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Stellingen 

behorend bij proefschrift "Mechanism and consequences of slow desorption of 
organic compounds from sediments", door Gerard Cornelissen, 4 februari 1999. 

1. Traag en snel desorberende fracties zijn niet alleen kinetisch verschillend, maar ook 
anderszins verschillend. 
Dit proefschrift, hoofdstuk 5 en 8. 

2. Trage desorptie kan leiden tot een reductie van risico's op korte termijn, met een 
factor 3 tot 10 gemiddeld over verschillende stoffen in verschillende sedimenten. 
Deze factor kan echter variëren van 1 tot circa 50, waardoor het nodig is om per 
locatie en per stof de mate van trage desorptie te meten. 
Dit proefschrift, hoofdstuk 4,9,10,11,12,14. 

3. De mate waarin een sedimentgebonden organische verontreiniging biologisch 
afgebroken kan worden, is in te schatten uit de mate van desorptie naar Tenax in 
ongeveer 24 uur. 
Dit proefschrift, hoofdstuk 14. 

4. De term "aging" zou niet meer gebruikt moeten worden, omdat deze niet 
eenduidig is. Beter kan er gesproken worden van "trage desorptie" of 
"incubatietijd", omdat dan aangegeven wordt wat precies bedoeld wordt. 

5. Door de beperkte trage sorptiecapaciteit is de mogelijke reductie in korte-termijn 
risico's onder invloed van trage desorptie het kleinst voor de meest vervuilde 
sedimenten, en kan jarenlange applicatie van pesticiden leiden tot een relatief 
steeds grotere mate van uitspoeling. 
Dit proefschrift, hoofdstuk 8 en 9. 

6. Om de data van Kan et al. te verklaren, hoeft er bij trage (of irreversibele) sorptie 
niet noodzakelijkerwijze een omlegging in het organisch materiaal plaats te vinden, 
zoals deze auteurs voorstellen. 
Kan, Fu, Hunteren Tomson, Environ. Sei. Technol. 1997, 2176-2185. 

7. Wanneer de snelheid en mate van afname van beschikbaarheid van 
sedimentgebonden verontreinigingen verschillen tussen enerzijds een bepaald 
oplosmiddel als extractant en anderzijds bacteriën/organismen, zal het moeilijk zijn 
om van daaruit een chemische voorspellingsmethode voor biologische 
beschikbaarheid te vinden. 
Chung en Alexander, Environ. Sei. Technol. 1998, 855-860. 



8. De bewering van LeBoeuf en Weber dat er een glasovergang in natuurlijk 
organisch materiaal plaatsvindt, dient met wetenschappelijke achterdocht te 
worden beschouwd. 
LeBoeuf en Weber, Environ. Sei. Technol. 1997, 1697-1702. 
Graberen Borisover, Environ. Sei. Technol. 1998, 3286-3292. 
Dit proefschrift, hoofdstuk 6. 

9. De mogelijkheid dat toekomstige generaties het milieu even weinig van belang 
vinden als de huidige generatie, mag niet leiden tot cynisme binnen milieubeleid en 
-onderzoek. 

10.Het uitvoeren van onderzoek in eigen huis is voor een kennis- en adviesinstituut 
een essentiële voorwaarde om op een goede manier extern onderzoek te kunnen 
initiëren en begeleiden. 
Projectleidersdag WSC, februari 1998. 

11 .Het is een paradox dat er zoveel gevlogen moet worden voor het bijwonen van 
congressen die gericht zijn op verbetering van het milieu. 

12.Het halen van een finaleplaats bij een loopnummer op een mondiaal 
atletiektoernooi is een grotere prestatie dan het halen van een olympische 
schaatstitel. 

13.Wie zegt dat economische vluchtelingen niet welkom zijn in Nederland, dient zich 
wel te realiseren dat de slechte economische omstandigheden in het land van 
herkomst meestal een gevolg zijn van het gedrag van "ons" in het rijke deel van de 
wereld. 

14.Aangezien stoplichten uitsluitend nodig zijn omdat er zo ontzettend veel auto's 
rondrijden, is het volkomen terecht wanneer fietsers door rood rijden. 
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Introduction 

1 . Sorption and desorption of organic chemicals 

1.1 General 

Numerous hydrophobic organic compounds (HOCs), including polycyclic aromatic 

hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), chlorobenzenes and many 

pesticides, are present in the environment. In The Netherlands, this is mainly due to 

emissions in the 60s and 70s; nowadays the release of these compounds has been 

significantly reduced. Due to their hydrophobic character, HOCs have a greater 

affinity for (suspended) sediment particles than for the aqueous phase, and therefore 

the bulk of many HOCs eventually becomes sorbed to the sediments. In this way, the 

sediments reflect HOC emissions in the past, some deeper layers showing the highest 

contamination levels because of past emissions. It is important to assess the fate of 

these sediment-sorbed chemicals. 

In the early 80s, Karickhoff [1] was the first one to recognize that the release of HOCs 

from contaminated sediments is sometimes very slow. This is especially true after 

prolonged sediment-contaminant contact times. Since then, this phenomenon of slow 

desorption (resistant sorption, sequestration and irreversible sorption are alternative 

terms used in the literature) has been observed by many others. This slow desorption 

process is important because it influences aqueous HOC concentrations and therefore 

groundwater transport rates, as well as bioavailability of toxic HOCs to benthic and 

aqueous organisms and microorganisms. These issues will be elaborated on in section 

5 of this chapter. 

The magnitude of slowly desorbing fractions is highly variable among different 

contaminated soils and sediments and among different chemicals [1-3, this research]; 

their desorption can last months to years. Usually slowly desorbing fractions are 

observed to increase in time [2,4, this research], however, this increase is not linear. 

Already in the first few days, significant slow fractions can be formed that do not 

increase so much during subsequent contaminant-sediment contact time [4-6, this 

research]. In Figure 1, typical desorption curves are sketched for two sediments: part 

of the HOC is released relatively rapid (hours to days), whereas another part desorbs 

slowly. 

Apart from rate limitations in desorption, slow exchange of HOC between sediment 

and water may also be expressed in the form of hysteresis, i.e. the phenomenon that 

measured sediment-water ratios are larger in the desorptive than in the sorptive 

direction. The explanation for hysteresis in slow desorption terms is that in the 

sorptive direction the flux from water to sediment is retarded causing relatively small 
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sediment HOC contents, whereas in the desorptive direction the inverse is true: 

release from sediment to noncontaminated water is retarded causing relatively high 

sediment (and low aqueous) HOC contents. 

desorption (%) 

80 

60 

40 

20 ' 

0 

0 100 200 300 

time (h) 

Figure 1: Typical desorption curve for two sediments, the sediment represented by the 
lower curve (squares) possesses the larger slowly desorbing fraction. 

In spite of all the research effort, it is still unclear which mechanism is responsible for 

this slow desorption phenomenon. The main objective of this thesis is to further 

elucidate this mechanism. It is also endeavored to find ways to predict the extent of 

slow desorption from easily measurable sediment and contaminant properties. 

Potential mechanisms will be discussed in section 2 of this chapter. The knowledge 

presented in the forthcoming sections is focused on sediments because this research 

mainly deals with sediments and not soils; however, almost all this knowledge can be 

extended to soils. 

1.2 Sediment composition and location of HOCs 

For a good understanding of sorption phenomena, it is essential to know the 

composition of sediments, and in particular of sediment particles. The first thing that 

comes into mind when considering sediments is their heterogeneity. Not two 

sediments are exactly the same, not even when obtained at the same location. Apart 

from posing problems when comparing various sediment studies, this also means that 

10 
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it is impossible to give one "sediment structure". Therefore a general description 

applicable to most soils and sediments is given here. 

Sediment particles can be regarded as aggregates of many small particles unified in a 

porous structure [7-9]. An immobile aqueous phase separates the bulk water phase 

from the particle surface. In Figure 2, the composition of a sediment is sketched. 

~"/i?7' swelling 
- ^ - » - c i a y edge 

interlay« 
space with 
counter ions 

enlargement 
ot minerais 

Figure 2: Sediment composition. From Schwarzen bach et al. [9]. 

Various constituents, including clay minerals, organic matter (OM) and metal oxides 

are present in soil and sediment particles. In many cases, a porous structure is 

observed between these phases; however, especially for sands porosities can be very 

low. Example of pores include the interlayer spacings between clay platelets, and 

pores resulting from packing inefficiency between various sediment constituents. The 

pores between different aggregates are termed macropores (sketched as the turbulent 

solution in Figure 2); mesopores are intra-aggregate pores with diameters (much) 

larger than HOCs, and micropores possess diameters comparable to the solute size 

(nanometers). 

Sediment organic matter is the most hydrophobic sediment constituent and therefore 

it is probably the most important determinant for sorption. Its structure, based on 

what is known from structural fragments studied by pyrolysis GC-MS as well as IR 

and NMR spectroscopy, is sketched in Figure 3 (from Schulten and Schnitzer [111]). 

11 
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HO.-.0 „ . ,0-^OH 

(CHJ)O-J 
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( C M J ) O - J 

Figure 3: Proposed organic matter structure (after Schulten and Schnitzer [111]. 

Sediment organic matter can be viewed as a polymer structure of various organic 

matter constituents (humic and fulvic materials, polysaccharides, partially decomposed 

cellular material, humins). It is thought to be formed by depolymerization of 

macromolecular plant constituents, followed by oxidation reactions, in which carboxyl 

groups are formed [10]. This process results in the formation of amphiphilic 

molecules, with their polar sites at the aqueous exterior and their hydrophobic sites at 

the interior [10]. 

In both humic and fulvic substances, many functional groups are present, such as 

hydroxyl, amino, carboxyl and carbonylgroups. The molar weights of fulvic and humic 

acids can vary from hundreds to many thousands of Daltons. Heterogeneity at the 

microscopic level is supposed to exist in organic matter (OM); regions of various 

densities, polarities, hydrophobicities and water contents coexist. Due to the high 

oxygen and nitrogen content, sediment organic matter is probably less nonpolar than 

hydrocarbons or chlorobenzenes [9]. The structures of humic and fulvic acids are 

probably punctuated by voids (holes) that may trap organic solutes [11,12]. Especially 

the more rigid, glassy parts of humic materials are supposed to contain such voids 

[12,13,14], analogous to glassy polymers [15]. By computational chemistry on 

12 
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structure fragments determined by several mass spectroscopy methods, Schulten [12] 

has shown that an example compound, atrazine, can probably be trapped in such 

voids. 

Humic and fulvic acids are thus polyelectrolytes in which there is a variable degree of 

rotational freedom around the numerous linkages [11]. The linkages are influenced by 

pH, resulting in aggregation at low pH (where many H-bridges can be formed) and 

dispersion at high pH (where H-bridges dissociate and electrostatic repulsion 

occurs)[11,16]. 

An important question is how and where the organic matter is present inside the soil-

or sediment aggregates. Wershaw [10] suggests the existence of four different O M 

pseudophases: hydrophobic interiors and charged surface regions of humus 

"membranes" coating minerals, as well as hydrophobic interiors and charged surfaces 

of humus "micelles" that are present in the aqueous phase, probably within and 

without the sediment aggregates. Suggestions on the residence place of the O M in a 

sediment particle include 

i) the existence of small O M microparticles more or less homogeneously 

distributed throughout the aggregate [9,10,17], 

ii) an organic "sphere" around a nonsorbing core, on a whole-grain scale 

[18,19], 

iii) a coating of the clay and oxide microparticles [9,10,16], forming an organic 

coating of the intra-aggregate pores. 

1.3 Sorption coefficients 

Before the importance of kinetic aspects was fully acknowledged, sorption of HOCs 

has long been regarded as an equilibrium process. Therefore, most research in the 80s 

has focused on (apparent) sorption equilibrium. It is generally known that the more 

hydrophobic the sorbing HOC, the stronger it will sorb to sediments. 

The ratio between HOC concentrations in sediment and water is often described with 

a partition coefficient, Kp (L/kg) 

K
P = (1) 

c 

where q is the sediment HOC concentration (ug/kg) and cw is the aqueous 

concentration (ng/L). In the case of a linear sorption isotherm, this partition 

13 
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coefficient is independent of solute concentration. For HOCs sorbed to sediments 

containing "significant" organic matter (OM) contents (generally above approx. 

0.1 %), it is often found that HOC sorption is determined by the organic matter 

content of the sediment. So, partition coefficients can be normalized on sorbent 

organic carbon fraction, f^, to obtain the OC-normalized sorption coefficient Koc 

K 
Koc = P (2) 

J OC 

It has been found that Koc values are reasonably constant among different soils and 

sediments, although they still vary up to a factor of 10 [20-26]. This variation has 

been attributed to variation in OM composition, including the polarity index defined 

as (N+0)/C by Xing [24], the H/O atomic ratio [22], and the aromatic carbon content 

determined by 13C-NMR spectroscopy [23,27]. Also, sediments have been found to 

exhibit Koc values twice those for soils [25,26]. 

1.4 Langmuirand Freundlich isotherms 

Deviations from the linear Koc model have been reported by many authors [13,14,26-

29]. These deviations can often be described by Langmuir or Freundlich isotherms. 

The Langmuir isotherm describes sorption to a finite number of sorption sites with 

constant site-sorption energy; it can be represented mathematically by 

Q be 
\ + bc 

where q is the sorbed concentration (ng/kg) and Qmax is the maximum sorption 

capacity. No interactions between the solutes on the different sorption sites are 

assumed. Coefficients are best calculated by transformation of eq. 3; when plotting 

(^,/q vs. c^, a straight line is obtained with a slope of 1 /Qmax and an intercept of 

1/bQmax. 

Freundlich isotherms assume a distribution of site sorption energies and are expressed 

as 

q = KF(cJ (4) 

14 
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in which KF is the Freundlich partition coefficient and n is the coefficient describing 

sorption isotherm nonlinearity. A value for n below unity may thus indicate saturation 

effects of a limited number of sorption sites at elevated solute concentrations. 

2. Mechanisms of slow desorption 

Up till now, several mechanisms of slow desorption have been proposed in the 

literature. They are concisely discussed below. 

2.1 Chemical nonequilibrium 

Chemical nonequilibrium results from specific chemical interactions between solute 

and sorbent surfaces; these interactions may involve slowly reversible or irreversible 

chemical bonding, resulting in prolonged equilibration times. The specific interactions 

involved in this mechanism are only expected for solutes possessing some reactive 

functional group(s) in combination with reactive groups on the surface or in the inside 

of the sorbent. An example is the adsorptive bonding of salicylate to small aluminum 

hydroxide particles [9]. Chemical sorption reaction energies resulting in sorption 

residence times above one minute are at least 80 kJ/mol [8]. 

Chemical nonequilibrium can be ruled out beforehand as being the general 

mechanism of HOC nonequilibrium phenomena, because the specific and electrostatic 

interactions involved are not expected for most nonreactive HOCs, but merely for 

polar and ionic substances, like metal ions or organics with polar/reactive functional 

groups. Experimental confirmation is given by the fact that the clay mineral 

montmorillonite (with a high surface area and a lot of active surface groups) shows 

hardly any slow desorption of TCE [8]. In some non-general cases involving reactive 

sorbates chemical nonequilibrium can be the mechanism of slow desorption, like 

proposed for salicylic acid on silica [30]. 

2.2 Interaggregate dispersion 

Interaggregate nonequilibrium results from dispersion through the macropores 

between the different particles; it is the result of differences in flow pathways. It 

should affect both sorbing and nonsorbing solutes [31], whereas intraaggregate 

porosity only affects sorbing solutes that encounter a net extra retardation relative to 

water. Interaggregate flow takes place on a relatively short time scale because of the 

turbidity of the water flow. 

15 
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Interaggregate nonequilibrium can be ruled out because dispersion in the turbid water 

flow is much lower than dispersion in the immobile intraaggregate regions. This is 

because of the difference in residence time. Similarity in gas purge-(GP) and miscible 

displacement (MD; column)-results (see section 3) is a clear affirmation that no 

transport-related (interaggregate) nonequilibrium is involved, because transport-

related nonequilibrium can only be observed in MD-experiments [32]. The 

observation of slow desorption effects in shaken sediment suspensions further 

supports this conclusion [4,33,34]. 

2.3 Film diffusion 

Although diffusion through the immobile aqueous surface film around the sediment 

particles may be slower than in bulk water, the timescale of this process (calculated 

from the aqueous diffusion coefficient and the thickness of the film) is in the order of 

seconds [9], which is so rapid that it does not significantly contribute to 

nonequilibrium (for which much longer timescales, like months to decades, are 

involved) [9,32]. In another study [35], it was argued that inclusion of film diffusion in 

a radial diffusion model improves the description of slow initial sorption rates, 

especially in diluted sediment suspensions. It was unclear, however, whether the 

inclusion of film diffusion was the only factor that improved the fits, because the 

radial diffusion model was simultaneously extended with surface diffusion terms. 

With film diffusion, chemical nonequilibrium and interaggregate diffusion ruled out, 

the mechanism of slow desorption must be a physical process occurring within the 

sediment aggregates. The most likely processes causing rate limitations at the grain 

scale are retarded diffusion and entrapment at localized sites. 

2.4 Micropore diffusion 

Micropore diffusion is diffusion in the stagnant aqueous regions in the intraaggregate 

structure where advection of water is negligible. Diffusional limitations in the water of 

the micropores include entrapment in dead-end pores or sterical hindrance in 

micropores. In addition to the steric effect of narrow pores, the (pore wall 

surface)/(pore volume)-ratio increases with decreasing pore diameter, resulting in 

enhanced retardation by pore wall sorption, provided that the pore walls are 

hydrophobic due to OM coatings [8]. 

Solute transport can also be obstructed by effects on transport through the aqueous 

phase in combination with OM-sorption effects, when microscale interactions with 

16 
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hydrophobic pore walls [7] play roles and slow diffusion along the pore walls becomes 

a transport-limiting factor. Especially in combination with high tortuosity of porous 

structures and stehe hindrance in micropores [36], (ad)sorption to pore walls may 

delay desorption. In this mechanism, slowly desorbing solute is supposed to be 

present in micropores only slightly wider than solute diameters. 

2.5 Organic matter diffusion 

HOC retardation within the OM matrix results from interactions between solute and 

polymer chains, due to the similarity in hydrophobicity. Diffusion in the 

macromolecular OM matrix, being essentially a solid-phase diffusion process, can 

probably be extremely slow because it is known that diffusion through polymers may 

be highly retarded. In this mechanism, slowly sorbing solute is presumed to be present 

in remote parts of the OM from which diffusion pathlengths are long, while rapidly 

sorbed solute is present at the exterior, exposed parts of the OM [37]. Because of 

slow intra-OM diffusion, a concentration gradient within the OM could be 

established during sorption and desorption. The suggestion offered by Pignatello [17] 

and Schwarzenbach [9] that organic matter diffusion occurs in small microparticles 

inside the larger macroscopic sediment particles, implies that diffusional distances 

within OM are relatively short compared to grain size. Especially Brusseau and co

workers [31,32,38,39] have carried out a lot of research to prove that this mechanism 

is rate-limiting in soils. For example, they found relatively high desorption rate 

constants kd iStow for humic acids in comparison to soils. Isolated humic acids are 

probably smaller than OM unities in soil and sediments and can be expected to show 

relatively low diffusional distances. The high kdslow-values indicate that diffusional 

distance through organic matter plays a role in nonequilibrium. Also, addition of alkyl 

groups to benzene resulted in a higher degree of nonequilibrium in sediments and 

soils [32], which was accounted for by a larger entrapment of these bulky groups 

between the organic matter groups. In the same study [32], calcium ions were 

observed to show a much lower extent of nonequilibrium than HOCs. According to 

the authors, this effect can only be explained by IOMD, because their pore diffusion 

model predicts a much lower kdsk)w-value than actually observed for the calcium ions. 

Neutral quinoline was observed to have a kdsk)VV-value as expected based on the log 

Kp-log kdsklw correlation obtained for HOCs, whereas protonated quinoline (at low pH) 

had a much larger kdsk)w [32]. Because k2 can become larger through the (fast) cation 

exchange possibilities for the charged quinoline at low pH, it was argued that this 

effect could be explained by IOMD and not by retarded pore diffusion. Adding 

17 
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increasing volume fractions of methanol also caused a reduction of nonequilibrium. 

This was explained by enhancements of effective diffusivities in the organic matter 

through swelling of the organic matter because of the methanol. On the other hand, 

Chang et al [40] found that diffusivities in pressed humic acid disks of known size 

were too high for intra-organic matter diffusion to be responsible for slow sorption 

processes in natural particles. 

2.6 Site entrapment 

A mechanism that is often encountered in the recent literature is the entrapment of 

HOC in voids, or high-energy sites present in the organic matrix. Various research 

groups have their own 'versions' of this mechanism. Pignatello and Xing propose that 

these voids are similar to the voids that are present in glassy polymers according to 

Fujita's free-volume theory [15]. Pignatello and Xing base their hypotheses on i) 

analogies between soils and glassy polymers with respect to slow sorption behavior 

[13,85], ii) increasing sorption nonlinearity and thus increasing site sorption with 

increasing HOC-soil contact time [28] and iii) the occurrence of competition in 

sorption between different HOCs [85]. In addition, soil OM has been shown to have 

significant extents of internal porosity, as shown by C02 adsorption at 273 K [13,41]. 

In these internal pores, slow sorption could take place. Weber and co-workers 

[14,29,42-44] propose the existence of amorphous OM showing linear, relatively 

rapid sorption and microcrystalline OM showing nonlinear, slow sorption. Their 

evidence is based on i) the increase in Freundlich coefficient KF and the decrease in nF 

(eq. 4) with increasing contact time [14], ii) the discovery of a glass transition for 

purified Aldrich humic acid [42], and iii) adsorption isotherm description being better 

with a Langmuir sorption part and a linear sorption part for 29 different soils and 

sediments [29]. Also, they observe that soils with more condensed OM (containing 

less nitrogen and oxygen and possessing higher aromaticity) exhibited stronger 

sorption isotherm nonlinearity (indicative of site sorption) and stronger hysteresis [44]. 

Kan, Tomson and coworkers [45,46] have proposed a rearrangement model: upon 

accommodation at the sorption site, the site rearranges due to the possibility to form 

energetically favorable Van der Waals bonding between HOC and OM 

macromolecules. Due to the rearrangement desorption could then be energetically 

unfavorable and therefore kinetically slow. However, the experimental observations of 

Kan et al. [45,46] do not directly prove that this mechanism takes place. Through a 

molecular mechanics study, Schulten [12] showed that it is probably energetically 

beneficial to accommodate a solute molecule in an OM void, because of favorable 
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interactions between the hydrophobic solute and the hydrophobic wall structures of a 

void in rigid OM. The release of the chemical from the void is then slow because the 

favorable interactions have to be disrupted before it can be released. 

Another possibility is that slowly desorbing chemical is sorbed in voids in rigid parts of 

the OM, but that the actual rate limitation in its desorption is not the release from the 

void, but the subsequent diffusion from the void to the sediment-water interface, or 

to the exterior of the rigid parts of the OM. 

2.7 Soot particles 

An explanation that is somewhat different from the previous ones is that HOC can 

become sequestered in soot particles. This mechanism only applies to PAHs, when 

these are formed simultaneously with the soot particles in which they can become 

sequestered during formation. Because diffusion through the aromatic soot matrix 

could be very slow and because sorption to soot can be very strong [47], the 

desorption of PAHs from soot could be slow. Evidence for a strong binding 

mechanism is given by (i) McGroddy et al. [48,49] who found that PAHs showed 

much stronger sorption than PCBs [48], (ii) Maruya [50], who invoked soot particles 

to explain differences in PAH sorption behavior between wet and dry seasons, surface 

runoff of soot being responsible for stronger sorption during the wet season, (iii) 

Gustafsson, who found that sorption to sediments was better correlated with soot 

content than with total-OM content [47], and (iv) Naes et al [51], who reported that 

partitioning to sediments containing soot carbon were orders of magnitude higher 

than expected on the basis of organic carbon-water partitioning. 

3. Measurement of slow sorption 

3.1 Sorption isotherms 

A much-used, relatively simple method to investigate slow sorption is the 

measurement of sorption isotherms, i.e. the measurement of q at various aqueous 

concentrations. Information on linearity of sorption isotherms can so be obtained. By 

measuring sorption isotherms after various equilibration times, the time dependence 

of slow adsorption can be studied. 

The other techniques described involve the measurement of desorption kinetics. 

19 



Chapter 1 

3.2 Batch desorption experiments 

Contaminated sediment is suspended into noncontaminated water. Sediment and 

water are separated (as well as possible), fresh noncontaminated water is again added 

and the experiment is continued. The amount of solute released is measured by the 

determination of aqueous concentrations. The main disadvantage of this method is 

that sediment and water cannot be easily separated as always a fraction of the water 

will remain with the sediment, and a fraction of the sediment will remain with the 

water as DOC (dissolved organic carbon). 

3.3 Gas-purge (GP) 

In the case of GP-desorption measurements, a contaminated suspended sediment is 

continuously purged with gas (mostly nitrogen); the purged amounts of solute are 

trapped on some hydrophobic material (e.g. Tenax). Subsequently these amounts are 

stripped from the hydrophobic trapping material and analyzed, in order to determine 

the mass flux of solute. 

A disadvantage of the GP technique is that desorption kinetics cannot be measured 

for nonvolatile compounds, because the aqueous phase cannot be stripped rapidly 

enough. Instead, sorption coefficients are measured for chemicals whose Henry's law 

constant is so low that equilibrium between sediment and water is maintained 

throughout the experiment. An advantage of the GP technique over the batch 

technique is that solute associated to DOC is probably not purged and thus no third-

phase related underestimations of Kp occur. 

Also, stirring and air bubbling have been shown to alter particle size distribution [7]. 

Only stirring hardly showed this effect, so the sparging with gas probably causes 

disruption of particle aggregates and, possibly, alters desorption characteristics. 

3.4 Sorbent addition to the suspension 

Desorption to infinite dilution can also be measured by adding a strong and rapid 

solid sorbent to the aqueous phase. Such sorbents include Tenax [33] and XAD-4 

[34]. For the latter method, the addition of a large amount of sodium hydroxide (0.5 

M) is required to cause floating of XAD-4 resin which can be easily separated then 

[34]. This is disadvantageous for two reasons: first, for every desorption measurement 

in time a sample has to be sacrificed and thus intersample variations occur in one 

desorption curve, and second, it is the question whether the high alkali concentration 

influences the sorption process (e.g. by changing the ionic strength in the aqueous 

phase or by dissolving humic and fulvic acids from the OM phase). The Tenax 
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alternative has previously been employed by Pignatello who discarded the method 

due to problems in separating sediment suspension and Tenax. In the present 

research, a technique has been developed in which desorption kinetics have been 

measured with Tenax as an infinite sink for desorbed HOC. Experiments are carried 

out in separation funnels to facilitate separation of Tenax and sediment suspension. In 

this way, the same sediment suspension is used throughout the desorption 

experiment. 

3.5 Miscible displacement (MP) 

MD measurements can be used to investigate both sorption and desorption 

processes. For sorption processes, a solution of the solute of interest (a concentration 

pulse) is pumped over a column containing homogeneous soil. By evaluating the 

shape and elution time of the breakthrough curve (BTC), information is obtained on 

dispersion and retention, respectively. For desorption processes, a soil column is 

equilibrated with a solute solution; subsequently, the solute is eluted by pumping 

noncontaminated water through the column. Elution profiles give information on the 

desorption rates. 

MD experiments are most relevant for the investigation of solute transport in soils, 

sediments and aquifer materials [32], and useful for desorption measurements of 

solute/sorbent combinations showing low sorptivities (Kow<3 and/or OM-

content<1 % [32]). Disadvantage of the MD technique is the low resolution at low 

rates of uptake or release [8] (i.e. especially for hydrophobic compounds and high-

OM soils and strongly sorbing clays). GP and MD data have been shown to yield 

comparable results [32]. Log Kp-log ̂ -relationships were not significantly different, 

and experimental and predicted (based on GP data) MD-BTCs agreed very well. 

De Jonge et al. [37] used another type of miscible displacement technique. They did 

not use a soil column; instead, a HPLC pump was used to introduce pulses of 

naphthalene solution into a stirred continuous reactor (10 g/L soil). Simultaneously, a 

flow of water removed from the reactor was analyzed. In this way, sorption and 

desorption could be measured in one single experiment. 

