in relation to adsorbent characteristics, the original (not normalised) data 
were used. Ideally, data on the aqueous phase concentrations should be included in the 
interpretation, but these data were not available. The affinity of suspended solids for 
HOCs is determined by the organic matter content of the particles [9]. In a recent 
review of Perlinger and Eisenreich [10] an organic carbon fraction of 0.001 is 
mentioned as the critical value needed for the partitioning process to dominate over 
sorption to mineral surfaces. The particles in our study had OC fractions larger than 0.05. 
Therefore, the contribution of inorganic constituents was considered negligible and HOC 
concentrations were normalised to organic carbon content. Consequently, the normalised 
data can be interpreted as concentrations in the organic matter. Because solid components 
other than organic matter were considered irrelevant, only the OC normalised data were 
interpreted. 

The time series of individual variables were tested for normality (skewness and 
kurtosis values), seasonality and trend using the software package WQSTAT [11]. For 
all variables, a distribution significantly different from the normal distribution was found. 
Therefore, only non-parametric tests were used. Before testing for seasonality, the linear 
trend was removed using the Sen slope estimate. Subsequently, seasonality was tested on 
quarterly data using the Kruskall-Wallis test for equal medians among three or more 
groups of data. The time series of monthly data were tested for trend using the non 
parametric Kendall tau test. The advantages of the Kendall tau test are that it is applicable 
to small datasets (n<60) for which normality can not be proven, and that it is relatively 
insensitive to outliers and missing values [12]. For time series with significant 
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seasonality, the seasonality was removed prior to trend analysis, by subtracting the 
seasonal means from each data point. The majority of these deseasonalized datasets were 
not distributed normally either. Correlation and factor analysis were performed using the 
statistical software package STATGRAPHICS. Correlation analysis was performed using 
the nonparametric Pearson rank procedure. Standardized factor analysis was performed 
using Varimax rotation. Other rotation methods (Equimax, Quartimax) were tested but did 
not yield extra information relevant for the interpretation of the results. To be strictly 
applicable, the dataset must meet several assumptions of the factor analysis model, 
primarily that the variables have normal distributions and be uncorrelated. For 
applications involving statistical testing of hypotheses, the assumptions must be met rather 
well. However, for the merely descriptive purposes as in this study, larger departures 
from data structure are tolerable ([13] and references therein). 

The type of statistical analysis performed to describe the relationships among the 
measured variables typically yields rather extensive numerical results. For completeness, 
most results are tabulated and included in this paper. However, in the following sections 
only the most relevant observations are considered and a full discussion of all figures is 
avoided. 
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RESULTS AND DISCUSSION 

Characteristics of suspended and settling solids 
The characteristics measured and used for the particles in this study were the 

concentrations of the major mineral and organic phases measured as total Al, Fe, Mn, 
chlorophyll, LOI, IC, OC, N and P, the variables indicative for clay content: % < 16/tm, 
Al and Se and the derived molar based elemental ratios: OC/N, OC/P, Fe/P and N/P. 
The 1987 - 1992 time variations of the most important mineral and organic phases of the 
suspended solids sampled with centrifuges for the four locations are given in Figure 2. 
Following van Eck [14] who studied the geochemistry of the Hollandsen Diep in the 
late seventies, it was assumed that Al is present as A1203, Fe as Fe203, Mn as Mn02, OC 
as organic matter (OM) with an OM/OC ratio of 2.5, and IC as CaC03. The weight 
percentages were calculated using the elemental concentrations and the molar weight for 
each phase. The difference between the sum of these phases and 100% is mainly 
explained by the presence of the oxides Si02, Ti02, MgO, K20 and Na20 which were not 
measured in this study, and formally by the trace amounts of metals and HOCs. LOI, 
being the total amount of carbon dioxide and water liberated from organic matter, 
carbonates and clays after heating, is not a separate phase and is therefore not included in 
the construction of Figure 2. For a more detailed description of the mineralogy of the 
particles found in the study area, we refer to the study by van Eck [14]. The graphs in 
Figure 2 show a low contribution of organic carbon in winter, whereas the relative 
contribution of the mineral phases is large. Although formally no conclusions can be 
drawn about causality, it seems clear that algal growth is the main factor explaining the 
observed seasonality. 

Correlation analysis 

The results of the correlation analysis of suspended solid characteristics are presented 
in Table 2. The analysis shows a strong inverse correlation of the fraction < 16jtm, Al 
and Sc with OC, N and chlorophyll, which confirms the role of algal growth. Generally 
Sc, Fe and the < 16jtm grain size fraction are positively correlated, which supports the 
assumptions underlying the heavy metal normalisation procedure. The fraction < 16/*m is 
not always correlated. This may be due to a lack of available data. Manganese is not 
correlated with Sc, Fe and the fraction < 16/*m (VZ3, VZ7), or negatively correlated 
(HD, DM). In the latter case Mn is positively correlated with CHL, N, OC and to a 
lesser extent with P. 
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