4. Data description of desorption kinetics 

4.1 One-compartment model 

In this model, the sediment particles are assumed to exhibit homogeneous desorption 

behavior, i.e. all desorption occurs at the same rate constant. The model parameter is 
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the rate constant of desorption from the sediment to water. This model fails to 

describe rapid and slow desorption; it only works in some rare cases where almost all 

desorption is either rapid or slow. The differential equation describing the process is 

dS i a i 
- -K.S + k C (5) 

d t 

where S is sorbed concentration (mg/kg), t is time (h), kd is desorption rate constant 

(h 1), ka is adsorption rate constant (Lkg 1h 1) and c^ is aqueous concentration (mg/L). 

4.2 Two-compartment model 

Since in many kinetic sorption experiments a period of rapid exchange and a 

subsequent period of slow exchange are observed [e.g. 1,2,7,8,17,32,36,45,52,53], 

sorption is often visualized to occur in two kinetically different domains, sites or 

boxes. 

Several versions of this model have been employed. In the first one, equilibrium 

sorption between the aqueous phase and an instantaneously sorbing fraction is 

assumed. In addition to the instantaneously sorbing fraction, there is a slowly sorbing 

fraction [32,38]. In the serial two-site model, there is a first-order exchange between 

the instantaneous domain and a domain in which sorption is rate-limited, the 

nonlabile sorbent fraction. Alternatively, direct first-order exchange between the 

nonlabile and the aqueous phase may occur (parallel two-site model). The serial and 

parallel model are mathematically indistinguishable as long as equilibrium exists 

between aqueous phase and labile fraction, or as exchange between water and labile 

fraction is much faster than exchange between water and nonlabile fraction. 

As long as re-adsorption rates during desorption are negligible compared to 

desorption rates, the series and parallel two-compartment models are mathematically 

similar. Assuming no re-adsorption, slow desorption is described by 

dS, 
dt d ,slow slow * ' 

with S ^ the amount sorbed in the slow sediment compartment and kdslovv the rate 

constant of slow desorption. This equation can be solved to obtain 
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SL = O " * * " (7) 

A similar expression can be obtained for the rapidly desorbing fraction. 

The fraction of sorbed compound present at time t is given by 

S S', + 5 ' S°, e ^ + S° e'"•"*• ' 
t stow rap __ slow rap 

^0 ^o £<, 

The slow fraction at time 0 (F^ ) equals S ^ / S 0 (analogous for the rapid fraction) so 

the resulting expression for desorption kinetics in a two-compartment model without 

re-adsorption becomes [54,55] 

s, 
1 = F ekdW + F, ek"^ (9) 
» ran slow v ^ ' 
0 

where Frap and F ^ are the rapidly and slowly desorbing fractions, respectively, and 

kd.rap a n d kd.stow their corresponding rate constants of rapid and slow desorption, and t 

is time. 

If the aqueous phase is not kept solute-free rapidly and efficiently enough (e.g. when 

gas-purging relatively nonvolatile solutes), the simplification that no re-adsorption 

takes place is not justified. Then is becomes necessary to include re-adsorption terms 

in eq. 9; moreover, the series and parallel versions of the model become 

mathematically different. Schrap et al [56] have shown that the exponents in eq. 9 are 

then not equal to first-order rate constants; instead the exponents in the desorption 

equation become relatively complicated functions of the model parameters. 

A disadvantage of the two-site models is that they have, up till now, had no physical-

chemical meaning, and therefore no predictive power like the radial pore diffusion 

model described later on in this section. In the present research it is endeavored to 

give some mechanistic meaning to the two- and three-site models (see below) by 

researching characteristics of the sediment compartment from which rapid and slow 

desorption, respectively, take place. Generally, the regions or sites can have three 

different meanings [39]: i) chemical, molecular-scale reaction sites; the two regions 

differ in chemical affinity for the solute and/or rate of solute-site reaction, ii) sites with 
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different accessibility (due to physical mass-transfer resistances) and iii) sites with 

different sorption mechanisms (the solute undergoes two or more types of sorption 

"reactions" of which at least one is rate-limited). 

4.3 Three-compartment model 

As will be shown later on in this thesis (chapters 4,6) in many cases a three-site model 

is preferable to a two-site one. The two-site model is then extended with a very 

slowly desorbing fraction with its corresponding rate constant. 

4.4 Continuum model 

Instead of one, two or three compartments, a whole range of compartments can be 

defined [9,57,58]. The compartments show a range of kd-values according to a 

gamma-distribution, so that the model can be described by only two parameters; 

these parameters, however, have no direct physical-chemical meaning. 

4.5 Radial diffusion models 

A number of slightly different radial diffusion models have been derived from Fick's 

second law, which is, in spherical coordinates 

as n.c?s^2ds. 
= D( —- + ) no) 

dt Or2 rdr 

where D is the diffusion coefficient (cmVsec), r is the radius of the sorbing 

compartment (jam) and S is the sorbed amount of HOC. 

Radial diffusion models include i) pore diffusion models, ii) intra-organic matter 

diffusion models, iii) polymer diffusion models. The boundaries between i) and ii) are 

not always clear as some of the pore models include a OC sorption coefficient. In the 

"real" radial diffusion models, the whole desorption range over time is described by a 

single diffusion coefficient [7,8,36] . In other models, however, a combination is used 

of an instantaneously sorbing/desorbing fraction in equilibrium with the water and a 

rate-limited fraction described by a diffusion coefficient [17,37,59]. The latter model 

can be regarded as a hybrid of a two-site model and a radial diffusion model. For 

example, Farrell and Reinhard [8] found that a pore diffusion model with one D value 

was not sufficient to describe both rapid and slow desorption. 
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A pore diffusion model assumes that desorptional rate limitations are caused by 

retarded pore diffusion at the whole-grain scale and in spherical porous sediment 

particles. In the pores, solute diffusion is described by an effective diffusion coefficient 

Deff taking into account tortuosity and dispersion factors, interaction with pore walls 

and steric hindrance encountered by solutes diffusing through pores with diameters 

comparable to solute sizes. 

Assuming rapid and reversible solute exchange between sorbed phase and pore water 

(a "highly local" equilibrium assumption), the following relation between De(1 and Kp 

is valid [7,60]: 

Dn = V D , OD 

« (\-VKo " 

where <(> is porosity and p is solid density. The numerator can be extended with a 

function of porosity and tortuosity to account for the fact that the diffusional path 

length is generally longer than the particle radius [60]. Wu and Gschwend [7] took 

this function simply equal to <|>, and found that their fitting parameter (only 4> in this 

case) was very closely reproduced for the sorption kinetics of different solutes on the 

same sediment. With their model, values for Deff (eq. 11) and, as a result, sorption 

rates could be predicted from sediment porosities and solute characteristics. The 

model predicts that 50% of sorbed chemical will be desorbed at a time of 0.03 rVD,«. 

The diffusion coefficient in bulk water is 0.5-1.5-105 cmVs for weak electrolytes or 

nonelectrolytes, whereas it is 2-100 times lower in inert aquifer materials [60]. Other 

values for Dbulk are 105-106 cm2/s [36]. In materials showing sorbing characteristics, 

the effective diffusion coefficients can still be much lower. Reported effective diffusion 

coefficients in sediments range from 10"11-10'17 cm2/sec [7,36,61-63]. These D-values 

are very small compared to diffusion coefficients in bulk water, however, they show a 

large variation, possibly because of variations in sediment/soil and solute properties. 

Another reason may be that the radial diffusion model may not always be applicable, 

e.g. when diffusion is not the mechanism of slow desorption, or when diffusion is the 

mechanism but it does not occur at the whole-grain scale and the actual radius of the 

sorption-rate limiting compartment is unknown. Another disadvantage of the radial 

diffusion model is that the particles are not spherical; the use of a shape factor can 

reduce the resulting error [39]. 
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4.6 Polymer diffusion model 

In the polymer diffusion model developed by Carroll et al [34], diffusion through the 

macromolecular organic matter mesh is assumed to be the rate-limiting process in 

sorption. The time scale required for boundary penetration and pore diffusion is 

regarded negligible relative to the time required for intra-OM diffusion. 

The polymer diffusion model [34] describes two sorbing regions: a swollen-polymer 

fraction that shows labile sorption and a condensed-polymer fraction showing slow 

(de)sorption, i.e. rate-limited sorption. Humic polymer diffusion rate constants for 

PCB's of 2.6-1018 and 7.3-1021 cm2/s are reported for diffusion in the swollen and 

condensed phase, respectively, indicating that diffusion through the condensed solid 

phase is several hundreds of times slower that diffusion through the swollen phase. 

Also a study by Holmén and Gschwend [64] in which the same polymer diffusion 

model is used, reports values for the elastomer phase (D=10"12-10'14 cm2/s) that are 

much larger than for the glassy phase (D=1016-10'18 cm2/s). However, the latter 

values are significantly higher than the ones obtained by Carroll et al. [34].; both 

Holmén and Gschwend [64] as well as Carroll et al [34] considered a thin (less than a 

urn) sorbing OM layer and not the whole-particle radius as the sorbing-compartment 

radius. The D-values reported for these models are much lower than the De(f-values 

reported for the diffusion of small molecules through synthetic rubbery polymers [60] 

(10"7to10"13cm2/s). 

5. Consequences of slow desorption 

5.1 Sediment/soil-water distribution ratios 

Due to the presence of slowly desorbing fractions, it has been observed that aqueous 

contaminant concentrations c^, are lower than expected on the basis of equilibrium 

partitioning. This is probably because the slowly desorbing fractions do not contribute 

to aqueous concentrations, indicating that slowly desorbing chemicals are sorbed in a 

way that is different from rapidly desorbing ones. As a result, distribution ratios 

between OC and water [Koc
app=S/(cwfoc)] are higher than expected on the basis of 

equilibrium partitioning. 

Several examples of increasing Koc
app with increasing contact time (and thus increasing 

slowly desorbing fractions) can be found in the literature (Table 1); many of these . 

values have already been reviewed by Xing and Pignatello [28,59,65-67]. It is 

observed that Koc
app increased by 30-2000% between short (days) and long (months-

years) contact times. It should be noted that the values by Koelmans et al. [69] might 
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be influenced by other factors than only incubation time because the characteristics of 

the mineralizing algae might have changed during incubation. 

Jepsen et al. [70] found that log Koc of HCB in a river sediment strongly increased 

during the first 25 d of equilibration (by a factor of 3-10), after which it remained at a 

steady-state level until 100-130 d. 

Generally it can be observed that partition coefficients can increase several times (up 

to one order of magnitude) during prolonged equilibration. This shows that a 

significant part of the sorption process occurs after the first day of sorption and is 

slow. Assuming that i) all sorbed compound after 0-1 d of equilibration is in 

equilibrium with the water and ii) that the slow fraction does not contribute to 

aqueous concentrations, it can be estimated that slowly desorbing fractions of 0-95% 

are present after the long equilibration times. The average value (log-averaged) of the 

ratio Koc
app(long)/Koc

app(short) determined from Table 1 is 3.6, which means a slow 

fraction of averagely 72%. This average value should be regarded as a rough 

indication because of the variations in chemicals, sorbents, and contact times in Table 

1. 

The observation that slow (de)sorption leads to lower aqueous concentrations has 

two important implications. First, groundwater transport fluxes are lower than 

expected on the basis of equilibrium partition constants. In modelling these fluxes, the 

latter have mostly been used up till now. In the case of significant slow desorption 

and, as a result, significantly higher K^ values and lower aqueous concentrations, 

calculated fluxes may thus be too large. In addition, contaminant leaching may 

proceed for a longer time. Considerations on the effect of slow desorption on 

groundwater concentrations are mainly important when estimating the risk of 

contaminants leaching out of contaminant river beds, and of contaminants leaching 

from contaminated sediment landfills. Second, the release of aged chemicals from 

sediments to surface water may be reduced if only part of the chemical can be 

released into the water. On the other hand, it is likely that the contaminants in the 

upper sediment layer (the layer determining surface water concentrations) have had 

shorter contact times than the contaminants deeper in the sediment. Shorter contact 

times may result in smaller extents of slow sorption and thus the effect of slow 

sorption on surface water concentrations may be less than expected on slowly 

desorbing fractions encountered for deeper sediment layers (the layers not whirled by 

ships, organisms, or storms). 
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Table 1: Increase in OC-water distribution ratio, Koc
app, between short and long 

contact times. 

Compound sorbent long time (d) short time (d) Koc^dong)/ reference 
Koc^(short) 

TeCE aquifer sand 10 1 3 Ball & Roberts [59] 
TeCB 100 1 10 
FLU 3 lake 180 7 0.8-3 Brannonetal.[79] 

PCB-52 sediments 1-2 
PCB-151 0.8-3 
1,2-DCP soil 57 1 15 Pignatello [33] 

TCE 1.7 
TeCE . 1.3 

picloram soils 300 7 1.5-3.9 Laha et al. [65] 
atrazine soil 2-9 months 1 2.3-22 Pignatello & Huang [80] 

metolachlor 13-42 
atrazine soil 7 months -1 0.4-4' Pignatello et al.[17] 

metolachlor 0.8-5" 
metolachlor, soil/peat 30-180 1 1.3-2.8 Xing et al. [28] 
DCB, DCP 

HCB hardwood soil 
marsh soil 

112 1 -10 
-0.5 

Pardue et al. [81] 

HCB river sediment 25-150 0 3-20 Jepsen et al. [70] 
pyrene, PHE lake sediment 178 3 1.9-2.2 Landrum et al. [66] 
TeCB, HCB mineralizing 

phytoplankton 
171-240 0 1.7-2 Koelmansetal. [69] 

TCE, TeCE low-OC 
(<0.1%) sands 

190 1 2.1-2.6 Harmon et al. [82] 

picloram seven soils 300 0 1.6-5.4 McCall & Agin [83] 
lindane sand 167 4.2 4 Miller & Pedit [67] 

' fit values; TCE: trichloroethylene; TeCE: tetrachloroethylene; TeCB: 1,2,3,4-tetrachlorobenzene; 1,3-
DCB: 1,3-dichlorobenzene; HCB: hexachlorobenzene; PHE: phenanthrene; FLU: fluoranthene; DCP: 
2,4-dichlorophenol 

5.2 Extraction 

Sorbent-contaminant contact time (and thus slow desorption) has also been observed 

to influence the extraction efficiencies by mild, nondestructive extraction. The amount 

extracted decreases with increasing contact time, probably because the sorbed 

compounds become more strongly bound to the sediment matrix. Especially the 

research group of Alexander has dedicated a lot of work to this area of research [71 -

74]. Recent literature examples of decreasing extraction efficiency with increasing 

sorbent-contaminant contact time have been summarized in Table 2. It is clear that 

the amount extracted by mild extraction methods is reduced by about a factor 2 after 

about 100 d of contact time. This indicates that part of the contaminants becomes 

more firmly bound in the sediments after longer contact times. However, with more 

vigorous extraction methods (e.g. hexane/acetone reflux [25,26,75], 
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dichloromethane soxhlett [71,73]) extraction efficiencies are not significantly different 

from 100%, even after long contact times. 

5.3 Remediation 

Slow desorption can limit the biodegradability of compounds in soils and sediments; 

during biological clean-up of contaminated soils/sediments or in "natural 

attenuation" of field-present residues significant "nondegradable" fractions are often 

observed; these compounds are slowly or not at all degraded. [71 -73,84-86], 

regardless of degradation mechanism (anaerobic reductive dechlorination, aerobic 

(co)metabolism). Two-stage degradation behavior is often observed: one fraction that 

is readily degradable and another one that is hardly or not. This is probably due to 

limited bioavailability: the hypothesis is that slowly desorbing compounds are not 

available to degrading microorganisms because they are released too slowly. This 

hypothesis is based on the observation that in many degradation studies the same 

kind of two-stage behavior (rapid followed by slow degradation) is observed as in 

desorption studies. The first rapid stage may be completed faster when degradation is 

accelerated by the creation of favorable conditions to microorganisms (e.g. in a 

bioreactor or aerated landfarm) but the two-stage disappearance behavior remains 

essentially the same. The percentage of contaminant recalcitrant to degradation can 

vary strongly, from 10% to as much as 90% [72,85,87]. If it is slow desorption that 

determines recalcitrance to degradation, these remaining percentages are the same as 

the slowly desorbing percentages, and biodegradability may be predicted from slow 

desorption behavior. This question is further explored in chapter 12 of this thesis. In 

addition, many studies have shown that intrinsically degradable compounds can 

persist in soil for years to decades after their last application, probably also because 

the rapidly desorbing fractions have been degraded and the residues desorb only 

slowly [e.g. 2,36,72,77,78,86,88-93]. 

Alexander [72] as well as Loehr [86] have reviewed the influence of slow desorption 

and contact time on persistence and remediation. Examples of persistence of 

compounds in spite of their degradability are the following. Nash and Woolson [94] 

observed that DDT was degraded for the first ten years after its application, after 

which degradation (almost) stopped although DDT was still present. Steinberg et al 

[36] observed that 19 years after its last application, still significant amounts of 1,2-

dibromoethane were present in an agricultural soil. Scribner et al. [95] reported that 

no degradation occurred of aged (20 years) simazine. Erickson and Loehr [96] 

reported that aged PAHs did not disappear from a gas plant soil during 3 months in 
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the lab. Weissenfels et al [78] found that aged PAHs were not degradable. In the 

latter four studies [36,78,95,96], the same compounds, when freshly added, were 

extensively degraded by the present microbial populations. However, with some of 

these reported persistences it is unclear whether slow desorption was the cause of 

persistence, or rather that microbial limitations were the actual cause of persistence, 

like starvation of microorganisms because contaminant levels had fallen below 

threshold concentrations. Addition of fresh compound then could initiate degradation 

once again. 

Kelsey et al. [73] determined biodegradability of atrazine and phenanthrene after 

different incubation periods of the compounds in the soil. After 124 d of incubation, 

only 46% of the amount of atrazine degraded after 0 d of incubation (67%) was 

mineralized in 15 d. For phenanthrene, after 0 d of incubation 23% could be 

mineralized in 15 d, however, with 120 d of incubation prior to degradation only 

60% of this 0-day value could be degraded. Kelsey also compared the extents of 

mineralization to extraction efficiencies using various methods, and observed that 

biodegradability could best be predicted by butanol extraction at 21 °C under 

agitation. 

Hatzinger and Alexander [71] performed similar experiments, in which they found 

that phenanthrene mineralization in 33 d fell from 59% to 42% between 0 and 315 d 

of incubation in a muck, and from 22-28% (dependent on nutrient being added or 

not) to 5-10%, in an aquifer sand. For 4-nitrophenol in a loam soil, the extent of 

mineralization fell from 42-49% to 25-34% after 103 d of incubation (dependent on 

4-nitrophenol concentration); for the muck it fell from 35-47% to 14-30% in the 

same incubation time. Fu [77] observed that styrene mineralization (32 d) fell from 

30-40% to about 2% after 123 d of incubation. 

Only one study has been found in which rates of desorption and rates of 

biodégradation in the same sediment have been compared. This study has been 

carried out by Beurskens [88]. He compared the gas-purge desorption behaviour and 

the biodégradation of HCB for i) historically contaminated sediment and ii) lab-spiked 

sediment, both sediments being of the same origin. Eighty percent of the lab-added 

amount was desorbed in 4 weeks, whereas this was only 20% for the field-

contaminated sediment. In 18 weeks, about 80% of the lab-added HCB had been 

degraded, whereas no noticeable degradation of historically present HCB had 

occurred. The same differences between lab-added and historically present HCB were 

thus observed for desorption and biodégradation. Desorption was about 4 times 

faster than biodégradation; this is probably because the purging with gas (employed 
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to measure desorption) kept the water phase solute-free more efficiently than 

biodegrading micro-organisms; backward adsorption is then greater in the case of 

biodégradation and concentration gradients are also lower. 

On the other hand, Abramowicz et al. [97] found that dechlorination of aged PCB's 

occurred at rates of 80% of those of freshly spiked material. Further, a number of 

other authors observed no difference in degradation rates for freshly added and 

historically present contaminants in soil [89]. However, these authors may have 

observed initial degradation rates, whereas the possible final extent of PCB 

degradation may have been lower for aged than for freshly spiked material. Bedard et 

al. observed that up to 80-90% of aged PCB's in Hudson River sediments was 

degraded. However, the degradation lasted 1-2 years. The reason why Bedard did not 

observe significant rate limitations may be that slowly desorbing fractions were small 

due to high PCB contents (see chapter 8 of this thesis), or that the degradation time 

of 1 -2 years was long enough even to release slowly desorbing chemical. Dowson et 

al. [90] reported tributyltin degradation in field sediment at an approximately 

constant rate of (4-8)-105 h'1. In contrast to other studies, degradation rates were 

lower in spiked sediments than in field-contaminated ones. This was accounted for by 

tributyltin toxicity to the degrading organisms. 

Various methods to accelerate slow degradation are presently investigated, like 

cosolvent or surfactant addition. These methods could enhance desorption rates 

either by increasing the affinity of the compounds for the aqueous phase, or by 

competition for slow sorption sites between cosolvent/surfactant and contaminant, if 

high-energy site sorption is the mechanism of slow desorption. In some cases 

surfactants indeed accelerate slow degradation [98-100], whereas in other cases rates 

do not change or are even lowered [101]. Noordman et al. [102] also showed that 

surfactants (rhamnolipids) increase leaching rates; removal of 90% of lab-added 

phenanthrene in a column was accomplished in a 3.5-fold shorter time period. 

However, it might be that less than 10% was in the slowly desorbing fraction and the 

rhamnolipids only increased rapid desorption. Lowering of degradation rates may 

result from surfactant toxicity to the degrading organisms [101]. 

Another method to enhance degradation is the application of fungi that release exo-

enzymes that degrade the contaminants. As these exo-enzymes are much smaller 

than bacteria, they are probably able to further penetrate into the sediment matrix 

and degrade contaminants that are present in remote sediment parts. Especially if 

sorption into the slow sediment compartment is rapid compared to slow desorption 
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from it, such techniques may be feasible because chemicals sorbed at slow sites may 

be reached relatively rapidly. 

5.4 Bioaccumulation 

Belfroid et al [103] have reviewed the influence of incubation time on 

bioaccumulation of organic compounds in sediment-dwelling organisms. It is 

suspected that slowly desorbing fractions are not available for uptake by aquatic 

organisms. Slowly desorbing fractions increase with increasing contact time between 

chemical and sorbent, so if they are not available contaminant uptake will decrease 

with increasing contact time. On the other hand, part of the slowly desorbing 

compounds may still be available to benthic organisms, because organisms feeding on 

sediment may be able to extract even the strongly sorbed slow fraction if they can 

disrupt the whole microscale sediment structure due to their feeding habits. The data 

reviewed by Belfroid et al [103] are presented in Table 3, along with more recent 

values from Keisey et al. [73]. The average reduction factor in bioaccumulation is 3, a 

value which is reasonably consistent with the value of 3.6 increase in Koc during long 

incubation reported earlier in this chapter. On the other hand, this similarity may be 

coincidental because of differences in sorbents, chemicals, and incubation times. 

Table 3: Reduction in bioaccumulation in aquatic organisms after long incubation 
times of organic contaminants in soils and sediments. 

organism compound short incubation accumulation reference 
time time reduction factor 

earthworm lindane days 1 year 5 Vermaetal. [104] 
earthworm lindane days 1 year 1 Vermaetal. [104] 
earthworm chlorobenzenes days 20-30 years 2-30 Belfroid et al. [105] 
amphipod PAH 1 d 10d 2 Landrum et al. [106] 

midge larvae PAH days 56 d 2.9 Harkey étal. [107] 
oligochaetes PAHs days years > 1 Harkey étal. [108] 
oligochaetes dioxins 21 d 21 months 1.4-2 Loonen [109] 

clams various 28 d years 2.6-4.6 Ferraro et al. [110] 
amphipods PAHs days years 4 Varanasi et al. [68] 

clams PAHs days years 6 Varanasi et al. [68] 
earthworm phenanthrene hours 120 d 1.7 Keisey et al. [73] 
earthworm atrazine hours 124 d 2.2 Keisey et al. [73] 
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Outline of this thesis 

The research described in this thesis was designed to yield information on the process 

of slow desorption of organic compounds from sediments. The main consideration 

was the elucidation of the mechanism underlying this process; in addition, the 

implications of slow desorption have been studied, with respect to biodégradation 

and porewater concentrations. 

The most important research questions were the following. Research questions 1,11, 

and III have been addressed in separate parts of this thesis; questions IV and V on the 

consequences of slow desorption have been grouped in part IV. 

Research questions 

I. Does desorption occur in two phases (rapid and slow) or are there more phases 

that need to be considered? What is the magnitude of the kinetic fractions? What 

is the desorption behavior of contaminants from sediments on the very long term 

(years)? Are there physical-chemical differences between kinetically different 

pools? 

II. Which sediment constituent determines slow (de)sorption? Is it possible to 

predict the extent of slow desorption from simple sediment characteristics? 

III.Is the mechanism of slow (de)sorption a site-sorption or a diffusion-related 

phenomenon? 

IV.How does slow (de)sorption influence HOC concentrations in the porewater? Is 

the slowly sorbing fraction a determinant for aqueous concentrations? 

V. Is slow sorption the cause of limited biodegradability of microbially degradable 

compounds, and can the extent of possible biodégradation be predicted from 

desorption behavior? 
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Part I: Phenomenology of the kinetic fractions (chapters 2.3.4.5) 

• Does desorption occur in two phases (rapid and slow) or are there more phases 

that need to be considered? What is the magnitude of the kinetic fractions? 

• What is the desorption behavior of contaminants from sediments on the very long 

term? 
• Are there physical-chemical differences between kinetically different pools? 

A simple and useful desorption method needed to be developed before these 

questions could be investigated. In chapter 2 the novel method developed is 

described, extraction with solid Tenax particles in separation funnels. 

In chapter 4, we investigate the possible existence of more than two kinetically 

different "pools" of sorbed contaminant by studying desorption kinetics at various 

temperatures, and by performing a long-term desorption study. Also the 

thermodynamics of the slow sorption and desorption processes are studied by 

employing various adsorption and desorption temperatures. As an introduction to 

chapter 4, the literature is reviewed on the temperature dependences of i) sorption 

coefficients, ii) rapid and slow desorption, and iii) polymer diffusion (chapter 3). The 

magnitude of the kinetic fractions is studied mainly in chapters 2 and 4, but also in 

many other chapters (especially chapters 6,8,9,10,11 and 12) kinetic fractions are 

determined. 

Also, a study on the molecular level is carried out on the characteristics of compounds 

sorbed in the rapid and slow fraction (chapter 5). In this way the possibility of 

physical-chemical differences between the kinetically different fractions is studied. 

This is done by measuring fluor-NMR signals (chemical shifts as well as relaxation 

times) for a fluorated compound sorbed to sediment. 

Part II: Slow desorption and sediment characteristics (chapters 6.7) 

• In which sediment constituents does slow desorption take place? 

• Is it possible to predict the extent of slow desorption from simple sediment 

characteristics? 

To find out which sediment constituents are important for slow desorption (question 

II), two approaches are taken: i) studying desorption kinetics for various well-

characterized soils and sediments, and relating the desorption behavior to 
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soil/sediment characteristics (chapter 6) and ii) studying desorption kinetics for several 

well-defined materials similar to one constituent of sediment (chapter 7). These model 

materials include i) microporous materials to mimic the mineral sediment parts 

(montmorillonite and zeolite, both mineral materials), ii) the porous resin XAD-8 

(pores with hydrophobic walls) and iii) polymers to mimic the organic matter [the 

polymers polyacetal (elastomeric) and polystyrene (glassy)]. In addition, the role of 

the organic matter matrix was investigated by the comparison of desorption from a 

sediment stripped of its organic material to desorption from the unchanged sediment. 

Part III: Site-sorption and retarded diffusion (chapters 8.9.10) 

• Is the mechanism of slow (de)sorption a site sorption or a diffusion-related 

phenomenon? 

The possibility of site sorption as the mechanism of slow desorption is explored by the 

determination of rapidly, slowly and very slowly desorbing amounts of three 

chemicals at various concentrations, in order to construct separate sorption isotherms 

for rapidly, slowly and very slowly desorbing chemical (chapter 8). Also, we study the 

possibility of competition effects between different slowly desorbing chemicals 

(chapter 9), because the occurrence of competition effects can only be explained by a 

site sorption phenomenon. 

In both chapters 8 and 9, it is also tried to gain information on the characteristics of 

the possible slow sorption sites, i) from slow sorption capacities and affinities of three 

different compounds (chapter 8), ii) by studying competition effects between freshly 

added and long-aged contaminants (chapter 9) and iii) by studying competition 

effects between compounds from different classes (aged PAH/oil and added 

chlorobenzene/PCB, respectively; chapter 9). 

To explore the possibility of diffusion on the whole-grain scale as the mechanism of 

slow sorption, desorption kinetics are determined for various particle size fractions of 

field-contaminated sediments (chapter 10). 

The research questions regarding the implications of slow desorption, are addressed in 

part IV. 
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Part IV: Consequences of slow desorption (chapters 11f12) 

• How does slow sorption influence HOC concentrations in the porewater? 

• Does the slowly sorbing fraction contribute to aqueous concentrations? 

In chapter 11, it is investigated how slow desorption affects porewater concentrations. 

This was done by measuring porewater and sediment concentrations (to obtain in situ 

Koc values) as well as slowly desorbing fractions. These slowly desorbing fractions are 

compared to the fractions that do not contribute to porewater concentrations. 

• Is slow sorption the cause of limited biodegradability of microbially degradable 

compounds? 

• Can the extent of possible biodégradation be predicted from desorption behavior? 

In chapter 12, question 5 (the relation between slow desorption and biodegradability) 

is investigated by measuring PAH desorption kinetics before and after biodégradation 

in a bioreactor or landfarm. In this way we can relate extents of PAH biodégradation 

to rapidly desorbing PAH fractions. 

Discussions on the slow sorption process and on regulatory issues 

In the concluding chapters 13 and 14, the findings from the other chapters will be 

discussed. Chapter 13 is a general discussion dedicated to the process of slow 

desorption. Here the research questions posed in the present section are discussed 

and answered as far as possible. 

Chapter 14 focuses on regulatory aspects of the outcome of this research. Possible 

implications of the findings are described, with respect to practical problems regarding 

the management of contaminated sediments encountered in The Netherlands. The 

aspects considered include i) sediment quality objectives, ii) proliferation risks of 

chemicals from river beds and landfills through the groundwater, and iii) 

bioremediation issues. 
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Chapter 2 

Abstract 

A technique using Tenax TA beads as "sink" for desorbed solute was employed to 

measure the kinetics of desorption of chlorobenzenes, polychlorinated biphenyls and 

polycyclic aromatic hydrocarbons from laboratory-contaminated sediment. First-order 

rate constants of rapid and slow desorption were in the order of 101 h"1 and 103 h"\ 

respectively. The rate constants of slow desorption correlate well with the molecular 

volumes of the compounds used and decrease between 2 and 34 d of equilibration. 

Slowly desorbing fractions increase with both increasing solute hydrophobicity and 

increasing equilibration time. 

Introduction 

The desorption of organic chemicals from sediments is often considered to occur in 

two stages: the rapid release of a "labile" sorbed fraction followed by the slow release 

of a "nonlabile" fraction. The mechanistic explanation usually suggested to account 

for the kinetic limitations in the desorption of the nonlabile fraction is slow diffusion 

within the sediment particles [1]. The two ways of diffusional retardation considered 

most realistic are i) intra-organic matter diffusion, which is diffusion through the 

organic matter matrix [2-4] and ii) micropore diffusion, which is diffusion through and 

along the walls of narrow intraparticle pores that are possibly coated with 

hydrophobic material [5,6]. Also, slow desorption has been attributed to entrapment 

in micropores in combination with slow diffusion through such narrow pores [7]. In all 

diffusion mechanisms, the rapidly desorbing fraction is interpreted to be present in the 

outer regions of the sediment aggregates, i.e. the parts in close contact with the 

aqueous phase. Recently Pignatello and Xing [1] published a clear review on these 

mechanistic aspects. 

There is a high degree of variation in the magnitude of reported rate constants for 

rapid and slow desorption. Reported rate constants for the desorption from the 

nonlabile phase range from 101-102 h1 [6,8-11] to 105-107 h 1 [12,13]. Other 

authors reported values between these extremes [3,14-19]. For the desorption of the 

labile fraction, some researchers assumed equilibrium between the water in a 

sediment suspension and this rapidly desorbing fraction [2-4,20]. Others, however, 

considered the kinetic aspects of the desorption from this rapidly desorbing fraction 

and reported rate constants of approximately 10'1 h"1 [15]. 

The purposes of the present study were i) to develop an easy and accurate method to 
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measure desorption kinetics, ii) to determine rate constants of rapid and slow 

desorption after two different equilibration times and iii) to relate slow desorption rate 

constants to molecular properties. 

Desorption kinetics are given for a range of compounds including chlorobenzenes, 

polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs). 

Especially for the higher-molecular weight PAHs, hardly any data on the kinetics of 

slow desorption have been reported so far because these nonvolatile compounds are 

not well extractable with conventional gas-purge desorption techniques. We 

therefore used an extended version of a very rapid extraction method reported by 

Pignatello [21] in which the aqueous phase is kept solute-free by means of extraction 

with Tenax TA beads. A similar method was used by Carroll et al. [22] who used 

XAD-4 resins as a PCB adsorbent. 

Experimental methods 

We used 1,2,3,4-tetrachlorobenzene (TeCB; >98%) and pentachlorobenzene (QCB; 

>98%) from Merck; hexachlorobenzene (HCB; >97%) and fluoranthene (99%) from 

Aldrich; 2,3,5,6-tetrachlorobiphenyl (PCB-65; 99%), 2,3',4,4',5-pentachlorobiphenyl 

(PCB-118; 98%), hexane and acetone (Nanograde) as well as acetonitrile (HPLC 

grade) from Promochem; fluorene, anthracene and pyrene (all >99%) from Sigma; 

methanol (HPLC Reagent) and HgCI2 (Baker grade) from Baker; Tenax TA (60-80 

mesh; 177-250 urn) from Chrompack. Tenax is a porous polymer based on 2,6-

diphenyl-p-phenylene oxide. Prior to use, the Tenax TA beads were rinsed with 

acetone (3 times 10 ml/g Tenax) and hexane (3 times 10 ml/g Tenax) and dried 

overnight in the air at 75°C. 

The sediment was from Lake Oostvaardersplassen (OVP), The Netherlands. The 

sediment was dried at 150°C for 5 d to remove remaining organic contaminants as 

well as a number of non-identified components that disturb the chromatographic 

analyses. The organic carbon content remained unchanged upon drying. The 

background amounts of the test compounds in the OVP sediment still present after 

drying proved to be far lower (1 % or less) than the laboratory-added concentrations. 

After drying the sediment was homogenized and dry-sieved. The 63- to 125-um 

fraction was used. This was done to prevent differences resulting from possible 

particle size differences between subsamples. However, this renders the translatability 

to the whole sediment more difficult. The fraction of organic matter, foc, of the used 

sediment fraction was determined to be 3.17 ± 0.05% using an element analyzer 
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(Carlo Elba NA 1500, Milan, Italy) after removal of carbonates with phosphoric acid. 

All experiments were carried out at 20°C. Water was contaminated at test compound 

levels of 1 to 100 ug/l by means of spiking with 50 ul/l methanol containing the test 

compounds. Sediment (0.6 g) was brought together with 250 ml of contaminated 

water in 250-ml conical flasks, leaving only approximately 10 ml of headspace. In this 

way, evaporation was avoided (less than 20% of the compound masses was lost in 34 

d, giving mass balances above 80% for the incubations). HgCI2 (1.25 mg) was added 

to prevent microbial degradation. Contact times were 2 d and 34 d. During 

equilibration the flasks were shaken continuously. It is assumed that the low amounts 

of methanol and HgCI2 do not affect sorption kinetics; the former because methanol 

has only a low tendency to accumulate in sediment and the latter because the number 

of metal ions present in 600 mg sediment is probably large compared with the added 

amount of HgCI2 (1.25 mg). 

Sediment and supernatant water were separated by centrifugation at 2500 rpm for 20 

min. Aqueous contaminant concentrations were determined by extracting 20 ml of 

water with 2 ml of hexane and subsequently analyzing the hexane with GC-ECD for 

the chlorobenzenes and PCBs (Hewlett Packard 5890 with 63Ni BCD and HP 7673 

autosampler; column: Chrompack, fused silica CP sil 8cb l=50 m, f=0.25 mm; carrier 

gas: He (Groenband high purity), 1 ml/min; make-up gas: N2(Groenband high-

purity), 60 ml/min). For the PAHs, the hexane was evaporated until 1 ml was left and 

then dissolved in 10 ml of acetonitrile. The acetonitrile was subsequently evaporated 

to 1 ml. Analysis was carried out with HPLC-FCD (Hewlett Packard 1050 with 

fluorescence detector (HP 1046); column: reversed phase C18, Vydac 201TP54; 

gradient elution with acetonitrile and water). The dissolved organic carbon (DOC) 

content of the supernatant water was determined in separate sediment suspensions 

without methanol or test compounds, using a Beekman 914B total organic carbon 

(TOC) analyzer. It is assumed that the low amount of methanol in the spiked solutions 

does not affect the generation of DOC because of the low organic carbon affinity of 

methanol. 

For the determination of mass balances and sediment/water distribution ratios (Kp
app), 

the total concentration in the sediments was measured for half of the incubated 

sediments (triplicate measurements). The other sediment suspensions were used for 

the measurement of desorption kinetics. To measure the total sediment 

concentrations, the sediment residues were refluxed with 50 ml of hexane for 6 h; the 

hexane was analyzed by GC-ECD and HPLC-FCD as described above. Koc
app-values 

(L/kg) are the ratios of sediment and aqueous concentrations, normalized to the 
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actual foc-values after incubation. These revalues differ from the original foc-values 

because of DOC-release during incubation. They are calculated from the original foc 

and the amounts of DOC released. Koc
app-values were corrected for sorption by DOC. 

Equation 5 in Koelmans [23] was used to calculate the distribution ratios between 

DOC and water, KDOC. This assumes that the DOC-corrected Koc^-value, Koc
,rue, is 

the same in two sediment suspensions with different DOC contents (see eq. 5 in 

Koelmans [23]). In this case Koc
true probably does not remain completely constant 

between 2 and 34 d because of aging effects. However, the effect of this uncertainty 

will probably be insignificant for the resultant DOC-corrected Ko^-values. 

The kinetics of desorption were determined by means of the Tenax extraction method 

described in the next section. After approximately 300 h, desorption was terminated 

and the remaining sediment suspensions were refluxed with 50 ml of hexane for 6 h 

to extract and analyze all remaining chlorobenzenes, PCBs and PAHs still present in 

the sediment. The hexane was analyzed as described above. 

Desorption experiments using Tenax beads 

Desorption kinetics were measured in duplicate. Contaminated sediment (0.6 g), 

water (100 ml), HgCI2 (1.25 mg) and Tenax beads (0.2 g) were brought into a 

separation funnel. The funnel was continuously shaken at 20°C, at such a rate that 

the sediment and Tenax beads were well dispersed. 

At selected times, the Tenax was separated from the sediment suspension and 

analyzed; fresh Tenax was added to the sediment suspension. Separation of Tenax 

from the sediment suspension was easy and rapid because the sediment sank to the 

bottom whereas the Tenax beads floated on top and adhered to the glass wall of the 

separation funnel during separation. The Tenax residues were extracted by shaking 

with 10 ml of hexane, after which the hexane was analyzed as described. Amounts of 

organic carbon (measured as TOC) remaining with the Tenax residues and extracted 

along with the Tenax were below 0.2% of the total amount of organic carbon 

present. 

Rates of extraction from the aqueous phase, kextr (h
 1), were measured in separate 

experiments without any sediment. In these experiments, 100 ml of water 

contaminated at levels comparable to the desorption experiments was used (1 to 100 

|ig/l). Extractions were carried out with 0.2 g Tenax for 5 min and in triplicate. After 5 

min, Tenax and water were separated; the Tenax and water were extracted as 

described above and values for kextr were calculated. The values for kextr (h
1) were 15 

to 21 h1. 
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Recoveries for the extraction of Tenax with hexane were determined by extracting 

Milli-Q water containing known solute concentrations with Tenax (triplicate 

measurements). The Tenax was separated from the water and extracted with hexane 

for analysis. Recoveries were 90 to 110%. 

For the desorption experiments, the mass balances (ratios between the sum of the 

masses of solute desorbed and solute present after desorption and total initial mass of 

solute) were 80 to 120%. 

Sorption capacity of Tenax TA 

Pignatello [21] has shown that the sorption capacity of Tenax beads is adequate to 

serve as sink for compounds desorbed from sediment. In the present study, the added 

amount of 0.2 g Tenax rendered sufficient adsorption capacity to extract organic 

compounds from 0.02 g of organic carbon present in 0.6 g sediment because the 

compound affinity for Tenax is approximately equal to that for organic carbon 

(Kp
Tenax~105 L/kg) and the compound concentrations on Tenax remain low compared 

with those on the sediment because fresh Tenax is added many times in each 

experiment. Aqueous concentrations in equilibrium with 0.2 g Tenax can be 

calculated to be 100 to 700 times lower than aqueous concentrations in equilibrium 

with 0.02 g of organic carbon. 

Data interpretation 

The desorption from sediment is described with two sediment compartments and a 

water compartment in the following way (chapter 1) 

• =F e ~ w + F ; ekd^ m 
r» r"p slow v ' ' 

in which S, and S0 (g) are the sediment-sorbed amounts at time t (h) and at the start 

of the experiment, respectively; Faq, Frap and Fslow are the fractions of contaminant 

present in the aqueous phase and in the rapidly and slowly desorbing sediment 

compartment at time zero, respectively. kextr (h
 1) is the rate constant of water 

extraction; krap and ksk)w (h 1) are the rate constants of rapid and slow desorption, 

respectively. 

kextr is determined in separate experiments (see previous section). The water-dissolved 
fraction Faq can be calculated with [24] 
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F = ] (2) 
°q \ + KD 

p 

where D is the sediment concentration in water (kg/L), Kp is the distribution ratio 

(L/kg) and KpD is the dimensionless distribution ratio. Kp D-values were calculated 

with the Koc
app-values measured in the present study. The 2-day Koc

app-values were 

used because these probably approximate short-term equilibrium in the best way. 

Values of Frap, Fsk,w, krap and k ^ were determined by minimizing the cumulative 

squared residuals between experimental and calculated values of ln(S,/So) in eq.1. 

Results 

Koc
app-values 

DOC-concentrations were 11.4 ± 0.2 mg/l after 2 d and 45 ± 4 mg/l after 34 d of 

equilibration, respectively. The higher DOC-concentration after 34 d shows that DOC 

is slowly released from the sediment during equilibration. The DOC concentrations of 

11.4 mg/l and 45 mg/l in 250 ml of water show that a significant fraction of the 

initially present organic carbon is released into the aqueous phase during equilibration 

(15% after 2 d and 59% after 34 d, respectively). The calculated remaining foe-values 

are 2.70 ± 0.07% after 2 d and 1.30 ± 0.10% after 34 d. These foe-values have been 

used for the calculation of Koc
app. The K^^-values were also corrected for sorption by 

DOC. The calculated value for Kp^ (with eq. 5 from Koelmans [23]) used for this 

correction was 0.15-Koc- This value is in agreement with literature values for KDOC of 

0.14 to 0.20KOC [25] and 0.44KOC [16]. In Table 1, batch-measured and DOC-

corrected log Koc
app-values are presented for the equilibration times of 2 and 34 d 

(triplicate measurements). Standard deviations in the 

measured values are cumulatives of the SDs in the triplicate measurements, in the 

original foc and in the DOC values used to calculate foc after equilibration. 

Literature Koc
app-values are also presented; these are all measured values for 

laboratory-contaminated sediments. For the literature values it is also indicated 

whether values were measured by the separation of sediment and water (batch 

technique; probably suffering from incomplete separation of the water and sediment 

phases) or by a gas-purge technique (not suffering from incomplete phase 

separation). The values measured in the present study are reasonably in accordance 

with the literature values, although different sediments were used. 
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Sediment extraction with Tenax 

Desorption kinetics 

In Figure 1a and b, MS/S,,) vs. time is given for the desorption of some of the studied 

compounds after 2 and 34 d of equilibration, respectively. The solid lines were 

obtained by curve fitting. In Figure 2, the first 6 h of the 34-day desorption curves are 

given. The rate constants for rapid and slow desorption (krap and k^ , respectively) as 

well as the slowly desorbing fractions F5tow are presented in Table 2. Each value in 

Table 2 is the average of duplicate measurements; differences between duplicates 

were 10% or less. 

Figure 1: (a) ln(S,/So) as a function of time after 2 d of equilibration for TeCB, QCB 
and PCB-118. Solid lines are fits obtained with a two-compartment model, (b) 
ln(St/So) as a function of time after 34 d of equilibration for TeCB, PCB-118, 
anthracene and fluoranthene. Solid lines are fits obtained with a two-compartment 
model. 

2 days 

-2 

(st/so) 3 4 d a y s 

»- „ n - PCB~ ' ' 8 

• »—____^fluoranth«ne 

^ ^ B - ~ ~ - ^ ^ •—__«̂  
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Figure 2: ln(S,/S0) as a function of time between 0 and 6 h. Solid lines are fits obtained 
with a two-compartment model. 
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Discussion 

Koc
app-values 

Koc
app-values corrected for DOC-effects are markedly higher after 34 d than after 2 d 

(by a factor of 1.3-2.9). Two reasons can be given for this observation: aging leading 

to deeper penetration into remote sediment parts after prolonged equilibration (Frap 

also decreases by a factor of 1.05-2.0) and a lower polarity of the sediment organic 

carbon after 34 d compared to 2 d because of the dissolution of relatively polar parts 

of the OC. Increasing Koc
app-values with increasing equilibration time have been 

reported in the literature [7,11,26-29]. 

Sorption by DOC may have affected the magnitude of some literature K^-values for 

QCB and HCB (Table 1): those measured by means of gas-purge (not sensitive to 

DOC-effects) are higher than the ones measured by a batch technique. 

Desorption parameters 

The values for ks)ow observed in the present study are in accordance with some 

literature values for pesticides and relatively volatile chlorobenzenes (HCB, QCB and 

pyrene [10]; picloram [11]; chlorobenzenes [15]; TeCB and HCB [16]; some pesticides 

[19]) while they are rather high compared to some other values that are in the order 

of 105-107 h 1(PAHs [12,13]; naphthalene [30]). In the case of relatively nonvolatile 

solutes, a reason for relatively low rate constants of slow desorption obtained by gas-

purge experiments may be that the combination of Henry's constant and the 

magnitude of the gas flow sometimes is not high enough to render the sediment 

desorption rate the limiting factor in the purge rate. 

The three compartments used to fit the data (water and two sediment compartments) 

can be distinguished in Figures 1 and 2: the initial part, roughly during the first 15 

min, is the depletion of the aqueous phase; the second part (15 min to 10 h) is the 

depletion of the rapid sediment compartment; the last part (10-300 h) depicts the 

desorption from the slow sediment compartment. The three compound classes (PAHs, 

PCBs and chlorobenzenes) were observed to exhibit rate constants of rapid and slow 

desorption in the same order of magnitude. 

Backward readsorption from the water to the rapid sediment compartment is 

negligible when measured rapid desorption rate constants are much lower than rate 

constants limited by Tenax extraction of the water. The maximum extraction rate 

constants by Tenax for sorbed solute are equal to k„,rFaq (see also eq.2). These values 

are a factor of 3-10 higher than krap. This means that rapid desorption, not Tenax 
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extraction, is limiting during the rapid desorption phase, but only by a factor of 3 to 

10. As a result, backward readsorption to the rapid compartment cannot be 

completely ruled out and therefore the reported values of k,ap (Table 2) should be 

regarded as somewhat lower limits. 

For backward adsorption to the slow compartment to be negligible, the adsorption 

rate from the rapid to the slow compartment (kad5S,owA,ap, where kadsstow= the rate 

constant of slow adsorption and Arap= the amount present in the rapid fraction) needs 

to be much lower than the desorption rate from the slow compartment ( k ^ A ^ , 

where A5tow= the amount present in the slow fraction). During the slow desorption 

phase, the rapid compartment has reached such a state of depletion that Arap is in 

equilibrium with the aqueous phase, which in turn is in equilibrium with the Tenax. 

Aiap can be calculated from the amounts sorbed to the Tenax (which are low because 

the Tenax is refreshed several times), Kp
Tenax and Koc

app. An estimate for kad55low can be 

obtained from the slow fractions after 2 and 34 d of equilibration. Because of 

potential desorption during the adsorption phase, these values for k ^ ^ are lower 

limits. A ^ is the amount that is still sorbed after time t and k ^ is obtained from 

Table 2. It turns out that rates of slow adsorption (ng/h) are 10 to 400 times lower 

than rates of slow desorption (ng/h). 

Hydrophobicity effects 

The slow fractions F ^ are observed to increase with increasing test compound 

hydrophobicity (Tables 1 and 2). In Figure 3 the logarithm of the ratio between the 

fractions in the slow and in the rapid sediment compartments, log(F5low/Frap), is plotted 

as a function of log Koc
app (both after 34 d of equilibration). 

The plot shows that F5low/Frap increases with increasing hydrophobicity (i^= 0.96). 

Assuming that a certain degree of equilibrium between the rapid and slow sediment 

compartments has been established after 34 d, this probably reflects a lower polarity 

of the slowly exchanging sediment compartment relative to the rapidly exchanging 

one. This is in accordance with the concept of the exterior of sediment particles as the 

rapidly exchanging compartment: organic material at the sediment-water interface is 

probably more polar than organic material that is not in direct contact with the water. 

The interior of relatively low polarity can be envisioned as the remote parts of the 

organic matter or as hydrophobic wall coatings in deep pores. 

From the present study, it cannot be concluded whether k ^ is dependent on 

hydrophobicity or not, although the correlation between kslow and Koc
app is significant 

(t test at 95% confidence level; r2 = 0.58). Schrap et al. [15] and Knaebel et al. [31] 
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observed that kslov„ hardly depended on hydrophobicity, whereas Brusseau et al. [2-4], 

Karickhoff and Morris [10] as well as Helmstetter and Alden III [12] did report such a 

dependence. 

Figure 3: log(Fslow/Frap), the ratio between the amounts in the slow and rapid sediment 
compartment, respectively, as a function of log Koc

app, after 34 d of equilibration. The 
solid line and the correlation coefficient were obtained by linear regression. 
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If some kind of diffusion is the explanation for the slow desorption of organic 

compounds from sediment, kslow should be dependent on the size of molecules 

because larger solutes diffuse more slowly through the macromolecular organic 

matter matrix or through narrow micropores [32-33]. k5tow does exhibit a correlation 

with the molecular volume MV (Figure 4; molecular volumes from Mackay et al. [34] 
ar,d ksiow after 34 d; r^O.88 between kslow and molecular volume), so in this respect 

the current results are in accordance with a slow diffusion process. 

Effect of equilibration time 

kstow is observed to decrease with increasing equilibration time (by a factor 1.3-2.6 

between 2 and 34 d; Table 2), while Fslow slightly increases (by a factor 1.4-3.1 ; Table 

2). The combination of an increase in Fslow and a decrease in kslow between 2 and 34 d 

can be explained by proceeding diffusion into the slowly exchanging sediment part 

(higher Fslow) and by the presence of the solute at more remote locations from which 

desorption is slower (lower k^J . The increase in Fslow is only slight, whereas the 
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incubation difference between the 2-d and 34-d equilibration times is 17-fold. Such a 

slight increase in F5low with equilibration time in combination with significant slow 

fractions after short equilibrations, is in accordance with observations of Hatzinger 

and Alexander [35], McCall and Agin [36] and Pignatello [37]. An interpretation for 

the only slight increase in Fs(ow is that the partitioning into the slow part approaches 

equilibrium after 34 d and therefore Fstow does not increase linearly in time between 2 

and 34 d. 

Figure 4: k ^ (h 1) vs. molecular volume (cm^mol'1), with the linear regression line 
and the correlation coefficient. 
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Note 

After 34 d of sediment-chemical contact time, a DOC content of 45 mg/L was 

measured and reported in the publication of this chapter. However, more recent 

measurements of the DOC contents of OVP sediment after about 1 month yield 

(more realistic) values of about 13-20 mg/L (e.g. in chapter 8). Therefore the values 

of the DOC-corrected values of Koc after 34 d (Table 1) should be interpreted with 

caution. 
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Chapter 3 

Abstract 

Temperature is an important parameter that can influence the equilibria and rates of 

environmental processes. In the present paper, a review of the influence of temperature 

on sorption coefficients and sorption kinetics for organic micropollutantsis presented. A 

rapid and a slow process can be distinguished for sorption. For most compounds, 

sorption coefficients slightly decrease with increasing temperature. Some examples of 

increasing sorption coefficients with increasing temperature and of no effect of 

temperature on sorption coefficients were also found. The rate of rapid desorption 

increased with increasing temperature. Calculated activation enthalpies for rapid 

desorption were in the range of 10-50 kJ/mol. Also, examples of no influence of 

temperature on the rates of rapid adsorption and desorption were reported. 

For the exploration of retarded diffusion through organic matter as the process of slow 

desorption, literature on the effect of temperature on the diffusion of organic 

compounds in polymeric structures is summarized. Activation enthalpies for diffusion in 

polymers average 60 kJ/mol. Reported values for the activation enthalpy of slow 

desorption (Steinberg, 1987; chapters 4 and 6 of this thesis) are comparable to those 

found for diffusion of organic micropollutantsthrough organic polymers. 

Introduction 

The sorption of hydrophobic organic compounds is an important process in both the 

aquatic and terrestrial environment. It affects the transport of these compounds in 

aquatic systems and the availability for uptake, degradation, and volatilization. Many 

factors can influence the extent and rate of the sorption to sediments, e.g. the 

composition of the water phase (humics, pH, salts), the organic carbon content of the 

sediment or soil, and the temperature. 

Most of the literature dealing with the influence of temperature on sorption describes 

the influence on short-term "equilibrium" sorption coefficients. For the sorption of 

organic chemicals to soils and sediments, the existence of both rapid and slowly sorbing 

and desorbing fractions (delayed equilibrium achievement) has often been reported 

(Brusseau and Rao, 1989; Pignatello, 1989; Karickhoff et al., 1979; Steinberget al., 

1987). There is hardly any literature on the effect of temperature on the kinetics of 

sorptive processes. 

It is not clear which rate-limiting process is responsible for slow sorption. The most 

plausible explanations are micropore diffusion and intra-organic matter diffusion 
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(Brusseauetal., 1991a; Brusseauand Rao, 1991b; Brusseau and Rao, 1989) or a 

combination of these two. Micropore diffusion can involve two processes: slow 

diffusion along the pore walls and steric hindrance in pores with diameters comparable 

to solute diameters. Intra-organic matter diffusion involves penetration in and diffusion 

through the organic matter matrix. The latter process may resemble the process of 

diffusion through polymer materials. Therefore, attention is given to the influence of 

temperature on diffusion through polymer materials. 

The present paper summarizes the available literature on the effect of temperature 

variation on sorption coefficients and sorption kinetics. The theory of the temperature 

effect on sorption is explained and the available experimental data are summarized and 

interpreted in terms of sorption enthalpies and activation enthalpies of sorption kinetics. 

The understanding of the influence of temperature variation on sorption coefficients 

and kinetics is important to translate values obtained at room temperature (20-25°C) to 

environmental temperatures. The influence of temperature on the sorption process 

could also be used to reveal (thermodynamic) information of the process involved, e.g. 

the type of sorptive interactions and the properties of the organic matter. 

Data selection and interpretation 

The data used for the present study include the ones reported on the temperature 

dependence of the sorption and desorption of organic compounds to soils, sediments 

and materials closely resembling soil or sediment. For example, a study carried out on 

porous silica (Matzner and Bales, 1994) was not taken into account, whereas a study on 

phenyl coated silica was (Szecsody and Bales, 1991). 

If necessary, calculations of sorption enthalpies or activation enthalpies were carried out 

by the present authors. The legends underneath the tables indicate in which cases and 

in what ways these calculations have been carried out. Average values in the tables are 

overall averages of reported values, giving each reference equal weight. When a 

reference reports more values for different solutes, these were averaged before use in 

the calculation of the overall average value. 

Temperature dependence of sorption coefficients 

The short-term sorption of organic chemicals in sediment is often described by a linear 

partition coefficient Kp, which describes the concentration ratio between sediment and 

water. Kp is usually expressed per unit of organic carbon. The assumption of a linear 
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sorption isotherm has been tested by several researchers (Hassettand Banwart, 1989; 

Karickhoff et al., 1979). The sorption of many nonpolar organics shows linear isotherms 

up to 60 to 80% of the water solubility of the compounds studied (Hassett and 

Banwart, 1989). On the other hand, more recent literature shows that sorption is 

nonlinear at least for part of the sorbed chemical (Huang et al, 1997; Xing and 

Pignatello, 1997; chapter 8 of this thesis). 

The variation of Kp with temperature gives information about the thermodynamic 

quantities of equilibrium partitioning: Gibbs free energy (AG0), enthalpy (AH°), and 

entropy (AS0). These thermodynamic quantities give insight in the sorption process 

involved. A net sorption occurs when the free energy of the sorptive exchange is 

negative (Hassett and Banwart, 1989). 

AG0 is related to AH0 and AS0 through 

AG0 = A//0 - TAS° (1) 

in which: AG0 = change in Gibbs free energy (kJ- mol1) 

AH0 = change in enthalpy (kJ- mol"1) 

AS0 = change in entropy (kJ- mol'1-«'1) 

At equilibrium, Kp (expressed in mol fraction units) is related to the standard free energy 
change by: 

AG° = -RT\nK* (2) 

in which: R = gas constant (8.31441 • 103 kJ • K"1- mol"1) 

T = absolute temperature (K) 

Kp
x = mol fraction based partition coefficient 

(mol water/mol organic carbon) 

The enthalpy change (AH0) can thus be obtained from the variation of Kp with tempe

rature, i.e. by combination of equations 1 and 2 (equation 3). AH° is independent of the 

units of K„. 
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d\nKp -AH0 

\ R (3) 

d(T) R 

Two types of driving forces can play a role in the sorption process: enthalpy-related 

forces that affect the relative affinity of a chemical to the sorbent vs. the affinity of the 

chemical to the solvent and entropy-related ones that include the change in 

randomness or disorder of the sediment/water system (Hamaker and Thompson, 1972; 

Hassettand Banwart, 1989). 

Examples of enthalpy related adsorption forces are: London-van der Waals forces (weak 

induced dipole-induced dipole interactions between solute and organic matrix that 

increase with increasing solute molecular weight), hydrogen bonds, ligand exchange, 

dipole-dipole interactions and chemisorption (the formation of a covalent chemical 

bond). The entropy-related force in the aqueous phase is the increasing disorder due to 

the disappearance of the highly structured water mantle around the dissolved chemical 

(Hamakerand Thompson, 1972; Hassettand Banwart, 1989). The entropy-related 

force in the sediment phase is the increasing disorder in the organic matrix that results 

from solute inclusion (mixing entropy). As the undisturbed organic matrix has a highly 

disordered nature of itself, the former entropy-related force is probably much stronger 

than the latter one. 

For hydrophobic organic compounds without any polar groups, the main driving force 

behind the sorption process is so-called " hydrophobic sorption ", a term used for the 

combination of London-Van der Waals interactions between solute and sediment and 

the large entropy change resulting from the removal of the sorbing chemical from the 

solution (Hamaker, 1972). The other adsorption forces only play a minor role for 

hydrophobic organic chemicals. For chemicals with a polar group that are able to 

interact electrostatically and/or donate or accept a hydrogen-bond, the electrostatic 

interaction between the organic matrix and the solute provides an additional exothermic 

contribution to the sorption enthalpy. For these compounds, the electrostatic 

interactions with the water molecules that are disrupted by sorption, should also be 

taken into account. Hamaker and Thompson (1972) state that the effect of temperature 

on the sorption coefficients is a direct indication of the strength of the sorption. For 

weaker bonds, less influence of temperature is expected because of the lower sorption 

enthalpy. 
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Table 1: The influence of temperature on sorption coefficients: hydrophobic 
interactions 

compound AH0 

(klmol1) 
temperature 
range (°C) 

type of adsorbent1 equilibratbn 
time 

ref.2 

fluoranthene -17.73 5-25 soil, 1.08% oc n.i.4 1 

naphthalene 
10'* mol /kgom 

-7.1 6.5-37 soil, 1 % om n.i. 2 

naphthalene 
10'3 mol /kgom 

-1.7 7.5-37 soil, 1 % om n.i. 2 

naphthalene 
102 mol /kgom 

3.8 6.5-37 soil, 1 % om n.i. 2 

1,2,3,4-tetrachlorobenzïte -163 24-55 sediment-8% oc -2 h 3 

DDT -8 5-25 marine sediment, 2.7% oc 42-66 h 4 

DDT 12 5-25 humicacid,57 % oc 42-66 h 4 

1,2-dichlorobenzene -0 3-20 soil, sediment n.i. 5 

1,4-dichlorobenzeie -12 t o -16 3-48 phenyl coated silica 1.6% 
oc 

-12 h 6 

1,2,4-trichlorobenzene -13 to 17 3-48 phenyl coated silica 1.6% 
oc 

-12 h 6 

1,2,4,5-tetrachlorobenzene -12 to -25 3-48 phenyl coated silica 1.6% 
oc 

-12h 6 

b-HCH -33 20-30 peat 22% om; 
clay 6% om 

70 h 7 

g-HCH -13 10-30 peat 22% om; 
clay 6% om 

70 h 7 

1,1,1-trichloro-ethane 233 
3.5-20 silt loam, 1.6% om n.i. 8 

2,2',5,5'-tetrachlorobiphenyl 0 5-33 Aldrich humic acid 3 h 9 

Aroclor1254 283 
12-22 sediment, 2 .61% oc 24 h 10 

AVERAGE VALUE -0.25 

'oc = % organic carbon; om = % organic matter (-1.7 • oc) 

'References: 1=He et al., 1995; 2=Wauchopeet al., 1983; 3=Wu and Gschwend, 1986; 4=Pierceet al., 1974; 
5=Jota and Hassett, 1991 ; 6=Szecsody and Bales, 1991 ; 7=Mills and Biggar, 1969; 8=Chiou et al., 1979-
9=Grahamand Conn, 1992; 10=Weberet al., 1983 

'calculated in the present study from data presented in the reference, using the Van 't Hoff equation; the data 
are less reliable because measurements have only been carried out at two temperatures 

' n.i. = not indicated 
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Table 2: The influence of temperature on sorption coefficients: possible specific 
interactions. 

compound AH0 

(kJ-mol1) 
temperature 
range (°C) 

type of adsorbent1 equilibraton 
time 

ref.2 

picloram,pH=4.2 
(pKa = 3.6) 

-22 15-35 clay loam, 0.9% om 24 h 1 

picloram,pH=1.2 -84 10-30 clay loam, 0.9% om 24 h 1 

picloram,pH=7.2 -38 15-35 sandy loam, 0.7% om 24 h 1 

picloram,pH=5.9 -17 15-35 silty loam, 3.0% om 24 h 1 

pentachlorophenol -28.6 3 clay _4 2 

p-chloroaniline 8 to 27 4-40 soil, 2.49% oc and 8.52% oc < 1 6 h 3 

aniline 14 to 28 4-40 same same 3 

diuron -14 t o -28 10-40 soil, 0.31-0.85% oc 6 d 4 

diuron 0 5-45 clay, 3.2% om 24 h 5 

fluridone -7 to -15 6-44 soil, 4 % o m 1 . 7 % o m 24 h 6 

fluridone 1 to 8 6-44 clay, 1.8% om 24 h 6 

triorganotins 0 16-50 sediment, 2.5% oc 3 d 7 

ametryne 0 5-45 clay, 3.2% om 24 h 5 

carbofuran -22 26-50 loam 0.59% om -20 h 8 

simazine 0.2 3-50 - 24 h 9 

atrazine -0.2 to -0.3 0.5-40 2 h 9 

metolachlor 3 to 10 5-28 silt loam, 3.8% oc, 6.4% oc 3-24 h 10 

metolachlor 0 5-28 silt loam, 0.69% oc, 0.74% oc 24 h 11 

metribuzin 0 5-28 same 3-24 h 11 

metribuzin -5 to -9 5-28 s i l t l oam,3 .8%-6 .4%oc 24 h 10 

AVERAGE VALUE -8 

'oc = % organic carbon; om = % organic matter (-1.7 • oc) 

'References: 1=Biggarand Cheung, 1973; 2=Xing et al., 1993; 3=Morealeand van Bladel, 1979; 4=Gonzalez-
Pradas et al., 1992; 5=üu et al., 1970; 6=McCloskeyand Bayer, 1987; 7=Tas, 1993; 8=Singh et al., 1994; 
9=Hamakerand Thompson, 1972; 10=Grahamand Conn, 1992; 11=Chiouetal., 1979 

3direct calorimetric measurement 
4 not relevant for a direct measurement 
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In tables 1 -2, literature data on the effect of temperature on sorption coefficients are 

presented. In table 1, data are presented for compounds that can only show 

hydrophobic sorption. Table 2 deals with compounds that may show electrostatic 

interactions with the sorbent matrix. The average values for sorption enthalpies are 

presented in both tables. 

According to Chiou et al.(1979) increased sorption at higher temperatures can be 

expected for compounds whose solubility decreases at higher temperatures. This was 

observed by Chiou for 1,1,1 -trichloroethanebut is in contrast with the reported 

temperature dependence of the solubility of PCB-congeners (Tateya et al., 1988). 

Solubility was observed to increase at higher temperatures, whereas sorption decreased. 

Temperature dependence of rapid sorption kinetics 

The sorption kinetics of organic micropollutants has been shown to occur in at least two 

steps with different rates: a rapid process that reaches equilibrium within minutes to 

hours, and a slow process that may take months to years to reach equilibrium 

(Karickhoff et al., 1979; Brusseau and Rao, 1989; Pignatello, 1989). Many experiments 

with soil and sediment only study the rapid process. The discussion in this section is 

restricted to the influence of temperature on the rapid sorption process. The influence 

of temperature on the slow sorption process is discussed in the next section. 

The temperature dependence of the rate of rapid adsorption and desorption is 

described by an Arrhenius-typeequation: 

k = Ae-AH*,RT ( 4 ) 

in which: AH* = activation enthalpy for adsorption or desorption (kJ- mol'1) 

A = constant (h1) 

k = rate constant of rapid sorption (h1) 

rewritten: 

dink __AH# 

(5) 

Through a combination of equations 3 and 5 and defining Kp as k^ /k^ it can be shown 

that the difference of activation enthalpies for adsorption and desorption is the sorption 
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enthalpy. This is illustrated in figure 1. 

Figure 1: Relationship between AH0, AH'ads, and AH* . 

AH» 

From Figure 1 it appears that 

Sorbed state 

Sorption Progress 

A//0 = Afljfc - W*des (6) 

with : AH*ads = activation enthalpy for adsorption 
AH"des = activation enthalpy for desorption 

In table 3, the available literature data on the influence of temperature on the kinetics of 

rapid sorption are presented. Most data were obtained for desorption experiments. 

AH'-values are positive in all cases. 
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Table 3: The influence of temperature on rapid sorption kinetics 

compound AH ' 

(kJ/mol) 

temperature 
range (°C) 

type of adsorbent' adsorption or 
desorption 

ref.! 

1,2,3,4-tetra-chlorobenzene 63 23-54 sediment, - 8% oc desorption 1 

naphthalene 
1 d incubation 

354 15-35 soil, 1.6% oc desorption 2 

naphthalene 
6 d incubation 

49" 15-35 soil, 1.6% oc desorption 2 

1,4-dichlorobenzene -0 3-48 phenyl coated silica 
1.6% oc 

both 3 

1,2,4-trichlorobenzene -0 3-48 phenyl coated silica 
1.6% oc 

both 3 

1,2,4,5-tetrachlorobenzene -0 3-48 phenyl coated silica 
1.6% oc 

both 3 

pentachlorobenzene -0 3-48 phenyl coated silica 
1.6% oc 

both 3 

dichlorobenzenes 175 
4-40 sediment,3.9% oc desorption 4 

trichlorobenzenes 185 4-40 sediment, 3.9% oc desorption 4 

tetrachlorobenzenes 195 4-40 sediment, 3.9% oc desorption 4 

pentachlorobenzene 255 4-40 sediment,3.9% oc desorption 4 

hexachlorobenzene 29s 
4-40 sediment,3.9% oc desorption 4 

hexachlorobutadiene 155 
4-40 sediment, 3.9% oc desorption 4 

trichlorotoluenes 21 5 
4-40 sediment, 3.9% oc desorption 4 

pentachlorotoluene 53' 4-40 sediment, 3.9% oc desorption 4 

AVERAGE VALUE 18 

1oc = % organic carbon 

^References: 1=Wu and Gschwend, 1986;2=Podollet al., 1989; 3=Szecsodyand Bales, 1991 ;4=Oliver, 1985; 
^ Calculated from a factor 2 difference in desorption rates over the temperature range studied 
4 Calculated from the difference in time needed to desorb 70% of naphthalene added to the soil for 2 

temperatures 
5 Calculated from % desorbed after 930 h for 3 temperatures. Influence of temperature is caused by influence 

on both rapid and slow desorption 

Temperature dependence of diffusion and slow sorption 

Until 1980, most researchers treated the sorption of organic pollutants to sediments as a 

rapid equilibrium process that can be described by first order processes in both 

directions. Karickhoff et al. (1979) were the first to study sorption kinetics with 

sediments and to identify both a rapid and a slow component in the sorption process. In 

the past 15 years many studies on slow sorption kinetics have been published. These 
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have been reviewed elsewhere (Brusseau and Rao, 1989; Pignatello and Xing, 1996). 

Organic matter is probably an important determinant in slow sorption. Because the 

organic matrix is a macromolecularstructure, polymer diffusion may resemble slow 

diffusion through the organic matter. Therefore, a short review on the temperature 

dependence of diffusion of organic compounds through organic polymers is presented 

here. Only a few studies could be found in which the temperature dependence of pore 

diffusion was studied (chapter 4). This section does not present detailed information on 

the temperature dependence of pore diffusion. 

Polymers can exist in two states: a high temperature elastomeric state in which there is a 

high degree of flexibility and freedom, and a low temperature glassy state in which the 

polymer chains are relatively rigid. The present study is concerned with diffusion 

through elastomeric polymers, as these may resemble organic matter [in which there is 

a high degree of flexibility as well (Barrer et al. 1958)] in a better way than glassy 

polymers (note: recent research indicates that relatively rigid parts of the organic matter 

are important in slow sorption phenomena, and diffusion through glassy polymers is 

probably similar to diffusion through these parts of the organic matter). 

Mechanistically, polymer sorption is regarded to proceed through a sequence of two 

processes: the creation of a hole in the polymer matrix and the accommodation of a 

solute molecule in that hole. It is unclear whether holes preexist or not; the swelling of 

most rubbery polymers upon solute penetration indicates that holes are created during 

the process of diffusion (Hayashi, et al. 1994; Fujita, 1968; Sun and Chen, 1994; 

Aminabhavi and Phayde, 1995) and thus do not preexist in rubbery polymers. Hole 

creation is an endothermic process due to the dissociation of weak interactions between 

polymer segments (Van der Waals forces and/or H-bridge bonds), whereas hole 

occupation is an exothermic process because of the hydrophobic Van der Waals 

interactions and/or H-bridge formation between solute and polymer segments. In cases 

where holes preexist, sorption is expected to be more exothermic than in cases where 

they do not. The reason for this is the absence of the endothermic contribution of hole-

creation. The sorption of organic solutes to organic polymers is a process that is highly 

favored thermodynamically : the entropy of sorption is highly positive because of the 

disappearance of the structured water mantle around the dissolved solute and the 

increasing disorder in the polymer mesh. 

The diffusion of organic substances through polymers is controlled by the ease and the 

frequency of the molecular "jumps" from one hole to another. The temperature 

dependence of diffusion is governed by the activation enthalpy that is required for the 

solute in order to make such jumps. As these jumps requires space in the polymer 
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matrix, its activation enthalpy will be dependent on intra- and interchain forces in the 

polymer structure (Rogers, 1965; Stannett, 1968; Aminabhavi, 1995). The activation 

enthalpy will be larger as the solute is larger, less flexible or more branched or as the 

polymer cohesive enthalpies are larger or the polymer segments more rigid (Aminabhavi 

and Phayde, 1995). 

Diffusion can be quantitatively described by the diffusion coefficient D in Fick's second 

law (Crank, 1975). From the temperature dependence of this diffusion coefficient, an 

apparent activation enthalpy AH'dltf for diffusion in a polymer can be determined 

(Rogers, 1965; Stannett, 1968; Pignatello, 1989): 

D=DQe-AHw'*T (7) 

in which: D = diffusion coefficient (cm2-sec1) 

D0 = preexponentialfactor (cm2- sec1) 

AH*dlff = activation enthalpy for diffusion in a polymer (kJ • mol1) 

in which the preexponential factor D0 is related to the number of holes in which the 

penetrant can be accommodated (dependent on polymer density and solute size), 

whereas AH'dlf) (the activation enthalpy of diffusion) depends on the ease with which 

the solute can move from hole to hole. The temperature-independent D0 thus includes 

entropie factors, whereas the temperature-dependent AH'dif) includes the enthalpic 

factors. 

Diffusion-determining polymer characteristics influenced by temperature include 

(Rogers, 1965): 

1 ) density and crosslinking diff usivity decreases with increasing polymer density and 

crosslinking, because the number of holes for the accommodation of solute 

becomes lower. The lower number of holes makes the distance of a "jump" from 

one hole to another longer and consequently makes the jump more difficult. 

Increasing temperature decreases density and, as a result, increases diffusion. 

2) chain rigidity: more rigid polymer chains result in a decreasing diffusivity because it 

becomes more difficult to transfer a molecule between more rigid polymer 

chains. In the elastomeric state, higher temperatures cause lower rigidities and 

thus higher diffusivities. In addition, the ease by which "jumps" can be made 

may be affected by temperature, rendering temperature-dependent AH'diff-

values. This results in nonlinear In D-1 /T curves. The activation enthalpy at a 

certain temperature can be determined by the slope of the In D-1 /T curve at that 
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temperature. The values of AH*diffl however, usually remain in the same order of 

magnitude (Rogers, 1965). 

For the diffusion coefficients of solutes in synthetic polymers, many different values 

have been reported; these values range from 10'7 to 1013 cm2/sec, lower values 

generally being for larger solutes. Diffusion coefficients in natural sediments are lower 

still, ranging from 10'9-1017 cmVsec (Karickhoff and Morris, 1985; Wu and Gschwend, 

1986; Steinbergetal., 1987; Rijnaartset al., 1990; Grathwohland Reinhard, 1993), the 

lower values again being for the larger solutes. As the solutes used in the polymer and 

sediment experiments are of comparable size, it is apparently more difficult for 

substances to diffuse through the natural organic macromolecular mesh than through a 

synthetic polymer. 

Table 4a: Diffusion activation enthalpies (AH*ditf in kJ/mol) and gas-polymer sorption 
enthalpies (AH0 in kJ/mol) for solutes in elastomeric polymers. 

Polymer Permeant AH'dlH AH" Ref.1 

santoprene aliphatic alkanes 8-19 0.6-4 1 

5 rubbers 1,2-dichlorobenzene 18-22 -1.4-2 2 

5 rubbers chlorinated (m)ethanes 15-44 -1.2-11 2 

polyurethane n-alkanes 18-25 3-6 3 

polypropylene methylated C,2-C„ fatty acids 129-147 - 4 

low-density-pdypropylene CVC,,, esters of 3-(3,5-di-tert-butyl-
4-hydroxy-phenyl)-propionic acid 

87-104 - 5 

urethane/urea/ 
ether copolymer 

dimethyl-acetamide 36 - 6 

polystyrene dichloromethaneand 
bromoethane 

100-109 - 7 

polypropylene 2-methylpropene 74.6 - 8 

low-density-polyethylene toluene 87.0 - 9 

low-density-polyethylene n-hexane 65.4 - 9 

various polymers carbon dioxide 45 ±12' - 11 

various polymers methane 5 5 ± 1 7 ; - 11 

natural rubber methane 34-50 3-6 10 

AVERAGE VALUE 60 3.5 

'References: 1=Aminabhaviand Phayde, 1995; 2=Khinnavarand Aminabhavi, 1992; 3=Khinnavarand 
Aminabhavi, 1991 ; 4=Hayashiet al., 1994; 5=Mollerand Gevert, 1994; 6=Gou et al., 1994; 7=Ryskin, 1955; 
8=Rogers, 1965; 9=Saleemet al. 1989; 10=Garrerand Skirrow, 1948; 11=Stannett, 1968 

2 average of 23 measurements (carbon dioxide); average of 8 measurements (methane) 
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In Table 4a, the diffusion activation enthalpies and sorption enthalpies of elastomeric 

polymers are presented for a number of solutes. In table 4b, reported values for the 

activation enthalpy of slow desorption are presented. For table 4a, it should be 

mentioned that in all cases sorption from the gas phase and not the aqueous one was 

involved. From the temperature dependence of Henry's law constants which were 

reported by Ashworth et al. (1988), enthalpies of transfer from water to gas were 

calculated. These were in the order of 10-40 kJ/mol. Addition of this large endothermic 

contribution to the sorption enthalpies presented in table 4a gives values for the 

enthalpy of sorption from water to a polymer. These range between 10 and 40 kJ/mol. 

Table 4b: Activation enthalpies (kJ/mol) for slow sorption kinetics in soil/sediment. 

compound AH*ads/des 
(kJ-mor1) 

temperature 
range (°C) 

type of adsorbent' adsorption or 
desorption 

ref.2 

1,2-dibromoethane 66 ±11 40-97 soil, loam 1.11% oc desorption 1 

benzene > 0 5-45 soil, 0.16% om adsorption 2 

toluene > 0 5-45 soil, 0.16% om adsorption 2 

ethylbenzene > 0 5-45 soil, 0.16% om adsorption 2 

1,1,1-
trichloroethane 

> 0 5-45 soil, 0.16% om adsorption 2 

'oc = % organic carbon, om = % organic material 
^References: 1=Steinberget al., 1987; 2=Steinberg, 1992 
'Amounts of solute that are 'firmly bound' i.e. slowly exchanging, increase with increasing temperature 

Discussion and conclusions 

In the studies reviewed in the present paper, a wide variety of solutes and sorbing 

materials were used. This heterogeneity is a common problem encountered in soil and 

sediment science and it renders the comparison of the results of different studies 

difficult. Therefore, the thermodynamic data in the present paper are merely indicative. 

They probably do reflect general trends. This discussion deals with these general trends. 

For the thermodynamically controlled sediment-water sorption equilibrium, no enthalpy 

change was found to accompany the transfer from solution to sediment (on the average 

-0.25 kJ/mol) when only hydrophobic interactions are involved. When favorable 

electrostatic interactions (e.g. H-bridge bonding) with the sediment matrix are possible, 

equilibrium sorption enthalpies were found to be slightly exothermic (on the average -8 
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kJ/mol). Apparently, the favorable electrostatic interactions established by sorption in 

the (reasonably solid) sediment matrix are slightly stronger than the fleeting interactions 

with the water molecules disrupted by the sorptive process, although the difference 

between the non-interacting and the potentially interacting chemicals were not 

significant (student t-test, 95%). The observation of an exothermic sorption process is 

in accordance with conclusions in previous reviews (Schwarzenbach et al. 1993 and 

Hamaker and Thompson, 1972). 

The activation enthalpies for rapid ad- and desorption were both found to be between 

0 and 50 kJ/mol (on the average 18 kJ/mol), leading to a positive temperature 

dependence of rapid sorption rates. The rapid character of the process implies a low 

"threshold" of the process resulting in low activation enthalpies for rapid ad- and 

desorption. Following this argument, the activation enthalpies for slow ad- and 

desorption are expected to be higher than those for the rapid sorption process. This is in 

accordance with the observed activation enthalpy of 66 kJ/mol for slow desorption. 

Rapid equilibrium establishment is probably controlled by equilibrium thermodynamics; 

the temperature dependence of this process is thus governed by the sorption enthalpy. 

As this sorption enthalpy is negative, sorption equilibrium will be shifted to the water 

phase with increasing temperatures. For slow sorption, this is different, as this process is 

probably controlled by kinetics rather than thermodynamics. From the temperature 

dependence of diffusion through polymer structures, it follows that the diffusional 

process is accompanied by a positive activation enthalpy: the slow sorption process is 

more rapid at higher temperatures. Rates of slow sorption and desorption in soil and 

sediment have positive activation enthalpies as well. 

From all this, a reason can be found for the observation that overall sorption after short 

equilibration times is nearly independent of temperature: a combination of a negative 

temperature dependence of the equilibrium of rapid sorption and a positive 

temperature dependence of the kinetics of slow sorption. The result is that at higher 

temperatures the extent of equilibrium of the slow fraction is more advanced (the 

slowly sorbing solute fraction increases because the "degree of nonequilibrium" 

decreases) whereas the rapid fraction (which is at equilibrium with the aqueous phase) 

decreases. When these two contributions are equal in magnitude but with opposite 

sign, they cancel out and result in hardly any or no net temperature dependence. 

For polymer materials, positive sorption enthalpies (from water) have been observed. 

Activation enthalpies for polymer diffusion average 60 kJ/mol. One reason for the 

observation that polymer sorption is a more endothermic process than sediment 

sorption is that pure polymer segments probably show stronger Van der Waals 
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organic matter, however, may be more beneficial than intra-organic matter interactions 

because of the lower degree of order and higher heterogeneity in sediments. For 

polymers, the exothermic enthalpy effect of hole occupation thus is not able to 

overcome the endothermic enthalpy of hole creation, whereas for sediments it is. 

Apart from diffusion in organic matter, slow sorption and desorption have also been 

explained by diffusion through micropores. Like the activation enthalpies for polymer 

diffusion, the activation enthalpies for diffusion through micropores are positive [30-40 

kJ/mol for n-butane through silicalite membranes (Kapteijn et al., 1994)]. Thus, the 

observed temperature dependence of slow sorption kinetics can also be explained by 

the mechanism of pore diffusion. Temperature dependence in case of pore diffusion 

may be smaller because of the lower AH'ditf: 30-40 kJ/mol vs 60 kJ/mol for diffusion 

through organic polymers. This may also be caused by the fact that n-butane is smaller 

than the substances used in polymer diffusion experiments. 

From the data presented in the present paper it can be concluded that the process of 

polymer diffusion is comparable to the processes involved in slow adsorption and 

desorption, as far as activation enthalpies are concerned. Activation enthalpies for both 

processes are positive and of the same order of magnitude. Pore diffusion may also be a 

mechanism of relevance. 
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Chapter 4 

Abstract 

The purpose of the present study was the determination of the temperature 

dependence of slow adsorption and desorption kinetics of some chlorobenzenes, 

polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) in a 

lab-contaminated and a field-contaminated sediment. The kinetics of desorption were 

measured by means of a technique in which Tenax TA beads are used as "sink" for 

desorbed solute. 

A first-order kinetic model with three sediment compartments described the 

desorption of the test compounds from the sediments. Apart from a rapidly desorbing 

fraction, two sediment fractions were distinguished, one slowly desorbing with a rate 

constant of (1-4)-103 h 1 and a very slowly desorbing one with rate constants 

approximately 10-50 times smaller. 

From temperature dependence studies, the activation enthalpies for slow desorption 

appeared to be 60-70 kJmol '1 for both the lab-contaminated and the field-

contaminated sediments; the values were approximately constant for all compounds 

studied. From adsorption studies at two temperatures, enthalpies of sorption to the 

slow sediment compartment appeared to be slightly negative. 

Because slow desorption is much faster at elevated temperatures, the measurement of 

high-temperature desorption kinetics can provide information on long-term 

desorption kinetics and, probably, on the feasibility of bioremediation of aged 

contaminants. 

Introduction 

A sometimes significant fraction of organic chemicals sorbed to soils and sediments is 

released slowly (months-years), whereas another part is released relatively rapidly 

(hours-days)(e.g.7-3). The existence of such slowly desorbing fractions can result in 

aqueous concentrations in (pore)water being lower than expected on the basis of 

short-term partition coefficients. These kinetic limitations and shifting partitioning 

may have consequences for many processes. For example, contaminant fluxes from 

contaminated sediment to groundwater and surface water are lower than expected 

from short-term partition coefficients. Also, amounts of chemical available for uptake 

by biota are lower, resulting in both lower bioaccumulation and biodégradation (2). 

Retarded diffusion is usually suggested to explain slow desorption. This retarded 

diffusion occurs either through the organic matter matrix or through and along the 

78 



Temperature dependence of slow sorption kinetics 

walls of narrow intraparticle pores, possibly with a hydrophobic wall coating (7). 

Brusseau et al. (4-5) explained their findings on the basis of intra-organic matter 

diffusion. Ball and Roberts (6) as well as Wu and Gschwend (7) developed a pore 

diffusion model to describe their data. Steinberg et al.(S) suggested the entrapment in 

narrow pores in combination with slow pore diffusion. 

Diffusion is an activated process and therefore it is positively temperature-dependent 

in an Arrhenius-like way, as has been shown for the diffusion of several organic 

chemicals through polymer materials (9,70). If retarded diffusion causes (de)sorptive 

rate limitations, an Arrhenius-like temperature dependence would also be expected 

for the rate constants of slow adsorption and desorption. By measuring the 

magnitude of the activation energy of slow adsorption and desorption, indications on 

the relative importance of organic matter diffusion (which can probably be regarded 

as polymer diffusion (77,72)) and micropore diffusion to these processes may be 

obtained. Activation energies for the diffusion through polymer materials are typically 

above 60 kJmol"1 (11,13), whereas they are mostly lower (approx. 20-40 kJmol1) for 

diffusion through liquids (77) and through the interior of micropores (e.g.74-76). 

Rates of slow desorption from sediments have been observed to increase strongly 

with increasing temperature; reported activation enthalpies are 66 kJmol 1(S), 46 

kJmol 1(77) and -28 to +29 kJmol \18). 

In most studies on the slow desorption of organic contaminants from sediments, 

desorption experiments lasted less than two weeks, whereas field contamination may 

be a process with a time scale of years. Therefore it is also important to know the 

kinetics of desorption on a longer time scale. 

In the present study slow adsorption and slow desorption have been investigated at 

various temperatures, with a two-fold purpose: i) to determine the enthalpy changes 

resulting from solute transfer into and out of the slowly exchanging sediment 

compartment, via the determination of the activation enthalpies for slow adsorption 

and desorption, and ii) to determine the long-term desorption characteristics of lab-

contaminated sediments as well as historically contaminated ones. These approaches 

will provide more insight into the character of the processes limiting contaminant 

exchange between sediment and water. 

Method 

Theoretical model. Desorption from sediment can be described by the following first-

order model (chapter 1) 
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s, 
s, F ekn,p' +F, e~k"""J (D 

rap slow » ' ' 
0 

in which S, and S0 (g) are the sediment-sorbed amounts at time t (h) and at the start 

of the experiment, respectively; Frap and Fslow (-) are the fractions of contaminant 

present in the rapidly and slowly desorbing sediment compartment, respectively; krap 

and k ^ (h 1) are the rate constants of rapid and slow desorption, respectively. 

Fsiow a n d ksbw were determined by exponential curve fitting (Frap and krap were also 

fitted but rapid desorption is not considered in the present study); the ln-form of eq. 1 

was subjected to curve fitting. Fits were carried out by minimizing the squares of the 

differences between experimental and calculated values of ln(S,/S0). 

Enthalpies of slow adsorption and desorption. The enthalpy diagram for an organic 

compound going from water to the slowly exchanging sediment compartment is 

given in Figure 1. In Figure 1 the transfer from water to the rapidly exchanging 

sediment compartment is considered to be unactivated and thus not associated with a 

change in enthalpy, since short-term sorption enthalpies are approximately zero (13). 

The AHslow in Figure 1 represents the enthalpy difference between the rapid and the 

slow sediment compartments. A H ' ^ and AH'ads are the activation enthalpies of slow 

desorption and adsorption, respectively. 

Figure 1 shows that the relationship between equilibrium sorption enthalpies and the 

activation enthalpies for adsorption and desorption is 

-AH, = AH* -AH* (2) 
slow des ^ ^ ads V 

where AHslow is defined in the "rapid" to "slow" direction. Assuming temperature-

independent activation enthalpies and entropies, the following relationship between 

the activation enthalpy for slow desorption AH'des and the rate constant kslovv is valid 

(27) 

-AH 
In £.,„..= des+const 

RT 
slow r i m ' V " - " " J * (3) 

in which kslow is the rate constant of slow desorption and c is a constant. Thus, the 
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activation enthalpy of slow desorption can be obtained via the slope of a plot of In 

ksiowvs- 1 / T . 

Figure 1: Enthalpy diagram for slow sorption. 
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AHS|0W can be calculated from the fractions desorbing rapidly and slowly after 

adsorption at different temperatures, with the integrated Van 't Hoff equation (see 

3150(73,78,22;) 

slow 

ln(J"') 
n SR.Tl 

~R \ _ \ 

Z T. 

(4) 

where KSRT is the ratio between the masses in the slow and the rapid fraction, (1 -

Frap)/Frap, respectively, after adsorption at temperature T. 

Materials. 1,2,3,4-tetrachlorobenzene (TeCB), pentachlorobenzene (QCB), 

hexachlorobenzene (HCB), 2,3,5,6-tetrachlorobiphenyl (PCB-65), 2,3',4,4',5-

pentachlorobiphenyl (PCB-118), fluorene, anthracene, fluoranthene and pyrene were 
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obtained from various commercial sources. Tenax TA (60-80 mesh; 177-250 urn), a 

porous polymer based on 2,6-diphenyl-p-phenylene oxide, was obtained from 

Chrompack. Before use, the Tenax TA beads were rinsed with acetone (3 times 10 

ml/g Tenax) and hexane (3 times 10 ml/g Tenax) and dried overnight at 75°C. 

The sediments were from Lake Oostvaardersplassen (OVP) and Lake Ketelmeer (KM), 

The Netherlands. The background concentrations in the OVP sediment of the studied 

compounds proved to be <2% of the lab-added concentrations. The OVP sediment 

was dried (150°C; 5 days) in order to remove all possible volatile contaminants 

present, after which it was homogenized and dry-sieved. The 63-125 urn-fraction 

(organic carbon content (OC) 3.17%) was used in the experiments. The KM sediment 

(OC 7.02%) was historically contaminated with PCBs and chlorobenzenes (congener 

concentrations ranging from 45-319 ng/g). The compounds studied in the KM 

sediment were TeCB, HCB, 2,2',3,4',5-pentachlorobiphenyl (PCB-90), 2,2',4,4',5-

pentachlorobiphenyl (PCB-99), 2,2',3,4,4',5-hexachlorobiphenyl (PCB-138), 

2,2\4,4,,5,5'-hexachlorobiphenyl (PCB-153), 2,3',4,4',5,5,-hexachlorobiphenyl (PCB-

167) and 2r2',3,4,4',5,5,-heptachlorobiphenyl (PCB-180). A thick superficial layer was 

sampled (0-30 cm); this layer probably contained both aged and relatively recent 

contaminants. The wet KM sediment was passed through a 250 urn sieve to remove 

all coarse particles and used without any further treatment in order to avoid 

disturbance of the sorption characteristics of the originally present contaminants. 

Temperature dependence of slow adsorption. Triplicate adsorption experiments were 

carried out with the OVP sediment. Prior to sorption studies, the OVP sediment was 

suspended in water and stored at 65°C for one week, in order to reduce possible 

differences in structure between sediment portions incubated at different 

temperatures. The OVP sediment was loaded with the test compounds by suspending 

0.6 g (dry weight) of the sediment in 250 ml of water spiked with 12.5 ul methanol 

containing the test compounds and 1.25 mg of HgCI2 to prevent microbial 

degradation. Suspensions were shaken for 34 days at both 20°C or 65°C. After 34 

days, the sediment-solute system is probably not far from equilibrium, as indicated by 

Weber and Huang who studied phenanthrene sorption to soils and sediments for 

reaction periods ranging from 1 min to 14 days (23). 

For the determination of sediment-sorbed solute concentrations, sediment and 

supernatant water were separated by centrifugation at 2500 rpm for 20 min. The 

sorbed solutes were extracted by refluxing sediment with 50 ml water and 60-70 ml 

hexane for 6 h. The sediment-sorbed concentrations ranged from 0.1 ug-g 1 (PCB-

118) to 20 ug-g"1 (TeCB). The supernatant water was analyzed by extracting 20 ml of 
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water with 2 ml hexane. The hexane was analyzed on GC-ECD for the 

chlorobenzenes and PCBs (Hewlett Packard 5890 with "Ni ECD and HP 7673 

autosampler; column: Chrompack, fused silica CP 8cb, length 50 m, diameter 0.25 

mm; carrier gas: He, 1 ml/min). For PAH-analysis the hexane was evaporated until 1 

ml and then dissolved in 10 ml of acetonitrile. The acetonitrile was subsequently 

evaporated to 1 ml and analyzed with HPLC-FCD (Hewlett Packard 1050 with 

fluorescence detector (FCD; HP 1046); column: reversed phase C18, Vydac 201TP54; 

gradient elution with acetonitrile and water). 

The desorption kinetics of the OVP sediments loaded at 20°C and 65°C for 34 days 

were determined at 20°C by means of the Tenax solid-phase extraction method 

described in a previous paper (20). Extraction with Tenax TA has been proved to be a 

very useful way of carrying out desorption kinetics experiments because of the high 

sorptive capacity (20,24) and the very fast solute absorption from water to Tenax 

(20). Because of the rapid solute removal from the aqueous phase, backward re-

adsorption during desorption is much slower than the slow desorption process (20); 

this is required for the validity of eq. 1. During desorption, a mixture of Tenax TA (0.2 

g), sediment (0.6 g) and milli-Q water (100 ml) was constantly shaken in a 100 ml 

separation funnel. The Tenax was refreshed at set time intervals. Tenax was extracted 

with hexane; hexane was analyzed as described above. 

After termination of desorption the remaining sediment and supernatant water were 

refluxed with 60-70 ml hexane for 6 h to extract and analyze all chlorobenzenes, 

PCBs and PAHs still present in the sediment. 

Temperature dependence of slow desorption. OVP sediment (0.6 g) was loaded with 

the test compounds at 20°C for 34 days, as described in the previous paragraph. The 

field-contaminated KM sediment (1 -3 g dry weight) was used as such. The 

contaminated sediments were suspended in 100 ml milli-Q water. The desorption was 

studied as described in the previous paragraph. 

The sediment was first desorbed at 20°C for 24 h in order to remove the rapidly 

desorbing fraction. After this, desorption was continued at the three different 

desorption temperatures (5°C, 20°C and 60°C). All desorption experiments were 

carried out in triplicate. 95% Confidence intervals are presented along with all 

reported values. For parameters that had been determined directly from triplicate 

measurements, the calculation of the 95% confidence interval was based on the 

standard deviation in the triplicates; for parameters obtained by linear regression, the 

standard deviations in both the regression and in the triplicates are included in the 

95% confidence intervals. 
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The mass balances (ratios between {total mass of solute desorbed and solute present 

after desorption} and the initial mass of solute) were 80-120% for the lab-

contaminated OVP sediment and 70-110% for the field-contaminated KM sediment. 

Results 

Temperature dependence of slow adsorption. In Figure 2, ln(S,/So) vs. time plots are 

given for the desorption at 20°C of TeCB, pyrene, HCB and PCB-118 from OVP 

sediment equilibrated at 20°C and 65°C. Solid lines are obtained by exponential curve 

fitting to eq.1. 

In Table 1, the rate constants of slow desorption and rapidly desorbing fractions are 

given for all nine compounds measured. Literature values for krap and rapid fractions 

are also given. Most k ^ values are reasonably in accordance with the presently found 

ones; the values of the rapid fractions show a higher degree of variation, probably 

because of different contact times used in different experiments. The rate constants of 

slow desorption after equilibration at 65°C are not significantly different from those 

after equilibration at 20°C (t-test at 95% confidence level). The fast fractions are 

larger after adsorption at 65°C than after adsorption at 20°C, by a factor of 1.4 to 2.3 

(mean 1.8), PCB-118 excepted. 

Figure 2: Desorption plots for OVP sediment equilibrated at 20°C (open symbols) and 
65°C (solid symbols) for TeCB (circles), pyrene (triangles), HCB (circles) and PCB-118 
(squares). Solid lines obtained by exponential curve fitting. 

In St/SO 
0 i 

100 150 20C 25C 30 
Time (hours) 

50 150 200 250 300 350 
Time (hours) 

Temperature dependence of slow desorption. In Figure 3, In S,/S0 vs. time plots are 

given for lab-contaminated OVP sediment (TeCB) and field-contaminated KM 

sediment (PCB-99 and PCB-180), at various desorption temperatures. Note that for 

84 



c 
o 

TJ 
tO 

i _ 

u t 
<ti 
i ^ 

tC 

2 
0) 
•M c C 

<1> 
CL> •> o 
c: bo 

o 
4 — 

r 
cd 

o O) 
< j ro 

^9 ^ v 

Ln V 
cn *»—• 
r tf 4-> c 

^ 0 ) 

u c 
o 

Q. o 
O r 
0) o 
•o -*-» 
o n 
l / l k _ 

k - (1) 
o 4-» 

H - tri 
i / i « 
c -»-» t f l c 
i/i 
C F 
O 
u 
01 1/1 

CT 

TD O) 

E 
"O 

r 0) 
o 

Q. 
u > 
k -

4 — O 
0X3 

k_ 

n L; H -

1— u 
O o 
l / > L i l 
0 ) VO 

T ) 
n ^ c 

•o rö 
Q - U 

« o 

(Y o r\< 
r- -̂  
<L> to 

-Q >, « t r i 

r - " O 

Ç Ç" 
PO Cü 

' 
O l i n 

PO 5\ PN m PO 

O. S 
T— ( N 

PM : 
LLT 

'm 
0 0 

5\ O i 

i n 

vo 
PO 

l > oo oo 
3 0\ o> 

« cfl PM 

> rv r--
ï 
3 

-I-J 

« v. ^ 5 Cü •* 
t v i 

i n 

— o 
rv 

m o 
in 

PO 

T — t — o 
in ^̂  ? 

- — V cr> i n m o cr> 
PO 

§ 
Tl o 8\ 

p o 

ON 

T— 

d 
PM 

T— v~ T - ~ 5\ T — Ç 
m 
VO 'T 

m 
ó 

o 
ó 

PN 
PO 

PO 

VO 

rv •<* 0 0 m q q T 
o o r - •>t v - r - •q- PN d 

LLT 
^ ? 
o ^ 

•H •H 
rv 

+1 
0 0 

•H 
f N Ov 

+1 
PO 

+4 
0 0 

•H 
q PJI 

d e i \ó vo oS i r i oo PO in' 
0"\ 0 0 I V PM o\ N I V 

u 
0 VO rv T — f 'T m VO PM ro i n 
vo £> m T vo i n PO o f N rv PO 

c 
o s t ~ ö 6 o o O e i d d d c 
o s •H •H « •H « +i •H +i •H 

Q - _*: Ö 0> o ro PO rv 0 0 PM 0 0 'T Q -
w *! p *̂ o\ 0\ o vp 0\ rv 

O 
IA 

ro ro rn T - ^ O •«r PM PM PN 

-o 

< 
S oo oo S VO VO PM 

'So S O i n PO S O PM 

_ j 
ö ö o o r ^ d d d d 

^ _ j •H •H •H M •H •H +i +i +i 

O 
VO O T— o Ov T — 0 0 i n PM 

O m I s . U3 
Tf ' •*' PM •* PM o\ 

*" O O ^ d d ^- ^ 
i n rs rv 0 0 

o o T ^ pn •* d PM PO PM 

U-!~ 
vO •H •H 

f N 

+1 
f N 'T 

•H +1 
VO 

+4 
O 

•H 
S rv r-.' o\' i n PO 

1 — tv vo 

•H 
S 

0 0 I V VO CA 

u 
Ô 
f N 

oo ir> T — f N 0 0 VO PM 0 0 rv Ô 
f N ~̂» r— T - T - PM o PM PM PM T -

c | Je O O d ö o d d d d 
O T * •H H +H M +H +i •H M •H 
Q_ _* o i s . VO ro PM 0 0 PO vo PM t 

O 
l/> 

^3 O °) q rv o> 0 0 CTl T— PM 
O 
l/> •̂  f N PÓ T - ^ 6 PO PM m' PO 

-o 
< 

T — S o PM PM I V 

' M O S T — i n vp O r— O q 

v . 
o o O o T— O O d T— 

^ 
v . 

•H •H M •H •H •H •H +i » 
O "* ( N T— vo VO O l oo vo PO 
O i n rN 0 0 •* VO 

PO rv i n vb 
d *~ ( N d T — •=r 

-o <u 
c 
3 
O 
O . 
E 
o 
U 

0 3 
U 
V \-

oo 
U 
O 

m 
U 
I 

i n 
VO 

m 
U 
Q -

0 0 

0 3 

u 
O -

v 
c 
0) 

o 

c 
<L> 
U 

c 

u 

c 
S 
o 

_ 3 

0 ) 

c 

Q -

•D 
00 

O 
ce 
k— 

-û 
'5 
cr 

TJ 
vo 

c 
o 

•J3 

3 
O" 

« 
E 
u 
'c « 
ao 
O 
o 
c 
o 
'S. 
b 



Chapter 4 

the first 24 h of the experiments, desorption was carried out at 20°C; after 24 h, 

different desorption temperatures were used. Also in Fig.3 ln(S,/S0) vs. time is given 

for long-term desorption from OVP sediment (TeCB, QCB, HCB, PCB-65 and PCB-

118) and KM sediment (PCB-90 and PCB-99) at 20°C. The values for k ^ for 9 

compounds in OVP sediment and for 8 compounds in KM sediment are given in 

Table 2. These rate constants for slow desorption increase strongly with increasing 

temperature. 

The long-term desorption plots at 20°C show nonlinear behaviour after 100 h of 

desorption, for both OVP and KM sediments; this is also observed for the 60°C-plots 

after 50 h of desorption (Figure 3). This implies that one single rate constant of slow 

desorption is not adequate to describe the whole "slow" part of these plots. 

Therefore, an additional rate constant has been used to describe these plots; this rate 

constant, which applies to the last part of the long-term 20CC plot and to the 60°C 

plots, is termed kvs, the "very slow" desorption rate constant. The relevant parts of 

the curves (after 24 h) are therefore fitted with a slow sediment compartment and a 

very slow compartment and their corresponding rate constants k ^ and k„. The solid 

lines in Fig. 3 have been obtained by exponential curve fitting to an equivalent of 

eq.1. 

Different stages of desorption are thus discerned: a stage in which the rapid fraction 

desorbs during the first 10 h (see also {20)), a second stage in which the intermediate 

slow fraction desorbs during the first weeks and a last "very slow" stage that is only 

observed after months at 20°C or earlier at elevated temperatures. The values of the 

very slow desorption rate constant at 20°C and 60CC are presented in Table 3, along 

with the very slow fractions determined at 20°C and 60°C. The very slow fractions 

determined at 20°C and 60°C are only slightly different, with the exception of PCB-

118. The slow fractions observed in the 300 h experiments at 5°C and 20CC (Table 1 

and Figures 2 and 3) include the slow as well as the very slow fractions. From these 

(slow + very slow) fractions and the very slow fractions, separate slow and very slow 

fractions can be calculated. The slow fractions not including a very slow part are also 

given in Table 3. In cases where the very slow fraction was only measured at 60°C, 

one value for the slow fraction is given; if the very slow fraction was measured at 

both 20°C and 60°C a range is given. The slow fractions cannot be directly 

determined from the y-intercept of the slow desorption parts in the 60°C desorption 

curves because desorption was carried out at 20°C between 0 and 24 h. 

The values of the very slow fractions for the PAHs are very small and inaccurate. This 

is because the amounts released during the very slow phase were approaching or 
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exceeding HPLC-FCD detection limits. These problems were not encountered with the 

measurements of concentrations of the PCBs and chlorobenzenes with GC-ECD. 

Figure 3a/b: (a) Desorption of TeCB from lab-contaminated OVP sediment at 5°C, 
20°C and 60°C, and (b) of PCB-99 and PCB-180 from field-contaminated KM 
sediment at 5°C and 60°C. Solid lines obtained by exponential curve fitting; the parts 
of the curves representing slow and very slow desorption are indicated. 

KM-sediment 
•^ ^Different desorption temperatures 

100 150 
Time (hours) 

100 150 
Time (hours) 

250 

Figure 3c: Long-term desorption at 20°C for TeCB, PCB-65 (OVP sediment), PCB-90 
and PCB-99 (KM sediment). Solid lines obtained by exponential curve fitting; the 
parts of the curves representing slow and very slow desorption are indicated. 

In (S1/S0) 
0« 

- 5 

TeCB 

500 1,000 1,500 
Time (hours) 

2,000 

Enthalpies of slow sorption. In Figure 4 plots of In kslovv vs. 1/T are given for three of 

the compounds (for the OVP sediment). Values for AH'des (calculated with eq. 3) and 

AHslovv (calculated with eq. 4) are given in Table 4, as well as the values of AH'ads 

calculated from AH"dM and AH^«, with eq. 2. Also, activation enthalpies for desorption 

from the very slow fraction (AH'VS) could be calculated from the kvs values at 20°C and 

60°C (eq. 3); values are given in Table 4 as well. 
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Chapter 4 

Figure 4: Ln(k5low) vs. 1/T for fluoranthene (squares), HCB (circles) and anthracene 
(triangles) for OVP sediment. Solid lines obtained by linear regression. 

In k slow 
- 1 

-anthracene 

• fluoranthene 

0.003 0.0032 0.0034 
1/T (1/K) 

0.0036 

Table 4: Activation enthalpies (kJ-mol1) with 95% confidence intervals for slow 
adsorption and desorption as well as for very slow desorption, determined for lab-
contaminated (OVP) and field-contaminated (KM) sediment. 

KM-sediment (fiele 
contaminated) 

- o\ 1? sedimenl (lab-conte iminated) 

Compound AH'd„ AH\ , Compound A H V AH« V S AH' .* AH a«. 

TeCB 57 ± 9 TeCB 60 ± 8 57 ± 1 54 ± 1 0 -6 ± 2 

HCB 70 ± 7 QCB 63 ± 10 60 ± 1 56 ±12 -7 ± 2 

PCB-90 6 4 ± 4 56 ± 2 HCB 63 ± 11 34 ± 12 56 ±13 -7 ± 2 

PCB-99 60 ± 3 49 ± 3 PCB-65 69 ±14 33 ± 2 62 ±18 -7 ± 4 

PCB-153 61 ± 4 PCB-118 74 ±17 25 ± 5 77 ± 19 +3 ± 2 

PCB-138 60 ± 5 fluorene 68 ± 10 56 ±15 -12 ± 5 

PCB-167 68 ± 4 anthracene 70 ±11 55 ±15 - 1 5 ± 4 

PCB-180 61 ± 8 fluoranthene 67 ± 7 57 ±11 - 1 0 ± 4 

pyrene 69 ± 8 59 ± 13 - 1 0 ± 5 
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Discussion 

Desorption rate constants and slow fractions. For the field-contaminated KM 

sediment, the slow (k5tow approx. 103 h'1 at 20°C) and the "very slow" fractions (kvs 

approx. 10'5-10"4 h'1 at 20°C) each contributed significantly to the total amount 

sorbed. For the lab-contaminated OVP sediment the slowly and very slowly desorbing 

fractions were lower than for the KM sediment because slowly desorbing fractions 

increase with increasing contact time (20,24,25) and the contact time of 34 days 

(OVP sediment) is shorter than field contact times (KM sediment). McGroddy et al. 

(26) found that all sorbed PCB-138 and PCB-101 in sediment cores was available for 

partitioning, in contrast to two PAHs that were available for only 1-40%. The present 

observation that a significant part of the sorbed PCBs desorbs slowly is in contrast 

with McGroddy's observation. 

Desorption rate constants for the OVP and KM sediments were surprisingly similar 

(Table 2, both 5°C and 60°C). For the OVP sediment, k ^ slightly decreases with 

increasing solute size (Table 1 and 2). Assuming diffusion as the explanation for slow 

desorption, this observation can be explained by slower diffusion for larger solutes. 

Fast fractions decrease with increasing solute hydrophobicity (Tables 1 and 3), 

possibly reflecting a more hydrophobic character of the slowly exchanging sediment 

compartment relative to the rapidly exchanging one (20). 

Many authors have described their results with a two compartment model involving 

rapid and slow sediment compartments (4,18,25,27,28). The present results show 

that such a description is not always adequate to describe the whole desorption 

range, especially for aged contaminated sediments; for the last phase of desorption an 

additional "very slow" rate constant is needed. The desorption curves at 5°C and 

20°C do not show a very slow part because the desorption time of 300 h in these 

experiments was not long enough to deplete the slow fraction. 

The extraction of aged contaminants may be incomplete (1,2,25), even with a 

powerful extraction method such as hexane refluxing. Recoveries of about 80% have 

been reported for hexane reflux extraction of PCBs from certified reference materials 

(29). Incomplete extraction of sorbed residues after desorption may affect the 

numerical values of the parameters of slow desorption, especially for the aged field-

contaminated sediment for which extraction yields are probably lowest. Therefore our 

data only refer to hexane-extractable fractions. 

Thermodynamic parameters. The values for AH*des are in the order of 60-70 kJ-mol"1 

for both the lab-contaminated OVP sediment and the field-contaminated KM 
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sediment (Table 4), in spite of potential differences in sediment characteristics, 

contaminant origin and aging. The observed AH*dC5 values are approximately constant 

for all compounds studied, in spite of the variation in LeBas molar volume (from 179.6 

cmVmol for TeCB to 330.9 for PCB-180 (37)). The observed values for the activation 

enthalpies of slow desorption are roughly in accordance with values found in other 

studies. Steinberg et al.(S) found an activation energy of 66 ± 11 kJ-mol1 for the slow 

desorption of 1,2-dibromoethane from field-contaminated aquifer material aged for 

at least 19 years. They used a gas-purge technique to carry out desorption 

experiments, at 5 temperatures between 40°C and 97°C. Uzgiris et al.(77) reported a 

AH'des value of 46 kJ-mol'1 for the desorption of PCBs from a clay soil, but they 

employed an unconventional desorption technique in which PCBs were desorbed into 

the gaseous phase at rather high temperatures (125-300°C). Piatt at al.(7g) derived 

desorption rate constants from batch and column experiments with naphthalene, 

phenanthrene and pyrene sorbed to a 0.02%-OC aquifer sediment, at 4°C and 26°C. 

Equilibration times were relatively short, 100 h or less. From their data, we calculated 

AH*de5 to be 6-29 kJ-mol'1 for phenanthrene and pyrene and, remarkably, -6 to -28 

kJ-mol1 for naphthalene. It should be noted, however, that the kikm values reported in 

these three studies are at least one order of magnitude higher than ours. 

Mechanistic interpretation. The magnitude of the activation enthalpies of slow 

desorption (60-70 kJ-mol1) seems to be in the polymer diffusion range (>60 kJ-mol1 

(7,9,7 7,73)) rather than in the pore diffusion range (20-40 kJ-mol 1(77,74-76)). 

Therefore intra-organic matter diffusion may better explain the slow desorption from 

the sediments used by us than pore diffusion. 

It is not directly clear what the physical-chemical explanation is for the two slow 

fractions observed for the lab-contaminated sediment as well as for the field-

contaminated one. One explanation is that the slow compartment is associated with 

bulk amorphous organic matter whereas the very slow compartment is associated 

with microcrystalline organic matter; the rapid compartment is then the outer sphere 

of the organic matter. Three compartments ("domains I,II,III") have been proposed 

by Young, Weber and Huang in their "distributed reactivity model" (23,32). Domain I 

is suggested to be inorganic material, domain II to be amorphous organic matter and 

domain III to be microcrystalline organic matter. A roughly similar model with "dual-

mode" sorption like in glassy polymers was proposed by Xing et al. (33). Analogous 

to dual-mode glassy polymer sorption, the slow fraction in sediments could be 

explained by a partitioning mechanism and the very slow fraction by a hole-filling 

mechanism. 
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The physical-chemical explanation for the negative AHsk)w values (exothermic enthalpy 

effect of transfer from the rapid to the slow sediment compartment) probably lies in 

the removal of solute from water: in the rapid sediment fraction solute may still be in 

contact with water whereas in the slowly exchanging hydrophobic, organic 

compartment it may not be the case. Removal of a hydrophobic solute molecule from 

water results in an exothermic (favorable) enthalpy effect because of the restoration 

of aqueous H-bridge bonding (30). Sorption enthalpies anticipated in this way would 

be -18 to -30 kJmol1 (30) and roughly constant for the large nonpolar molecules 

used in the present study. The A H ^ values we determined are also negative and 

roughly equal for the different compounds used (-10 ± 3 kJ-mol1; Table 4). If removal 

from the water indeed causes the exothermic character of A H ^ , a mechanistic 

implication is that solute in the slowly exchanging sediment compartment is not in 

contact with water; the slow sediment compartment therefore probably consists of 

remote organic regions and not of narrow water-saturated pores. 

In a recent review by our group (13, chapter 3) it was found that the average value of 

the sorption enthalpies found in 21 different studies was -4 ± 19 kJmol1. In these 21 

studies, equilibration times had been short so this sorption enthalpy value mainly 

addresses sorption to the rapidly exchanging sediment fraction. The present values for 
AHsk>w (-10 ± 3 kJ-mol1) address the enthalpy change resulting from solute transfer 

from the rapid to the slow sediment compartment. The enthalpy change for the 

transfer from water to the slow sediment compartment is then approximately -14 ± 

22 kJ/mol, indicating an exothermic process but with a very wide confidence interval. 

It has to be noted, however, that A H ^ includes not only slow sorption but also very 

slow sorption because the A H ^ values have been calculated with slow fractions 

including very slow fractions (Table 1). For the OVP sediment, however, the very slow 

fractions are smaller than the slow fractions (with the exception of PCB-118, see 

Table 3) so the most significant contribution to A H ^ stems from the slow fraction. 

Implication. A perspective offered by the strong temperature dependence of slow 

desorption is that indications of long-term desorption behaviour can be obtained 

rapidly from desorption experiments at elevated temperatures. This is because slow 

fractions observed in a 300 h experiment at 60°C only slightly differed from the ones 

observed in a 2080 h experiment at 20°C. 

During bioremediation, it is often observed that fractions of contaminants are 

degraded very slowly or not at all. Slow desorption of these compounds is probably 

the cause of these remedial limitations, so desorption experiments at elevated 

temperatures may give rapid information on the feasibility of bioremediation of 
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contaminated soils and sediments. It is not clear whether these poorly degradable 

fractions encountered during bioremediation consist of only the very slow fraction or 

of both the slow and the very slow fractions. 
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Chapter 5 

Abstract 

It was tested whether there are physical-chemical differences between kinetically 

different sorbate fractions in sediment. These kinetically distinct pools are the rapidly 

(desorption rate constants - 10 1 h"1), slowly (-10'3 h 1) and very slowly desorbing 

fractions encountered in soils and sediments. Therefore, sediments with either rapidly 

or (slowly + very slowly) desorbing hexafluorobenzene (HFB) were subjected to solid-

state 19F-NMR measurements. In addition, NMR spectra were obtained for HFB in 

active carbon, glassy polystyrene and rubbery polyacetal, in order to find similarities 

between sediments and model sorbents. 

Rapidly desorbing HFB in sediment showed a resonance at +43.5 ppm relative to pure 

liquid HFB, whereas slowly desorbing HFB showed a resonance at +3.4 ppm. We did 

not observe an NMR signal for the very slowly desorbing fraction, probably because 

the very slowly desorbing amounts of HFB were too small. The observations indicate 

that the kinetically different fractions are probably present in different (physical-

chemical) environments in the sediment. The lines observed for both rapidly and 

slowly desorbing HFB were relatively narrow (387-412 and 801 Hz, respectively), 

indicating that the molecules in the rapidly as well as in the slowly desorbing fractions 

were sorbed in a fairly homogeneous way, and that they were reasonably mobile. 

However, the exact explanation of the chemical shifts and linewidths in terms of 

sorption mechanisms remains unclear. Like sediment, polystyrene and active carbon 

also showed two populations of sorbed HFB, whereas we observed only one 

population for polyacetal. The chemical shifts of the two polystyrene signals were 

comparable to the ones for sediment (+5.1 and +43.9 relative to pure HFB, 

respectively), whereas one signal of the active carbon deviated (-7.8 and +43.5, 

respectively). The chemical shift of HFB in polyacetal was +1.8 ppm. 

Introduction 

It is now well-known that the desorption of organic chemicals from soils and 

sediments is slow for part of the sorbed compound. In many studies, biphasic 

desorption behavior (a slowly and a rapidly desorbing solute fraction) has been 

reported [1-3]; in addition, we recently showed that triphasic desorption occurs in 

various sediments (chapters 4,6,8,9); then also a very slowly desorbing solute fraction 

is present. However, other researchers report that their data are well described by a 
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continuum of desorption rate constants [4,5], or by a radial diffusion model with one 

diffusion coefficient and sometimes an equilibrium sorption coefficient. 

The two- or three-compartment models have no mechanistic meaning, so it is 

uncertain whether the kinetically different solute fractions reflect physicochemically 

different sediment compartments. An indication that this is the case is our recent 

finding that rapidly desorbing solute shows linear sorption, whereas the slowly 

desorbing solute fraction shows Langmuir-type nonlinear sorption (chapters 8,9). 

So far, most sorption and desorption studies have been obtained by studies on a 

macroscopic scale, i.e. information on chemicals in sediments is indirectly obtained 

through their sorption and desorption behavior. In only a few cases, the characteristics 

of sorbed chemicals on a molecular scale were studied. Schulten [6] employed 

molecular mechanics to show that chemicals can become "trapped" in certain 

structures in the organic matter, and hypothesized that the energetically beneficial 

interactions between organic matter and solute molecule could cause kinetic 

limitations in the release of such a trapped molecule. Hatcher et al. [7] used NMR 

spectroscopy for sorbed compounds; with 13C-NMR spectroscopy, they found that 

2,4-dichlorophenol became covalently bound to soil organic matter. However, the 

sorption mechanism (chemical sorption) was different from the sorption mechanisms 

investigated in the present study. Aochi and Farmer [8] used infrared spectroscopy to 

show that there are at least two different sorbing regions for (inert) 1,2-

dichloroethane (1,2-DCA) in humic organic matter: during sorption, one region is 

rapidly accessed, whereas sorption in the other region emerges only after a few hours. 

During desorption, the rapidly formed peak disappears relatively soon, whereas the 

more slowly formed peak even increases in intensity during the first stages of 

desorption. Hinedi et al. [9] used liquid-state fluor NMR to study the bonding of 

fluorobenzene on aquatic humic acids (AHAs). They found that self-diffusion of AHA-

sorbed chemical was considerably smaller than self-diffusion of aquatic species, 

although chemical shift differences were relatively small (less than 1 ppm) between 

fluorobenzene in AHA-free solution and in solution containing relatively high AHA 

contents. Toscano et al. [10] employed solid-state fluor-NMR for hexafluorobenzene 

(HFB) sorbed into the glassy polymer polystyrene (PS) and the rubbery polymer butyl 

rubber (BR). This approach is similar to the one we followed for sediments in the 

present study. Toscano et al. observed two populations of sorbed HFB in glassy PS 

and one single population in rubbery BR. Covalent bonding between the inert HFB 

and PS could be ruled out, so the two populations were probably physically sorbed in 

a different way. This indicates that dual-mode sorption occurs in glassy polymers; 
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analogous, dual-mode sorption is hypothesized to occur in the more rigid regions of 
sediment organic matter [3,11]. 

In the present study, solid-state 19F-MAS NMR has been employed to study the 

characteristics of hexafluorobenzene (HFB) sorbed to two highly organic sediments 

(organic carbon, OC, content 35 and 46%, respectively). Sediments with almost 

exclusively rapidly desorbing compound were studied, as well as sediment from which 

the rapidly desorbing fraction had been removed (i.e. sediment containing only slowly 

desorbing hexafluorobenzene). Chemical shift and linewidth were determined; 

variation in these parameters between rapidly and slowly desorbing HFB are indicative 

for physicochemical differences between the kinetically different fractions. In addition, 

we studied HFB sorbed to active carbon, polyacetal and polystyrene, to find 

similarities in sorption characteristics between sediment and a very aromatic matrix 

(active carbon), a rubbery polymer matrix (polyacetal) and a glassy polymer matrix 

(polystyrene). Analogies in sorption behavior between glassy polymers and sediments 

have been reported [11]. 

In this way it is endeavored to give the nonmechanistic compartment sorption model 

more physicochemical meaning, and this is important to reveal the process that is 

responsible for resistant desorption of organic chemicals from soils and sediments. 

Methods 

Sediment/polymer loading and extraction. Two peaty sediments were used. These 

sediments are described in chapter 6 of this thesis; in the present study and in chapter 

6 they are termed B8 and G1, respectively. Their OC contents were 46% (B8) and 

35% (G1), respectively (so they probably consisted of -90 and -70% organic matter 

(OM), respectively), total nitrogen 1.08% (B8) and 0.70% (G1), oxygen in OM 

30.7% (B8) and 12.0% (G1), and OC aromatic contents 18% (B8) and 21 % (G1). 

Highly organic sediments were used to i) avoid the adverse effects of mineral iron on 

the NMR spectra, and ii) be able to sorb enough compound in order to obtain a signal 

with the (intrinsically nonsensitive) NMR technique. The sediments were dried at 70°C 

for 48 h, after which they were ground; the fraction < 500 urn was used. 

Polyacetal (PA), (CH2-0)n, and polystyrene (PS), (CH2-CHC6H5)n, were purchased 

from Aldrich (beads about 100 urn (PA) and 50 urn (PS)). At 20°C polyacetal is an 

elastomeric, rubbery polymer (glass transition temperature, Tg, -30°C). Polystyrene is 

glassy at this temperature (Tg = 100°C). Active carbon (active C) was also obtained 

from Aldrich. 
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Hexafluorobenzene (HFB; > 99%) was obtained from Sigma-Aldrich Chemical 

Company, and used as received. HFB was pipetted in milli-Q water at levels of 1000 

mg/L, and stirred until dissolved. Sorbent (1 g dry weight) was loaded with HFB 

through the aqueous phase (250 mL water), in a 250-mL Erlenmeyer flask with little 

headspace to avoid evaporation; 1 mg Hg2CI2 was added to avoid biodégradation of 

HFB. For the experiments with sediment containing rapidly desorbing HFB and with 

the polymers, respectively, the sorbent suspensions were shaken at 300 rpm for 1 

week (B8), 2 months (PA, PS, active C) or for 4 months (G1). After the loading 

period, the aqueous phase was discarded. The sorbents were dried by a gentle 

nitrogen stream. To create sediment with only slowly desorbing HFB, sediment was 

loaded as described above for 2 months. After loading and décantation, the sediment 

was brought in a 100-mL separation funnel. Milli-Q water (70 mL) was added, as well 

as 1.25 mg HgCI2 (biocide) and 2 g Tenax TA (Chrompack, The Netherlands). Tenax 

is very effective as an infinite sink for desorbing chemical, because of its high sorptive 

capacity and its very fast solute absorption from water (chapter 2). After 2 h, Tenax 

and sediment suspension were separated. The Tenax was extracted by shaking it with 

20 mL of acetonitrile. 20 mL of acetonitrile has been shown to extract 90 ± 2% of 

sorbed HFB from 2 g Tenax. The incomplete extraction efficiencies have been 

corrected for. The acetonitrile was subsequently analyzed by HPLC with UV detection 

at 202 nm. Fresh Tenax was added to the sediment suspension, after which it was 

shaken for another 48 h. This is sufficient to extract all rapidly desorbing fraction for 

lab-contaminated sediments (chapters 2 and 4). Again, Tenax and water were 

separated; the Tenax was analyzed. Sediment and water were separated by means of 

the separation funnel; a Pasteur pipette was used to remove most of the remaining 

water. The last remnant of water (< 1 mL) was evaporated under a gentle nitrogen 

stream. Within 24 h of preparation, all samples were subjected to solid-state NMR 

spectroscopy. 

NMR spectroscopy. The sediments with only rapidly desorbing and only slowly 

desorbing hexafluorobenzene, respectively, were subjected to FT-NMR spectroscopy. 

Also pure liquid HFB was measured. About 50 mg of contaminated sediment was 

brought into a 2.5 mm ZrO spinner (Bruker Spectrospin). A Bruker DMX 300 MHz 

NMR spectrometer tuned to 19F (282.3 MHz) was employed. Magic angle spinning 

(MAS) 19F NMR spectra were collected in a single-pulse mode (2.1 (is pulse). Spinning 

rates were 20-23 kHz. The number of acquisitions ranged from 4 (pure HFB) to 

65,000 (slowly desorbing HFB in B8 sediment). Relaxation delay time between pulses 

was generally 5-8 s; an additional measurement for sediment B8 and PS with a delay 
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time of 30 s revealed that there was no increase in signal intensity after a longer 

relaxation delay. The chemical shifts were determined, as well as the linewidths. All 

chemical shifts will be given relative to pure HFB. The common reference compound 

in 19F-NMR is CFCI3; pure HFB shows a chemical shift of -169 ppm relative to pure 

CFCI3. 

Results and discussion 

The HFB contents of the contaminated sediments were -15 g/kg OC. The slowly 

desorbing amount of HFB in the B8 sediment was less than 1 g/kg OC (slowly 

desorbing fraction < 6%). However, the latter amount could not be analyzed 

accurately because of HPLC detection limit problems. This small slowly desorbing 

fraction is in accordance with earlier observations that slowly desorbing fractions in 

lab-contaminated sediments decrease with decreasing sorbate hydrophobicity 

(chapters 2 and 6), HFB being a less hydrophobic compound (log K ,̂ - 2.1) than the 

least hydrophobic compound used in these studies, 1,2,3,4-tetrachlorobenzene (log 

K^ - 4.6). 

In Figure 1 is the NMR signal obtained for an empty spinner, after 800 scans with a 

delay time of 4 s. There is no background signal, as all fluor-containing elements in 

the probe head (mostly Teflon) had been replaced by PEEK parts. Furthermore, 

ceramic rotor caps (zirconia) were used instead of the commonly used Kel-F caps. 

Figure 1: MAS 19F NMR spectrum for an empty spinner (800 scans). 

140 100 80 0 -20 

(PPm) 

100 



Fluor-NMR on sorbed kinetic HFB fractions 

Figure 2 shows the NMR spectrum for pure HFB. Its chemical shift was calibrated at 

0.0 ppm. Its linewidth was small (about 75 Hz), indicating that line broadening due to 

field heterogeneity was about 50-70 Hz. In Figure 3, the NMR spectrum for rapidly 

desorbing HFB in B8 sediment is presented (spectrum for rapidly desorbing HFB in G1 

sediment not shown). It is observed that both B8 and G1 sediments exhibit peaks at 

slightly more than +40 ppm relative to pure HFB (Table 2). There is no peak at 0 ppm, 

showing that the possible effect of condensation of pure HFB in sediment pores was 

negligible. The observation that the resonance peaks are at +40 ppm (significantly 

different from 0 ppm) means that noncovalent interactions between HFB and 

sediment OM can result in variation in NMR chemical shifts. The chemical shifts for 

HFB sorbed in the two sediments are only slightly different, implying that the rapid 

sorption of HFB in OM-rich sediments does not vary strongly among sediments. 

Figure 2: MAS 19F NMR spectrum for pure HFB (4 scans). 
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Figure 3: MAS 19F NMR spectrum for rapidly desorbing HFB in B8 sediment (- 14,000 

scans). S 
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In Figure 4 is the NMR spectrum for the slowly desorbing HFB in B8 sediment. The 

relatively large peak at 3.5 ppm can probably be attributed to slowly desorbing HFB; 

there is also a sign of a peak at 43 ppm: this may be a small remnant of rapidly 

desorbing HFB, or a small amount of HFB desorbed from the slow into the rapidly 

desorbing fraction during measurement (which lasted 4 days). 

The spectra in Figures 3 and 4 reveal that slowly desorbing HFB shows resonance at a 

frequency that is different from that shown by rapidly desorbing compound. This 

indicates that rapidly and slowly desorbing chemical are sorbed in sediment OM in a 

different way. Moreover, the peaks are all relatively narrow, for the rapidly as well as 

for the slowly desorbing amounts of HFB. Peak widths are around 400 Hz (~ 1.5 

ppm) for the rapidly desorbing fraction and 801 Hz (~ 3 ppm) for the slowly 

desorbing one (Table 2). These narrow peaks indicate that the rapidly and the slowly 

desorbing compound, respectively, are probably sorbed in a homogeneous way 

within their sediment compartment. Otherwise one would expect a broader line 

which would be the composition of many small signals with a range of chemical shifts. 
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Figure 4: MAS 19F NMR spectrum for slowly desorbing HFB in B8 sediment (~ 65,000 
scans). 
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The sharpness of the lines also indicates that the organic matter of the used sediments 

is reasonably homogeneous, or that OM heterogeneity does not result in pronounced 

differences in chemical shift. In addition, the narrow lines indicate that all sorbed 

species are still reasonably mobile. The rapidly desorbing fraction may be more mobile 

than the slowly desorbing one because its line is twice as narrow. To further 

investigate solute mobility, measurements under static conditions and/or at reduced 

spinning rate will be carried out. 

The NMR spectra of active carbon, PA and PS are presented in Figures 5,6 and 7 (all 

loaded with HFB through the aqueous phase, like the sediments). From Figure 5, it 

appears that there are two HFB populations in active carbon. Neither of these 

represents the pure compound which resonates at 0.0 ppm. The signal at +43.5 ppm 

relative to pure HFB is tentatively attributed to a relatively rapidly desorbing fraction 

because of its similarity in chemical shift and linewidth (312 Hz) to the rapidly 

desorbing HFB in sediment. The other peak could represent a more 
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Figure 5: MAS 19F-NMR spectrum for HFB sorbed in active carbon (16 scans). 

_A_ 

strongly bound fraction of HFB; its upfield chemical shift of -7.8 ppm relative to pure 

HFB may be explained by ring currents in n-systems above and below the HFB 

aromatic ring, so this fraction may be present in a very aromatic environment. Still it is 

probably rather mobile (linewidth 648 Hz, and absence of spinning side bands). The 

intensity of the -7.8 ppm signal is about 50 times larger than the intensity of the 

+43.5 ppm signal. This implies that most of the HFB sorbed in active carbon is 

strongly bound (and probably slowly or very slowly desorbed). In order to test this, 

the measurement of desorption kinetics of HFB from active carbon would be 

informative. 

From Figures 6 and 7 it appears that HFB exhibits two signals in glassy PS, and one 

signal in rubbery PA. The latter signal is quite close to 0 ppm (+1.8 ppm), indicating 

that the chemical environment of the HFB in PA is probably similar to the 

environment in its own pure liquid, with respect to shielding by neighboring groups. 

The spectrum of the PS reveals two signals, indicating dual-mode sorption. The small 

signal (relative intensity 16%, chemical shift +43.9 ppm relative to pure HFB, 

linewidth 318 Hz) may represent a relatively mobile fraction of HFB (its chemical shift 

and linewidth are similar to those of rapidly desorbing HFB in sediments). The other 

signal (relative intensity 84%, shift +5.1 ppm relative to pure HFB, linewidth 988 Hz) 
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Figure 6: MAS 19F-NMR spectrum for HFB sorbed in rubbery polyacetal (128 scans). 
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Figure 7: MAS 19F-NMR spectrum for HFB sorbed in glassy polystyrene (16 scans). 
The signals at - 90 ppm and ~ -80 ppm are spinning side bands (ssb). 
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then represents a relatively nonmobile fraction. The chemical shift and linewidth of 

the latter component are similar to those of slowly desorbing HFB in B8 sediment. The 

> 3-fold difference in linewidth between the HFB molecules represented by the 43.9 

ppm-peak and the ones represented by the 5.1 ppm-peak (318 vs. 988 Hz) implies 

that the latter ones are the least mobile. The immobility of the HFB molecules 

ressonating at 5.1 ppm is also indicated by the presence of spinning side bands 

(denoted ssb in Figure 7). If the 5.1-ppm signal represents a nonmobile, slow fraction, 

this fraction (84%) is larger than the slow fractions of - 20% reported for PS in 

chapter 7. This may be explained by the use of smaller PS particles in the present 

study (50 urn) than in chapter 7 (500 urn). 

In Table 2, all chemical shifts, number of scans, linewidths and relative signal 

intensities are presented, for HFB in all sorbents measured. 

Table 2: Number of scans (no. scans), chemical shifts (6, ppm), linewidths (Hz), and 
relative intensities for the samples measured. 

Measurement No. scans ô (ppm) Linewidth (Hz) Relative intensity** 
pure HFB 4 0.0 75 
rapid HFB in G1 10,000 42.9 387 
rapid HFB in B8 5,000 43.5 412 
slow HFB in B8 65,000 3.4* 801 
active carbon 16 -7.8 648 0.98 

43.5 312 0.02 
polyacetal 128 1.8 475 
polystyrene 16 5.1 988 0.91 

43.9 318 0.09 

*: small "peak" at 43.5 ppm. 
**: reported in cases where more than one signal was detected in one sample. 

The difference in chemical shifts between rapidly and slowly desorbing HFB is an 

indication that the kinetically different fractions of sorbed compound may reflect a 

physical-chemical reality, i.e. they may be sorbed in different parts of the OM, or in a 

different way. This result is in line with earlier observations that the rapidly and slowly 

desorbing fractions exhibit differences in sorption isotherms: the rapidly desorbing 

fraction shows linear isotherms whereas the slowly desorbing fraction shows nonlinear 

ones that can be described by either a Freundlich or a Langmuir equation (chapter 8). 

On the other hand, it is unclear how the observed differences in chemical shift should 

be "translated" into differences in physical-chemical surroundings. From the 

downfield chemical shifts of especially the rapidly desorbing fraction of HFB relative to 

106 



Fluor-NMR on sorbed kinetic HFB fractions 

pure HFB, it can be said that rapidly desorbing HFB may be present in a more strongly 

deshielding region of the surrounding OM functional groups than slowly desorbing 

HFB. It appears that slowly desorbing HFB and the pure liquid are in similar chemical 

environments because of the only slight differences in their chemical shifts (3.4 and 

0.0 ppm, respectively), whereas the environment of rapidly desorbing HFB is different 

(43.5 ppm). This might be interpreted as follows: in the pure liquid, the HFB 

molecules are in a hydrophobic environment due to Van der Waals interactions with 

surrounding HFB molecules. The slowly desorbing HFB might also be in a hydrophobic 

environment, such as the interior of the OM, narrow hydrophobic pores, or 

entrapment "sites" in the OM. The rapidly desorbing HFB, however, could be present 

in less hydrophobic parts of the OM, like the OM-water interface or the more 

strongly hydrated (exterior) parts of the OM. The chemical shift of HFB when 

dissolved in water is downfield relative to the pure compound, although by only 4 

ppm (spectrum not shown). A difference in hydrophobicity of the physical-chemical 

environment between rapidly and slowly desorbing has previously been indicated by 

the observation that the ratio F ^ / F ^ increased with increasing solute 

hydrophobicity, at least for lab-contaminated compounds (chapters 2 and 6). 

In the present observations we see no third kinetic fraction (the very slowly desorbing 

one with rate constants of 10 5-104 h'1)f as previously mentioned in our studies 

(chapters 4,6,8). This might be due to two reasons. First, the very slowly desorbing 

fraction may have been so small that it could not be detected by relatively non-

sensitive NMR spectroscopy. This is not unlikely because the signal-to-noise ratio in 

NMR studies decreases with the square of the amount present. So, if the very slowly 

desorbing fraction would be 3 times less abundant than the slowly desorbing one, its 

signal-to-noise ratio would be 9 times smaller and the signal would fall below the 

detection limit. Second, the signal for the very slowly desorbing fraction might 

coincide with the signal for the slowly desorbing one. This would indicate that the 

slowly and very slowly desorbing fractions are kinetically different, but that this kinetic 

difference does not reflect an "NMR" physical-chemical difference. 

The present results can be compared to the ones obtained by Toscano et al. [10]. 

These authors reported three solid-state fluor NMR signals for a HFB-polystyrene (PS) 

system measured under static conditions. One narrow line was attributed to surface-

sorbed liquid HFB; the other lines (probably for sorbed HFB) were broader, and at 

chemical shifts of +8 and +52 ppm, respectively. The latter two lines were assigned to 

mobile and immobile HFB, respectively, the immobile HFB probably "entrapped" in 

the glassy polymer's free volume (voids). Under magic angle spinning conditions, only 
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two lines were observed for the HFB-PS system: one narrow line again was attributed 

to pure HFB, and the other line was assumed to represent both the mobile and 

immobile sorbed species, according to the authors at +9 and +10 ppm, respectively. 

For HFB in rubbery butyl rubber (BR, containing no free void volume) they found one 

population at +15 ppm relative to the liquid HFB, under both static and MAS 

conditions. Our results of two populations for sediment B8 and for PS are in 

accordance to the PS results by Toscano et al., in the sense that they also observed 

two sorbed species. The same is true for the single line observed for the rubbery 

polymers BR (Toscano) and PA (present study). However, the two sorbed species in 

the PS studied by Toscano show resonance at almost the same frequency under MAS 

conditions (+9 and +10 ppm relative to pure HFB). This is in contrast to the present 

study where two distinct frequencies are measured for the two populations observed 

under MAS conditions, for sediment and PS. Concludingly, it can tentatively be stated 

that there is a dual-mode sorption process in the sediment OM which is analogous to 

sorption processes in glassy PS. 

Our results indicating that there are two sorbate fractions that exhibit different 

spectroscopic signals, are in line with the results by Aochi and Farmer [8]. They found 

that there were two pools of sorbed compound, as indicated by two IR-spectroscopy 

signals for one compound. Moreover, the signals represented kinetically different 

pools because one of the signals emerged after a longer sorbent-sorbate contact time 

than the other one, and took much longer to disappear upon desorption. 

Concludingly, rapidly and slowly desorbing HFB exhibit differences in NMR resonance 

frequencies. This indicates that the kinetically different fractions are also sorbed in 

physicochemically different surroundings. This dual mode sorption is analogous to 

sorption behavior in polymers (for which we also observe two NMR signals). The 

observed lines are not broad (< 1000 Hz, i.e. less than 3 ppm) for all sorbents; this 

indicates that the rapidly and slowly desorbing fractions are both sorbed in a 

homogeneous way, and that they are reasonably mobile. 
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Chapter 6 

Abstract 

The kinetics of slow desorption were studied for 4 soils and 4 sediments with widely 

varying characteristics (organic carbon (OC) content 0.5-50%, organic matter (OM) 

aromatic content 7-37%), for 3 chlorobenzenes and 5 PCBs. Slowly and very slowly 

desorbing fractions ranged from 1 -50% (slow) and 3-40% (very slow) of the total 

amount sorbed, and were observed for all compounds and all soils and sediments. In 

spite of the wide variations in sorbate Kow (factor 1000) and sorbent characteristics, 

the rate constants of slow ( k ^ , around 103 h1) and very slow (kverystow, 105-10" h'1) 

desorption appeared to be rather constant among the sorbates and sorbents (both 

within a factor of 5). There was a good correlation (r2 above 0.9) between the 

distribution over the slow, very slow and rapid sediment fractions and log K^, 

indicating that sorbate hydrophobicity may be important for this distribution. No 

correlation could be found between sorbent characteristics (organic carbon (OC), N, 

and O in the organic matter, polarity index C/(N+0), OC aromaticity as determined 

by CP-MAS 13C-NMR) and slow desorption parameters (slowly/very slowly desorbing 

fractions + corresponding rate constants). The absence of i) a correlation between k ^ 

and kvefystow, respectively, and OC content, and ii) the narrow range of k ^ and k « ^ , ^ 

values, indicate that intra-organic matter diffusion is not the mechanism of slow or 

very slow desorption, because on the basis of this mechanism it would be expected 

that increasing OC content would lead to longer diffusion pathlengths and, 

consequently, to smaller rate constants. 

In addition, it was tested whether Differential Scanning Calorimetry (DSC) would 

reveal a glass transition in the soils/sediments. In spite of the sensitivity of the 

equipment used (changes in heat flow in the micro-Watt range were measurable), a 

glass transition was not observed. This means that activation enthalpies of slow 

desorption can be calculated from desorption measurements at various temperatures; 

in the present study these values ranged from 60-100 kJ/mol among the various soils 

and sediments studied. 

Introduction 

In many studies, slow desorption kinetics of organic substances in soils and sediments 

have been reported. Even after short equilibration periods, significant slow desorption 

has been observed [Kan et al.1994, 1998, Cornelissen et al. 1997b]. It is presently 

unclear what process causes these kinetic limitations in the sorbent-water exchange. 
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One hypothesis is slow diffusion through the sediment particle, including slow 

diffusion through micropores [Ball and Roberts 1991, Steinberg et al. 1987] or 

through the organic matter [Brusseau et al. 1991 a,b], or entrapment in dead-end 

micropores [Steinberg et al. 1987]. A recently proposed alternative mechanism is the 

entrapment in (voids in) the glassy, microcrystalline regions of the organic matter 

present in soils and sediments [Huang et al. 1997a,b, LeBoeuf and Weber 1997, Xing 

and Pignatello 1996a,b, 1997]. This microcrystalline organic matter is hypothesized to 

be characteristically analogous to glassy polymers in which the polymer chains have 

low flexibility and low translational and rotational freedom. 

Mechanistic studies addressing slow sorption phenomena include both adsorption and 

desorption studies. In most desorption studies, one sorbate and only one or a few 

sorbents are used. Therefore, in the present study we study desorption kinetics for 4 

soils and 4 sediments, using nine test compounds. These experiments were carried out 

after two sorbent-contaminant contact times (14 and 63 days), and at two desorption 

temperatures (20 and 60 °C). Desorption parameters (F^ , k ^ ) were correlated to 

organic carbon (OC) content, N content of the organic matter (OM), O content of 

the OM, polarity index C/(N+0), and OM aromaticity (studied through 13C-NMR) of 

the soils and sediments. With the study of these correlations, two aims were strived 

after: i) to gain information on the mechanism of slow desorption, and ii) to provide 

simple relationships to predict desorption behavior from simple sorbent and sorbate 

characteristics. 

By studying desorption kinetics at 60°C, a distinction between slow and very slow 

fractions can be made [Cornelissen et al. 1997a]; here it was studied whether very 

slow fractions, as previously observed for two sediments [Cornelissen et al. 1997a], 

would occur in the various soils and sediments studied. Also activation enthalpies of 

slow desorption are determined from k ^ at 20°C and 60°C; these values are also 

compared for the various sorbents. The desorption kinetics are studied with a method 

in which the aqueous phase was kept solute-free by means of Tenax beads that show 

very fast and efficient sorption of organic solutes [Cornelissen 1997b]. 

If entrapment in glassy OM regions plays a role in the process of slow desorption, 

there is probably a glass transition between the glassy state and the rubbery state (in 

which there is more chain movement and flexibility) possible for the glassy parts of 

the OM. For pure glassy polymers, glass transitions occur at certain, reasonably fixed 

temperatures. A glass transition has been reported for purified Aldrich humic acid by 

LeBoeuf and Weber [1997]. In the event of a glass transition, there is continuity of 

enthalpy and entropy, however, there is a discontinuity in the heat capacity Cp (a 
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pseudo second-order transition). This can be studied by means of Differential 

Scanning Calorimetry (DSC). In the present study, DSC measurements have been 

carried out for two reasons: i) to test whether a glass transition as reported for 

purified humic acid would also occur in the natural soils and sediments employed in 

the present study, giving indications on the rigidity of the OM matrix and ii) to 

investigate whether a glass transition would happen between 20°C and 60°C (the 

two experimental temperatures), because the event of a glass transition between 

those temperatures would limit the calculation of enthalpies of slow desorption 

because these are calculated from the differences in desorption kinetics between 20°C 

and 60°C. 

Methods 

Chemicals. 1,2,3,4-tetrachlorobenzene (TeCB), pentachlorobenzene (QCB), 

hexachlorobenzene (HCB), 2,4,6-trichlorobiphenyl (PCB-30), 2,4,4'-trichlorobiphenyl 

(PCB-28), 2,2',4,5'-tetrachlorobiphenyl (PCB-49), 2,3,5,6-tetrachlorobiphenyl (PCB-

65), and 2,3',4,4',5-pentachlorobiphenyl (PCB-118) were obtained from various 

commercial sources. Tenax TA (60-80 mesh; 177-250 mm), a porous polymer based 

on 2,6-diphenyl-p-phenylene oxide, was obtained from Chrompack. Before use, the 

Tenax TA beads were rinsed with hexane, acetone and water (all 3 times 10 mL/g 

Tenax) and dried overnight at 75°C. 

Soils and sediments. Four sediments and four soils were sampled from several 

nonpolluted spots in the eastern parts of The Netherlands (sediments A1, B4, B8 and 

G1; soils E3, C1 and B2). Also the previously studied OVP sediment [Comelissen et al. 

1997a,b] was considered in the characterizations and correlations. The soils and 

sediments were dried overnight at 70°C, ground in a mortar and sieved at 500 urn to 

remove coarse particles. The soils and sediments did not show very large variations in 

particle size distribution; all contained a significant amount of relatively coarse (> 100 

|im) and relatively fine (< 16 urn) particles. Both OC and total N (in the organic 

matrix) were determined with a Carlo Elba Element Analyzer after removal of 

inorganic carbon with 0.1 M HCl and combustion at 1100°C. Total O and sorbent 

aromaticity could only be measured for the soils and sediments with a substantial OC 

content (>10%) as well as for the OVP sediment. Total O in the OM has been 

measured by removal of the mineral matrix by HF treatment, followed by elemental 

analysis. For the determination of aromaticity, the dry sorbents were subjected to CP-

MAS 13C-NMR. The integrated area of the spectrum between 105 and 160 ppm 
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represents aromatic carbon [Malcolm and MacCarthy 1984, Xing et al. 1994a,b,c]. 

Sorbent origin and characteristics are given in Table 1. No background concentrations 

of the studied compounds could be detected in the sediments, which means that less 

than about 0.1 % of the lab-added amounts was present. 

DSC analysis. To test whether glass transitions could be observed for the soils and 

sediments studied, samples were subjected to Differential Scanning Calorimetry (DSC) 

measurements. In DSC measurements, the heat flow is measured that is required to 

increase the sample temperature at a constant rate. Commercially available humic acid 

from Aldrich was tested, as well as sediments OVP, B8 and G1. Before DSC-analysis, 

the samples were wetted for 1 week at 1:1 sediment: water mass ratios. Aldrich humic 

acid was also measured in dry form. Two DSC calorimeters were employed: a Seiko 

120 device which accommodates small samples (10-30 mg) in 60 u l hermetically 

closed aluminium pans, and a Hart Scientific Microcalorimeter, model 4207, in which 

4 cells can simultaneously measure 1 reference pan and 3 samples of 300-400 mg of 

sample in inert stainless steel pans closed by screw caps. To prevent misinterpretations 

of the DSC signals due to relaxation of the (non-reusable) Seiko pans, these pans 

were stored at 150°C for 1 h prior to the measurements. Temperature scanning was 

performed from -20°C to 110°C at a rate of 1°C/min. The initial temperature was 

chosen to be so low because it took about 20 min (until 0°C) for the signal to 

stabilize. Both the sample pan and an empty reference pan were scanned; the 

obtained signal of the empty pan was subtracted from the signals of the filled pan. 

Mass losses during measurements were below 0.01 %. All samples were run twice in 

order to find out whether any irreversible or slowly reversible changes occurred in the 

samples during scanning. On the Hart calorimeter, scanning was performed from 0-

100°C at a rate of 0.5°C/min. A pan filled with 270 mg Al203 was used as a reference 

("empty") pan. Again, the obtained signals of the empty pans were subtracted from 

the signals of the filled pans. Mass losses were below 0.1 %. The difference in heat 

flow between sample and reference is registered as the DSC signal. In the event of a 

glass transition, the discontinuity in the Cp of the material causes a discontinuity in the 

observed heat flow signal. 

Soil/sediment loading. Sediment (0.1 to 2 g dry weight, the amount dependent on 

OC-content) was loaded with the test compounds by suspending it in 250 mL of 

water spiked with 25 uL methanol containing the test compounds and 1.25 mg of 

HgCI2 to prevent microbial degradation. Suspensions were shaken for 14 days or 63 

days at 20°C. For the determination of sediment-sorbed solute concentrations, 
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Sorbent and sorbate characteristics 

sediment and supernatant water were separated by centrifugation at 2500 rpm for 20 

min. The sorbed solutes were extracted by refluxing sediment with 50 ml water and 

60-70 ml hexane for 6 h. The sediment-sorbed concentrations ranged from 10 mg/kg 

OC (PCB-118) to 200 mg/kg OC (TeCB). The supernatant water was analyzed by 

extracting 20 ml of water with 2 ml hexane. The hexane was analyzed on GC-ECD for 

the chlorobenzenes and PCBs. 

Desorption kinetics. The desorption kinetics of the soils and sediments loaded for 

either 14 days or 63 days were determined at both 20°C and 60°C by means of the 

Tenax solid-phase extraction method described in previous papers [Cornelissen et al. 

1997a,b,c, 1998]. In the 60°C-desorption experiment, the sediments were first 

desorbed at 20°C for 24 h in order to remove the rapidly desorbing fraction. After 

this, desorption was continued at 60°C. Extraction with Tenax TA has been proved to 

be a very useful way of carrying out desorption kinetics experiments because of the 

high sorptive capacity [Cornelissen et al. 1997b, Pignatello 1990] and the very fast 

solute absorption from water to Tenax [Cornelissen et al. 1997b]. Because of the 

rapid solute removal from the aqueous phase, backward re-adsorption during 

desorption is much slower than the slow desorption process [Cornelissen et al. 

1997b]; this is required for the validity of eq. 1 (see below). During desorption, a 

mixture of Tenax TA (0.2-1 g), sediment (0.1-2 g) and milli-Q water (100 ml) was 

constantly shaken in a 100 ml separation funnel. The Tenax was refreshed at set time 

intervals. Tenax was extracted with 20 mL hexane; hexane was analyzed as described 

above. After termination of desorption the remaining sediment and supernatant water 

were refluxed with 60-70 ml hexane for 6 h to extract and analyze all chlorobenzenes 

and PCBs still present in the sediment. 

The mass balances (ratios between {mass of solute desorbed plus mass not desorbed} 

and the initial mass of solute) were 80-120% for all soils and sediments. 
Desorption data interpretation. Desorption from sediment can be described by the 

following first-order expression [Cornelissen et al. 1997a,b] on the assumption that 

ksiow" k r a p 

' =F ekmpl +F, é f w (1) 
O rap slow 

in which S, and S0 (g) are the sediment-sorbed amounts at time t (h) and at the start 

of the experiment, respectively; F,ap and Fstew are the fractions of contaminant present 
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in the rapidly and slowly desorbing sediment compartment, respectively; krap and k ^ 

(h 1) are the rate constants of rapid and slow desorption, respectively. 

Values of Frap, Fslow, krap and k ^ were determined by minimizing the cumulative 

squared residuals between experimental and calculated values of ln(S,/S0) in eq. 1. For 

the 60°C-experiments, a very slowly desorbing fraction and corresponding rate 

constant were needed for the description of the desorption kinetics after 24 h. An 

equation similar to eq. (1) was used in those cases, with F ^ and Fveryslow and their rate 

constants instead of Frap and F ^ [Cornelissen et al. 1997a]. 

Calculation of activation enthalpies. Assuming temperature-independent activation 

enthalpies and entropies, the following relationship between the activation enthalpy 

for slow desorption AH'des and the rate constant k ^ is valid [Atkins 1986] 

- )-ln( 
r T/ k 

A#L = - ^ ( - )-ln(;<;7) (2) 
slow 

in which k ^ T is the rate constant of slow desorption at temperature T. 

Results and discussion 

Koc-values. From the overall OC-water distribution ratios («cc0"'"^ ^/(qfoc), with c^ 

aqueous solute concentration, cs solute concentration in the sediment and f ^ the 

sediment/soil OC fraction), we calculated K^ values for the rapid fraction, with 

[Cornelissen et al., 1997c] 

KZ = K-"Frap O) 

Generally, the measured Koc'
apvalues range from roughly the Kow values down to two 

orders of magnitude lower than K ,̂, dependent on sorbent and sorbate. The R e 

values have not been corrected for DOC sorption, because of the uncertainty in KDOO 

the DOC-water partition coefficient. Reported KDOC values range from 0.1 K^ to 

1Koc [Burgess et al. 1996, Koelmans 1995, Cornelissen et al. 1997b]. However, 

sorption to DOC was probably only slight because of the relatively low amounts of 

DOC released during incubation (3-8 mg/L): corrections for DOC sorption would only 
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be 0.002-0.02 log-unit (TeCB, with KDOC = 0.1 Koc and 1 K^, respectively) to 0.04-

0.4 log-unit (PCB-118). 

Correlations between log Koc'
ap and log KM (Figure 1) were good, with PCB-28 as a 

slight outlier for all soils and sediments. We plot «„ /^ and not K^0"'3" because linear 

partitioning behavior as assumed in the calculation of partition coefficients probably 

only occurs for the rapidly desorbing fraction [Huang et al. 1997a, Xing and 

Pignatello 1997, Cornelissen et al., chapter 8]. The correlation parameters are 

presented in Table 2. Intercepts were all significantly above 0 except for B4 sediment 

(t-test, 95%); all slopes were significantly below unity (t-test, 95%). 

Figure 1: Relation between log Koc
rap (the OC-water partition coefficient for the 

rapidly desorbing fraction) and log Kow for all sorbents studied. Drawn lines are 
obtained by linear regression. 
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Table 2: Slopes and intercepts of the log Kovv- log Koc
rap plots, along with standard 

deviations (std). The number of chemicals used in the correlation was 8. 

Sorbent slope intercept r2 

OVP 0.54 ± 0.05 2.12 ±0.32 0.94" 
A1 0.65 ± 0.06 0.98 ± 0.36 0.95 
B4 0.74 ± 0.07 0.19 ±0.43 0.95 
B8 0.59 ± 0.07 1.49 ± 0.42 0.92 
G1 0.65 ± 0.05 0.90 ± 0.29 0.97 
E3 0.58 ± 0.06 1.64 ±0 .35 0.94 
C1 0.60 ± 0.05 1.46 ±0 .29 0.96 
B2 0.68 ± 0.06 0.99 ± 0.32 0.96 
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It is observed that sediment B4 shows a relatively low y-intercept of 0.19. K^-values 

are significantly lower for this sediment than for the other 7 sorbents (t-test, 95%). A 

reason is probably the low age of the sediment: it has only recently been formed from 

plant materials, as is also indicated by its relatively low content of aromatic carbon 

(only 13% of total OC). It has been observed before that strongly reduced, old 

sediments show higher K^-values than more recently formed ones [Weber et al. 

1992, Young and Weber 1995, Grathwohl and Reinhard 1993, Grathwohl 1990]. 

Variations in Kx among various sorbents have been reported by Huang et al. [1997], 

who observed a standard deviation of 30-50% in their K^ values for different soils 

and sediments, the extent of deviation depending on solute concentration. In the 

present study, these standard deviations were 58-69% for all solutes studied. 

Rutherford observed a factor of 3 variation in Ko,- values among various soils 

[Rutherford et al. 1992]. Kile and Chiou [1995] observed that Koc values were 

relatively constant (within a factor of 3) among pristine soils and sediments, whereas 

sorbents with anthropogenic contamination exhibited significantly larger K^-s. 

In Table 4 (see further), correlation coefficients r2 between the (a measure for rapid, 

linear sorption strength of the sorbent organic matter) vs. sorbent characteristics are 

presented. The Kx'
ip vs. Kovv intercepts showed weak correlations with OC, total-N, O, 

and aromaticity. For the polarity index C/(N+0) a correlation was altogether absent. 

This is remarkable because Xing et al. [1994a,b,c] has reported good correlations 

between Koc and both polarity index and aromaticity, Koc increasing with decreasing 

polarity index and with increasing OC aromaticity. In addition, Chiou et al. [1998] 

speculated that the reason for the high Koc values they observed for PAHs (compared 

to those for chlorinated compounds) could be due to the more compatible cohesive 

energy densities of PAHs in aromatic parts of the OM. This also implies that OM 

aromaticity is important for sorption. Also Chen et al. [1996] observed that K^ 

increased with soil nonpolarity; this was especially clear for a shale sample in which no 

detectable N was present whereas the OC content was 65%: the subsequent C/N 

ratio was probably above 10,000. Also Rutherford et al. [1992] reported a relation of 

increasing Koc with increasing soil nonpolarity. Grathwohl [1990] reported that Koc 

increased with decreasing H/C ratio. The reason why these authors did observe 

relationships with Koc whereas we did not may be that the variation in Koc'
ap among 

our sorbents was less than one order of magnitude, whereas e.g. Xing et al. 

[1994a,b,c] used some widely different model sorbents (like chitin, cellulose, collagen, 

lignin, and carbon) to establish his relationships. 
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Desorption kinetics at 20°C and 60°C. Through measurements at elevated 

temperature (60°C), it has been shown that long-term desorption behavior can be 

measured in a relatively short time [Cornelissen et al. 1997a], because of the strong 

temperature dependence of slow desorption. Moreover, previous experiments have 

revealed that an additional very slow fraction was needed to describe the last phase of 

desorption after more than 500-800 h [Cornelissen et al. 1997a]. In Figure 2, the 

desorption of HCB from sediment B4 has been shown at 20°C (upper curve) and 

60°C (lower). The first 20 h, desorption was measured at 20°C in both cases in order 

to desorb the rapidly desorbing fraction; after 20 h the desorption temperatures of 

20°C and 60°C were imposed. In Table 3 the values of F ^ (%), k ^ (h/1; at 20°C and 

60°C), Fveiyslow (%) and kveryslow (h 1; at 20°C and 60°C) have been given, for HCB. The 

values for kveryslow at 20°C are extrapolations from the 60°C values; this extrapolation 

has been carried out under the assumption that the temperature dependence of very 

slow desorption is equal to that of slow desorption. This assumption has been shown 

to be reasonable [Cornelissen et al. 1997a]. 

Figure 2: Desorption at 20°C (diamonds) and 60°C (triangles) of HCB from sediment 
B4 (adsorption time 14 d). During the first 24 h of the 60°C experiment desorption 
was carried out at 20°C to remove the rapidly desorbing fraction. The drawn lines are 
fits to eq. 1. 

HCB sediment B4; incubation time 14 d; desorption at 20°C and 60°C 

time(h) 
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Sorbent and sorbate characteristics 

From Table 3 it can be observed that for all soils and sediments slow and very slow 

fractions could be observed, with their rate constants of desorption at 20°C in the 

order of 103 and 10 "-105 h"\ respectively. This means that slow and very slow 

desorption, as introduced in one of our previous studies [Cornelissen et al. 1997a] 

occurs in soils and sediments of widely varying characteristics. 

Desorption kinetics after 14 and 63 days. In Figure 3, desorption curves (plotted as In 

St/S0 vs. time) are presented for the 2 incubation times (HCB in sediment B4 at 20°C). 

Also for the other compounds and sediments, differences in slow fractions and rate 

constants of slow desorption between 14 and 63 d of incubation were not significant 

when tested at the 95% confidence level. In Table 3, F5k)W(%) is given for HCB after 

the two contact times, for the different soils and sediments tested. For comparison, 

results obtained with the same method for a different lab-contaminated sediment 

(OVP [Cornelissen et al. 1997b]) are given. These values were measured after 34 days 

of incubation. 

Figure 3: Desorption of PCB-30 from sediment B4 after 14 d (diamonds) and 63 d 
(triangles), respectively. 

PCB-30 sediment B4; incubation 14 d and 63 d 

This reveals that there is only a slight difference in desorption behavior between 14 

and 63 days: obviously the "aging" process is proceeding very slowly between the 14 

and 63 days. Previous results revealed stronger differences in F ^ between 2 and 34 

days of incubation (about a factor of 2 [Cornelissen et al. 1997b]). These results (a 

stronger effect of aging between 2 and 34 d than between 14 and 63 d) is consistent 

with recent findings from Cousins et al. [1998] who reported than PCB soil-air 
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partition coefficients generally increased between 3 and 83 d of incubation, after 

which they remain unchanged during 309 d of subsequent incubation. Another 

experiment in the same publication reveals that there is a difference in extent of 

sorption between lab-added and aged PCBs during the first 14 d of incubation of the 

lab-added ones, after which the distinction vanishes. These results indicate that most 

of the slow sorption process occurs in the first days or weeks of sorbent-contaminant 

contact time. We have previously found [Cornelissen et al., chapter 8] that adsorption 

to the slow compartment reaches more than 99% of equilibrium after 2 to 4 weeks, 

even at low solute concentrations (such as employed presently). Adsorption to the 

very slow compartment, however, may take far longer to complete (up to months), 

especially at low solute concentrations. This all indicates that loading of the slow and 

very slow compartments is still happening between a few days and a few weeks. After 

that, mainly the very slow compartment is filled. This is only partly supported by the 

present results that show only a very slight increase in Fverys)ow between 14 and 63 d of 

adsorption. (Slow+very slow) fractions of over 90% have been reported for aged 

sediments [Ten Hulscher et al. accepted, Cornelissen et al. 1997a] which indicates that 

the aging process, although slowly, could continue for extended periods of time. In 

other studies, significant slow desorption after only a few days of incubation has been 

reported [Kan et al. 1994]. 

Activation enthalpies of slow desorption. Values for AH*^ are presented in Figure 4, 

for the different soils and sediments. We show the averages for the different test 

compounds with their standard deviations, because the individual compounds did not 

show much variation and no trend with hydrophobicity and/or molecular volume 

(correlation coefficients, r2, below 0.2). From Figure 4 it can be observed that A H ' ^ is 

in the same order of magnitude for all soils and sediments (about 60-100 kJ/mol), 

and that values were comparable to previously determined values for OVP (lab-

contaminated) and KM (field-contaminated) sediments [Cornelissen et al.1997a](only 

significant differences between OVP/KM and B4/B8 sediments, Student t-test, 95%). 

Only in the cases of soils E3 and C1 there was a difference in AH'dK between 14 and 

63 days of incubation (Student t-test, 95%). The value of 60-100 kJ/mol is in the 

same order of magnitude as a previously observed value of 66 kJ/mol by Steinberg et 

al. [1987], slightly higher than a value of 46 kJ/mol reported by Uzgiris [1995], and 

much higher than the -28 to +29 kJ/mol range reported by Piatt et al. [1996]. The 

activation enthalpy of slow desorption may reflect an enthalpy of activated diffusion 

through the organic matter (in the case of OM diffusion as the mechanism of slow 
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sorption), or, alternatively, the enthalpy of release from "high-energy" sorption sites 

in the OM (in the case of a site sorption mechanism). 

Figure 4: Activation enthalpies of slow desorption, AH'dB, for all sorbents studied, 
after 14 d (open bars) and 63 d (closed bars) of adsorption, respectively. For 
comparison, the previously studied OVP (equilibration time 34 d) and KM (field-aged) 
sediments are also included [Cornelissen et al., 1997a]. Error bars represent standard 
deviations. 

AH*des(kJ/mol) 
120 T 

100-

1 X 

B2 C1 B4 E3 B8 G1 OVP KM 
soil/sediment 

Soils vs. sediments. In none of the parameters measured ( F ^ , k ^ , AH"des) there 

were significant differences between soils and sediments; the averages were tested by 

means of a Student t-test with 95% confidence interval. This indicates that 

knowledge obtained from slow sorption research performed with soil can probably be 

extended to sediment and vice versa, as is often implicitly assumed. Also Huang et al 

[1997], who studied 27 different soils and sediments and Chen et al [1996] (9 

soils/sediments) reported no significant sorption differences between soils and 

sediments. On the other hand, Kile and Chiou [1995], who studied about 70 soils and 

sediments from China and the USA, report that Koc values for sediments are about 

twice those for soils. All these authors studied adsorption and no desorption. 
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DSC measurements. In Figure 5a, the two sequential measurements for the dry humic 

acid (9 mg) are given; in the case of a Seiko apparatus exothermic effects are plotted 

in the upward y-direction. Therefore, a glass transition would involve a shift in heat 

flow in a downward direction because the rubbery state has a larger heat capacity 

than the glassy one. No clear glass transition is observed in Figure 5a; the only hint 

towards an endothermic effect is the slight bend in the curve of the first measurement 

at 45-50°C. However, this effect is much less pronounced than the effect reported by 

LeBoeuf and Weber [1997]. We did not observe any glass transition in the wet humic 

acid (results not shown). This is remarkable because LeBoeuf and Weber did observe a 

glass transition for Aldrich humic acid, and the Seiko 120 apparatus is about 10 times 

more sensitive to small signals than the Perkin Elmer 7 DSC they employed [Seiko 

manual 1992]. LeBoeuf and Weber did not report their scanning rate, but our 

scanning rate of 1 °C/min should be low enough even to measure very small heat 

effects (about 0.005 mW), and certainly effects of the size reported by LeBoeuf and 

Weber (about 0.1 mW shift in heat flow). The reason for the fact that we do not 

observe a glass transition for the Aldrich humic acid whereas LeBoeuf and Weber do 

may be that the Aldrich humic acid stems from various batches. However, there are 

some other noteworthy features that can be observed from the DSC curves. During 

the first run, there are some exothermic processes occurring at temperatures above 

55°C. This could be explained by some oxidation process of the organic matter 

because scanning is performed in the presence of oxygen. During the second run of 

the same sample, this exothermic effect is not observed anymore, indicating that 

some irreversible or slowly reversible changes in the humic acid sample occur when it 

is heated to temperatures above 55-60°C. During the second run, there are some very 

small ripples in the curve at 70-90°C; however, these cannot be glass transition 

temperatures because the effects are exothermic, and lie at a higher temperature than 

the glass transition temperature observed by LeBoeuf for dry Aldrich humic acid 

(62°C). In addition, their magnitude is only 5 uW for 9 mg of sample, instead of 100 

uW for the measurements by LeBoeuf and Weber; unfortunately, they did not denote 

the amount of sample used. 

The scans for the samples OVP (scanned once; 87 mg), B8 and G1 (both scanned 

twice; 18 and 46 mg, respectively) are also given in Figure 5. For none of the samples 

a glass transition could be observed. Again the exothermic effect was observed for the 

organic-matter rich sediments B8 and G1 (90 and 70% OM, respectively) but not or 

much less for the organic-matter poor OVP sediment (6% OM), indicating that this 

effect probably occurs in the organic matter regions. During the second run, 
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Figure 5: DSC scans obtained with the Seiko 120, for (a) dry Aldrich humic acid, (b) 
OVP sediment, (c) B8 sediment. Plotted is the heat flow vs. temperature, with 
exothermic effects in the upward y direction. 
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Figure 6: DSC scans obtained with the Hart microcalorimeter, for Aldrich humic acid 
(lower), G1 sediment (middle), and OVP sediment (upper). Plotted is the heat flow vs. 
temperature, with exothermic effects in the downward y direction. 
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the effect was much less for G1 and almost absent for B8. 

The scans obtained for 300-400 mg of sample in the Hart calorimeter are presented in 

Figure 6. Here exothermic effects are plotted in a downward y-direction; on the y-axis 

are mV-units which are directly proportional to the DSC signal (uW). Again, the 

exothermic effects are observed at 55-90°C for the G1 and humic acid, but not for 

the OVP sediment. Only for the humic acid, there is a small hint of a glass transition 

at about 45-50°C (like in the Seiko measurements), after which the exothermic effects 

start. This glass transition would be consistent with the earlier observations by 

LeBoeuf and Weber. However, the presently observed effect was much less clear than 

the effect that they observed. There is no sign of a glass transition for the sediment 

samples OVP and G1. 

In summary, there are hardly any or no thermodynamic effects occurring in the 

samples between 20°C and 60°C. This means that probably no structural changes in 

the sediment occur between the two temperatures at which desorption kinetics have 

been determined. It could also be that there is a shift between glassy and rubbery 

structures in the sediments, but that this shift occurs over such a broad temperature 

range (because of sediment heterogeneity) that it is not measurable. So, the fact that 

we could not observe a glass transition temperature does not mean that there are no 

"glassy", relatively rigid parts in sediment organic matter. 

Correlations with sorbate characteristics. Because sorbate polarity is an important 

parameter in sorption, we test whether sorbate polarity also influances slow/rapid 

distribution ratios. The logarithm of the distribution coefficient between (Fslow+Fveryslow) 

and Frap, log[(Fslovv + FveiystoJ/Frap], is plotted against log Koc, for soil B2 and sediment 

B4 (Figure 7). This figure shows that there is a correlation between 

'°g[(F5tow+Fve^slow)/Frap] and log K^. Such a correlation could be observed for all soils 

and sediments, which indicates that there may be a hydrophobicity difference 

between the rapid and slow sorbing sediment compartment, as argued in a previous 

paper [Cornelissen et al. 1997b]. An interpretation of these results is that the rapid 

sorbing compartment consists of organic matter-water or mineral-water interfaces, 

while the slowly and very slowly desorbing compounds reside in relatively well-

sheltered interior parts of the organic matter. 
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Figure 7: Relationship between log[(Fstow+Fverys,ow)/Frap] and log Koc, for soils E3 
(squares) and C1 (triangles), respectively. Drawn lines are obtained by linear 
regression. 

Soils E3 (upper) and C1 (lower) 

logfF.ta.+F, 

log Koc 

fry «tow/" rap )/»=„ 

Correlations with soil/sediment characteristics. In Table 4, the correlations 

coefficients (r2) are given between (de)sorption parameters (log K^, 

'ogKFsiow+F.erysiowVFrapL ksi«.. ^«fysiowJ a r | d sediment characteristics(OC, total -N, O, 

C/(0+N), and OC aromaticity). Neither of the sediment parameters correlated well 

with desorption parameters, indicating that the studied sediment characteristics do 

not influence the slow desorption process, at least for relatively freshly contaminated 

soils and sediments. This means that no simple relationships between desorption 

behavior and macroscopic sorbent characteristics can be established from the present 

data. A reason for this may be that "lumped" macroscopic parameters such as 

employed in the correlations (apart from OC aromaticity) do not reflect variations in 

molecular structure, while it is structural characteristics that probably determine slow 

desorption behavior. 

Values for k,^ and kvery5)ow lie within close boundaries for solutes varying a factor of 

1000 in Kow and sorbed in widely different lab-contaminated soils and sediments: k ^ 

varies only by a factor of 5, ranging from 1.5-103 h 1 to 6-103 h_1 at 20°C, and kvery5low 

varies within a factor of 4, ranging from 2-10'3 h'1 to 8-10"3 h 1 at 60°C, the latter 

values being about 2 orders of magnitude lower at 20°C. Previous results showed that 

k5low and kverystow lie in this order of magnitude (1 -5 times 103 h'1 ) for a number of 
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Chapter 6 

f ie ld-contaminated sediments (HCB/DCB in Delfzijl sediment [Cornelissen et al. 

1997c] , 15 PAHs in Petroleum Harbor sediment [Cornelissen et al. 1998] and PCBs in 

Lake Ketelmeer sediment [Cornelissen et al. 1997a]). This shows that , w i th respect to 

slow and very slow desorption rate constants, there is no need to establish 

relationships w i th sorbent and sorbate characteristics: for most compounds and most 

soils and sediments values are approximately constant. This constancy may also partly 

explain why no correlations could be observed. 

For F ^ and Fvefysk)W, it is also observed that they are reasonably constant among the 

various presently studied lab-contaminated sorbents (factor of 5 variation in both F ^ 

and Fverys)ow). F5tow and Fveryslow are sometimes high for f ie ld-contaminated sediments 

(Fsiow+Fverysiow as high as 9 0 - 9 9 % [Cornelissen et al. 1997b,c]) ; on the other hand 

F510W+Fverysiow n a s been found to be as low as 20% in other aged sediments 

[Cornelissen et al. 1998a]. 

If diffusion through OM were an important process in slow desorption, it would be 

expected that OM-rich sorbents (possessing relatively large continuous OM parts and 

thus requiring longer diffusional pathways) would exhibit relatively small values for 

kslow. Especially for the soils and sediments that almost entirely consist of OM (B2, B4, 

B8, and G1) large continuous parts of OM are expected. So, the absence of a 

correlation between k ^ and OC content implies that intra-organic matter diffusion is 

probably not an important process in slow desorption. We have previously shown 

that OM is probably the most important factor in slow desorption (because hardly any 

slowly desorbing compound was present in a sediment whose OM had been 

removed), so it must be another OM process which causes slow desorption. Another 

mechanism proposed in the literature is that the amorphous part of the organic matter 

showing rapid, linear sorption and the (voids in) microcrystalline part shows slow, 

nonlinear Langmuir-like sorption behavior. Diagenesis of humic materials is expected 

to increase the fraction of microcrystalline, glassy-polymer humic material and 

therefore slow fractions are expected to increase with increasing soil/sediment age, 

and slow desorption rate constants are expected to decrease. In fact, it has been 

shown by Huang and Weber [1997b] that the extent of hysteresis and sorption 

isotherm nonlinearity (both indicative of slow sorption) increase with increasing soil 

diagenesis. Still the present results are not in complete accordance with the hypothesis 

of increasing slow sorption with increasing diagenesis. The reason is that the very 

young sediments used (B4, which was sampled from a pond in which the plant 

materials probably had only just been converted into humic material, with 13% 

aromatic OC, and the peat soil B2 which contained only 7% aromatic OC) showed 
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Fslow values of 5-37% and Fv(iryslow values of 4-15% (Table 3). These values are in the 

same order of magnitude as the values for the other more mature soils and sediments. 

This indicates that also newly formed organic matter could show slow sorption. 
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Chapter 7 

Abstract 

The desorption kinetics of PCBs and chlorobenzenes have been studied at 5, 20 and 

60°C for model sorbents in which either micropore diffusion (zeolite, montmorillonite 

and XAD-8) or organic matrix diffusion/entrapment (rubbery polyacetal and glassy 

polystyrene) could occur. Also, a sediment was studied whose organic matter (OM) 

had been completely removed. All sorbents exhibited slow desorption (rate constants 

(1-5) 103 h 1). The sediment without OM showed significantly smaller slowly 

desorbing fractions (factor 3-8) than the original sediment (about 6% OM). Sorbent-

water distribution ratios of the microporous sorbents and the sediment without OM 

were 10-100 times lower than the ones of the original sediment. So, although the 

presence of both mineral micropores and OM may cause slow desorption behavior of 

organic compounds from soils and sediments, OM is more important for slow 

desorption than mineral micropores in sediments with more than about 0.1-0.5% 

OM. The sorption and desorption parameters measured for the sorbents were 

compared to the ones measured for sediment. This analysis showed that the 

observations for XAD-8 (in which slow desorption is assumed to be caused by slow 

diffusion along hydrophobic pore walls) were most similar to the ones for the 

sediment, indicating that diffusion through pores in the organic matter or pores 

coated with organic material play roles in slow desorption. 

Introduction 

The desorption of organic chemicals from soils and sediments has often been 

observed to occur in two stages: a rapid stage followed by a stage of much slower 

release [1-9]. Currently there is much interest in the "resistant" fractions because they 

can greatly influence the fate and behavior of sediment-sorbed organic compounds 

[7], especially with respect to their bioaccumulation [70-77], biodégradation [11-13] 

and transport [14-16]. It is generally thought that slow desorption is controlled by 

slow diffusion in sediment aggregates [1,4,5,8,9,14-16]. Roughly, two kinds of 

retarded diffusion through the sediment matrix can be envisioned: (i) diffusion 

through the organic matter (OM) [1,4], with possibly a distinction between 

amorphous and microcrystalline material, the latter causing relatively strong 

desorptional limitations [17-19] and (ii) diffusion through and along the 

(hydrophobic) walls of micropores [1,5,14-16]. The size of such micropores is 

hypothesized to be of the same order of magnitude (nanometer size) as the diffusing 
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compounds. In addition, the entrapment of organic chemicals in "voids" in the OM 

(similar to those in glassy polymers) has been proposed to account for (de)sorptional 

retardations [1,20-22]. These voids have recently been hypothesized to undergo a 

physical rearrangement upon sorption of a sorbate molecule through which this 

sorbate becomes more strongly bound [23]. 

On the basis of sediment desorption experiments only, it is difficult to distinguish 

between processes in pores and in OM, respectively. Therefore, in the present study 

we describe the slow desorption from (i) microporous materials that show retarded 

diffusion in mineral pores (the clay mineral montmorillonite and a zeolite) or in pores 

with hydrophobic walls (the porous resin XAD-8), (ii) organic polymers without pores, 

to mimic retarded diffusion and/or void entrapment in a macromolecular matrix 

(rubbery polyacetal and glassy polystyrene) and (iii) a sediment whose OM has been 

removed. It has been shown that diffusion through polymers [24-25] and 

microporous materials [26-28] is highly retarded. 

In the present study, the desorption kinetics of three chlorobenzenes and three PCBs 

from all these materials are measured at three different temperatures (sediment 

without OM: one temperature), by using Tenax TA beads as infinite sink for desorbed 

compounds [7]. A comparison will be made between the model sorbents and a lab-

contaminated sediment, with respect to desorption rate constants, slowly desorbing 

fractions, activation enthalpies of slow desorption and the variation of these 

parameters among the six test compounds used. 

Methods 

Chemicals. 1,2,3,4-tetrachlorobenzene (TeCB), pentachlorobenzene (QCB), 

hexachlorobenzene (HCB), 2,4,4'-trichlorobiphenyl (PCB-28), 2,3,5,6-

tetrachlorobiphenyl (PCB-65) and 2,3',4,4',5-pentachlorobiphenyl (PCB-118), sodium 

bicarbonate (NaHC03) and sodium persulphate (Na2S208) were obtained from various 

commercial sources and used as such. Tenax TA (177-250 um), a porous polymer 

based on 2,6-diphenyl-p-phenylene oxide, was obtained from Chrompack. Before 

use, the Tenax TA beads were rinsed with hexane, acetone and water (each 3 times 

10 mL/g Tenax) and dried overnight at 75°C. 

Model sorbents. Montmorillonite was purchased from Aldrich (>99%; 63-125 urn). 

Its organic carbon content (OC) was measured by chromatographic element analysis 

(Carlo Elba NA 1500, Milan, Italy) after heating the sediments to 1100°C and after 

removal of carbonates with 0.1 M phosphoric acid. It was determined to be < 0.01 %. 
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Montmorillonite corresponds to the formula K[Si75Al05]AI35Mg05O20(OH)4 and 

consists of two tetrahedral sheets that sandwich an octahedral one. These sheets form 

platelets; between the platelets are interlayer spacings (pores); these spacings are 1-4 

nm wide [29-31]. 

The zeolite Molsieve 13X (250-400 urn) was purchased from Chrompack and used 

without further treatment. Molsieve 13X corresponds to the formula m Na20 • Al203 • 

n Si02 • p H20 and is composed of cubo-octahedra units, each unit possessing 24 Si04 

tetrahedra partly replaced by AIO„ tetrahedra. 10 mutually linked cubo-octahedra 

form a cavity with a diameter of 1.16 nm, accessible by 4 inlet necks of about 1 nm 

wide [28,32]. For montmorillonite and zeolite, pore dimensions are similar to those of 

the organic compounds used; for the latter cross-sections of about 0.5 nm can be 

estimated from their molecular volumes cited in [33]. 

XAD-8 (300-1000 urn) was purchased from Serva. It is a moderately hydrophobic, 

highly crosslinked amberlite resin material with relatively wide pores (24 nm; internal 

surface 140 m2/g). In contrast to the crystalline zeolite and montmorillonite, the pore 

walls of XAD-8 have a hydrophobic character. Diffusion through the amberlite resin 

matrix is assumed to be negligible because of its high degree of crosslinking. 

Polyacetal, (CH2-0)n, and polystyrene, (CH2-CHC6H5)„, were purchased from Aldrich 

(beads about 500 urn). At the experimental temperatures (5, 20 and 60°C) polyacetal 

is an elastomeric, rubbery polymer (glass transition temperature, Tg, -30°C [34]). 

Polystyrene is glassy at these temperatures (Tg = 100°C [34]). Both polymers possess 

no measurable pores. 

The OM of OVP sediment was removed by a persulphate oxidation method slightly 

modified from Meier and Menegatti [35] which results in minimal changes in the 

mineral sediment matrix. Sediment sampled from the Oostvaardersplassen (OVP; 

3.17% OC; dried for 5 d at 70°C; 63-125 nm; 10 g), a shallow freshwater lake in the 

Netherlands, was brought in a conical flask (250 mL) with water (200 mL), Na2S208 

(25 g) and NaHC03 (30 g). The suspension was shaken (250 rpm) at 50°C for 10 

days and allowed to settle and cool for 24 h, after which the supernatant was 

decanted. The sediment was washed with milli-Q water (6 times 200 mL). After that 

it was dried at 80°C for 12 h; its OC content was measured as described above and 

found to be < 0.01%. 

Model sorbent loading. Milli-Q water was contaminated by the addition of 50 uL/L 

methanol containing all test compounds. Sorbent loading was carried out by shaking 

(300 rpm) conical flasks (250 mL) containing one sorbent [montmorillonite (2.5 g), 

zeolite (0.8 g), XAD-8 (0.07 g), polyacetal (0.3 g), polystyrene (0.05 g) or oxidized 
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OVP sediment (1 g)] in contaminated water (250 ml_, leaving only approximately 10 

mL headspace) for 17 days at 20CC. Comparing weights before and after shaking 

sorbent (1 g) with water (1 L) confirmed that less than 0.1 % of the sorbents dissolved 

in water (duplicates). Low test compound concentrations (TeCB: 200 ug/L; QCB: 30 

Ug/L; HCB: 3 ug/L; PCB-28: 20 ug/L; PCB-65: 2.5 ug/L; PCB-118: 1 ug/L; total 

resulting test compound concentrations in the model sorbents about 10 ug/g) were 

used to avoid competition effects. It was shown that distribution ratios and desorption 

kinetics parameters measured for HCB individually were not significantly different 

from values obtained for HCB in the mixture, at the concentration levels used. Here it 

is assumed that the lack of competitive effects for HCB implies the lack of such effects 

for the other, similar, compounds tested. At higher cosolute concentrations (about 10 

mg/L), it was observed that trichlorobenzene significantly influenced the distribution 

ratios and desorption kinetics of HCB for sediments and the polymers, but not for the 

microporous materials (unpublished results). 

Distribution between model sorbents and water. Montmorillonite, zeolite, XAD-8 

and oxidized OVP sediment were separated from the supernatant water by 

centrifugation at 2500 rpm for 20 min; for the polymers this was done by using a 

metal sieve. Aqueous contaminant concentrations were determined by the extraction 

of 20 mL of water with 2 mL of hexane. The hexane was analyzed with GC-ECD. 

Total concentrations of the test compounds on the model sorbents were determined 

by refluxing the sorbents for 2 h with 30 mL of water and 50 mL of hexane 

(microporous materials and oxidized sediment), or 50 mL of hexane (polyacetal), or 

50 mL of hexane and 20 mL of acetone (polystyrene). The hexane or hexane/acetone 

mixture was analyzed as described above; 80-100% of the compounds initially added 

in the aqueous phase were recovered after incubation. The losses were highest for 

TeCB; they were probably due to evaporation losses. Total recovered concentrations 

in the sorbents were used for the calculation of distribution ratios as well as mass 

balances. 

Desorption technique. The desorption kinetics of the model sorbents were 

determined at 5, 20 and 60°C by means of the Tenax solid-phase extraction method 

described in previous papers [6,7]. Extraction with Tenax TA is a very useful way of 

carrying out desorption kinetics experiments because of its high sorptive capacity 

[7,36] and its very fast sorbate absorption from water [7]. The tendency of the Tenax 

to slightly adhere to the funnel glass wall when funnels are not agitated allows a very 

good separation of Tenax and sorbent suspension. The used amounts of model 

sorbent (see above) were chosen to be so low that Tenax could keep aqueous sorbate 
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concentrations low and, consequently, reverse adsorption from water to sediment 

negligible. For the microporous sorbents, a mixture of Tenax TA (0.6 g), sorbent and 

milli-Q water (70 mL) was constantly shaken in a 100 mL separation funnel during 

desorption studies (triplicates). The Tenax was refreshed periodically and extracted by 

shaking for 10 s with 10 mL of hexane that was pipetted into the separation funnels 

after the sorbent suspensions had been removed. This hexane was analyzed as 

described above. For the polymers, the polymer-Tenax mixtures (0.6 g of Tenax) in 

water were shaken in conical flasks (250 mL); the polymers were separated off using a 

400 (im-metal sieve through which the Tenax would pass, and not the polymers. 

Subsequently, Tenax and water were separated in a separation funnel as described 

above; fresh Tenax and water were added to the polymers. 

After termination of desorption (after 300-400 h), the model sorbents were extracted 

as described above in order to analyze all organic compounds still present in the 

materials. All desorption experiments were carried out in triplicate. The total mass of 

sorbate desorbed (measured on Tenax) plus sorbate present on the model sorbents 

after desorption (determined by sacrificing samples at the end of desorption 

experiments) was usually 80-120% of the initial mass of sorbate (determined by 

sacrificing samples at the end of incubation); this value was roughly the same for all 

sorbents studied. These mass balances are considered acceptable regarding the 

measurement errors in the initial and (desorbed plus not desorbed) masses of 

chemical (both 5-10%), as well as the fact that the initial masses and the (desorbed 

plus not desorbed) masses were determined in different batches with different values 

for evaporation losses and glass wall adsorption during incubation and separation. 

Measurements with mass balances outside this interval were considered unreliable 

and discarded. 

Desorption data interpretation. Desorption from the model sorbents was described by 

the following first-order two-compartment model [6,7,37] on the assumption that 

ksiow* krap 

c 
çy rap slow 

S, and S0 (g) are the sediment-sorbed amounts at time t (h) and at the start of the 

experiment, respectively. Frap and Fsk)W are the rapidly and slowly desorbing fractions, 
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respectively. krap and k^,, (h 1) are the rate constants of rapid and slow desorption, 

respectively. 

Values of Frap, Fsk)W, krap and k ^ were determined by minimizing the cumulative 

squared residuals between experimental and calculated values of ln(S,/S0) in eq. 1. For 

the 60°C-experiments an equation analogous to eq. (1) was used for the description 

of the part of the desorption curves after depletion of the rapidly desorbing fraction; 

this equation consisted of slow and very slow desorption terms instead of rapid and 

slow ones [6]. This data interpretation is analogous to the data description we used 

for our sediment desorption measurements [6,7] in order to obtain maximal 

comparability between sediments and model sorbents. 

Temperature dependence of slow desorption. Assuming temperature-independent 

activation enthalpies and entropies, the following relationship between the activation 

enthalpy for slow desorption AH'des and the rate constant k ^ is valid [38] 

\nk, = des + const (2) 

So, the activation enthalpy of slow desorption can be obtained from the slope of a 

plot of ln(k5low) vs. 1/T. 

Applicability of a radial diffusion model. Several requirements have to be met for the 

applicability of a radial diffusion model: (i) the radius of the sorbing compartment has 

to be known; (ii) the whole particle has to be homogeneously penetrated within the 

incubation time, and ((iii) the particles have to be spherically shaped. First, the radius 

of the sorbing compartment is known when the slowly desorbing compartment is 

uniformly distributed within the particles. This is the case for the homogeneous model 

sorbents but not for heterogeneous sediment aggregates; Mayer has shown that OM 

mainly occurs as microparticles within sediment aggregates [39]. Second, only the 

outer layer of the particles may be penetrated during loading, invalidating assumption 

(ii). With literature diffusion coefficients for polymers (1012 to 10'18 cm2/s [40]) and 

narrow pores (about 1010 to 10'13 cmVs [28]) this can be confirmed (calculation 

following Crank [47]): only 5% or less of the polymer radius will be penetrated in 17 

days of equilibration. Third, the sediment, montmorillonite and zeolite particles are 

not spherically shaped. Because the requirements for the use of a radial diffusion 

model are not met, we will only give the results obtained with the first-order 

multicompartment model. 

143 



Chapter 7 

Results 

Distribution between water and model sorbent. In Table 1 are the apparent sorbent-

water distribution ratios, Kdapp (L/kg), for model sorbents as well as OVP sediment 

with and without OM. These are calculated with Kdapp= c/c« in which cs is the sorbate 

concentration in the solid material (mg/kg) and ĉ  is the sorbate concentration in 

water (mg/L). Standard deviations are from triplicates. The term Kdapp is meant to 

avoid the implication of equilibrium or linear sorption isotherms. 

Desorption kinetics. In Figure 1a-e, In S,/S0 vs. time plots are given for the desorption 

of HCB from the sorbents montmorillonite, zeolite, XAD-8, polyacetal and polystyrene 

at the three temperatures studied (XAD-8: only 5°C and 60°C). In Figure 1f the curves 

for OVP sediment with and without OM are given (20CC). The curves for OVP 

sediment at 5°C, 20°C, and 60°C are given in Figure 1g [6]. With respect to the 

magnitudes of the desorption parameters ( k ^ , F^ , AH'dts) and the variation of these 

parameters among sorbates, this OVP sediment can be considered a representative 

sediment for a group of seven sediments and soils [42]. Temperature was kept at 

20°C during the first 24 h of all desorption experiments in order to remove the rapidly 

desorbing fraction under constant conditions. After these 24 h the desorption 

temperatures of 5, 20 and 60°C were imposed. From the 60°C plots after 24 h it 

appears that one slowly desorbing fraction is not sufficient to fit the whole of the 

desorption curves. Therefore, the part after 24 h has been fit with a slowly and a very 

slowly desorbing fraction. This approach is analogous to the one previously followed 

for sediments [6]. During roughly the first 20-30 h, mainly rapid desorption takes 

place and the rapid fraction is depleted. Slow desorption takes place mainly after 20-

50 h for the 5°C and 20°C curves, and between 20 and 50 h at 60°C. Very slow 

desorption mainly occurs during the last part (>50 h) of the desorption experiments at 

60°C. 

In Table 2, slow and very slow fractions are given; the rate constants of slow and very 

slow desorption are in Table 3. For comparison, previously published data [6] are also 

given for lab-contaminated OVP sediment. Standard deviations in the values 

presented in Table 2 and 3 are from triplicates; standard deviations in the individual 

values of k and F (resulting from curve fitting) were relatively small (<10% of 
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Figure 1a-f: Desorption of HCB from all sorbents studied; plotted is ln(S,/S0) vs. time (h). Solid 
lines are obtained by exponential curve fitting. (1a) montmorillonite; (1b) zeolite; (1c) XAD-8; 
(1d) polyacetal; (1e) polystyrene, all at 5°C (diamonds), 20°C (triangles) and 60°C (squares); 
(1f) OVP sediment with (triangles, [6]) and without (diamonds) OM at 20°C. 
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300 400 time(h) 
200 300 400 
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Figure 1g: Desorption kinetics of HCB from OVP sediment at 5, 20 and 60 °C [6]. 

the total standard deviations). The very slow fractions in Table 2 were determined 

from the 60°C-experiments; the slow fractions are the (slow + very slow) fractions 

determined at 20°C minus the very slow fractions determined at 60°C. For the 

oxidized OVP sediment, the values of F,^ also include F„ because the latter have not 

been determined (no desorption at 60°C was carried out for the oxidized OVP 

sediment). 

Values for the rate constants of very slow desorption at 20°C could be approximated 

from the ones measured at 60°C by assuming the same temperature dependence for 

k ^ and k„. For XAD-8, a very slowly desorbing fraction was not detectable. For 

polystyrene, the values of k„ are about one order of magnitude lower than for the 

sediments and other model sorbents. The rate constants of rapid desorption, krap, were 

in the order of 0.05-0.5 h'1 for all model sorbents studied. 

Also in Table 3 are the activation enthalpies of slow desorption, AH*^ (determined 

with equation 2). Standard deviations are calculated from the regressions of In 

(ksk)W/T) vs. 1/T, except for XAD-8 for which only measurements at 5°C and 60°C 

were carried out. This standard deviation was calculated from the standard deviations 

in the k5low-measurements at 5°C and 60°C. From Table 3 it appears that AH*des is 

generally in the range of 50-70 kJ/mol for the microporous materials, 90-100 kJ/mol 

for the polymers and 60-70 kJ/mol for the sediments [6]. It has to be noted that the 

values of AH*des have been deduced from correlations with only three data points (5, 

20 and 60°C), resulting in large confidence intervals. 
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Chapter 7 

Discussion 

Distribution ratios. From Table 1 it appears that montmorillonite and zeolite show 

significant sorption in spite of their crystalline, nonhydrophobic character. The Kd app 

values are 3-100 times smaller than for OVP sediment, although it is noted that there 

is only a factor of 3 difference in Kdapp of HCB between montmorillonite and OVP 

sediment. For sorption to montmorillonite, log Kdapp-values (L/kg) of 2.71-3.09 have 

been reported for pentachlorophenol [30] and of 2-3 for phenanthrene (calculated 

from [78]), both values being concentration-dependent. On the other hand, there are 

some reports stating that sorption of hydrophobic organic compounds to 

montmorillonite is very low (e.g. [43]). The sorption to XAD-8 is very strong, probably 

because of the combination of relatively wide pores (24 nm) through which diffusion 

will be rapid, and the hydrophobic character of the pore walls. The Kdapp-values for 

polyacetal and polystyrene are very small; this is because equilibrium is not yet 

attained throughout the relatively large polymer particles (500 urn); Van Hoof and 

Andren [24] reported that Kd values still increased even after 6 months for a 

monochlorobiphenyl sorbed in polystyrene beads only 53 (im in size; the values for 

log Kd (L/kg) were in the order of 6-7. Kdapp values for the oxidized OVP sediment are 

much lower than for the original material (by about two orders of magnitude), 

showing that sorption to this sediment primarily occurs in the OM. 

Desorption from montmorillonite and zeolite. The significant slow and very slow 

fractions observed for these materials imply that the presence of micropores in the 

inorganic sediment parts can lead to significant nonequilibrium effects. It is tempting 

to attribute the slowly desorbing fractions for montmorillonite to intercalation in and 

slow diffusion through the interlayer spacings; for zeolite, slow diffusion occurs in the 

small intragranular cavities (inlet necks 1.15 nm) that are present throughout its 

structure. On the other hand, Xing et al. [30] found indications that 

pentachlorophenol does not compete with water molecules in the interlayer spacings 

in montmorillonite because the presence of pentachlorophenol did not influence the 

dimensions of these spacings. It may be that the amounts of sorbed PCP were too low 

to observe any such effects. Huang et al. [78] observed retarded equilibrium 

achievement for bentonite (which contains 90% of montmorillonite) but not for 

mesoporous silica gels, kaolinite or aluminium oxides. This retardation, however, was 

smaller than presently observed: apparent uptake equilibrium was achieved within 1 

day whereas in this study retarded desorption continued for weeks. Possible 

heterogeneities in pore size and pore characteristics in montmorillonite could explain 
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the presently observed occurrence of fractions desorbing at different slow rates (slow 

and very slow): interlayer spacings can vary from 1.4 nm to 4 nm or more in size 

[18,29-31]. It has to be noted that Ong and Lion [44] also proposed three different 

sorbing regions for the sorption of trichloroethylene (TCE) to soil oxides and soil clay 

minerals (including montmorillonite). These regions are (i) sorption sites directly on 

the solid surfaces, (ii) sorption in surface-bound structured water (about 5 molecular 

layers) and (iii) dissolution in condensed water further away from the solid-water 

interface. 

Desorption from oxidized OVP sediment. Significant slowly desorbing fractions are 

observed for the OVP sediment without OM, confirming that slow desorption can 

also occur in sediments and aquifers without any detectable OM. Although 

equilibration times have been different for OVP sediment and oxidized OVP sediment 

(34 and 17 days, respectively) we think it is possible to compare k ^ and F ^ of these 

two materials because i) k ^ is hardly (if not) influenced by contact time on this time 

scale [1,6,7], ii) F ^ does not increase significantly between 14 and 63 d of 

equilibration [chapter 6]. ( F ^ + Fvs) is 3-8 times smaller and k ^ is 1.1 -4 times higher 

for the OVP sediment without OM than for the unchanged material with about 6% 

OM. This indicates that OM is the dominating factor in the slow desorption of 

hydrophobic organic compounds. 

Desorption from XAD-8. The slow fractions observed for XAD-8 desorb with slightly 

lower rate constants than the slow fractions exhibited by the other model sorbents 

(Table 3). In addition, F ^ is very large for XAD-8. Assuming that slow desorption 

from XAD-8 is caused by retarded transport along the hydrophobic pore walls, this 

means that the presence of pores with hydrophobic walls results in strong 

desorptional retardations. So sediment pores with a coating composed of hydrophobic 

organic material, or pores within the OM may cause substantial nonequilibrium 

effects. 

Desorption from polymers. For the polymers, the slow fraction can be envisioned to 

be present in the interior of the particles, slow diffusion through the polymer matrix 

being the reason for slow desorption. The observation that slow fractions are larger 

for polyacetal than for polystyrene (Table 2) can probably be explained by larger 

inward diffusion coefficients during incubation for rubbery polyacetal than for glassy 

polystyrene, as reported before [25,40]. 

The slow + very slow fractions presently found for polyacetal and polystyrene (about 

50% and 15%, respectively; Table 2) indicate that also amorphous and glassy OM 

can be responsible for slow desorption, if rubbery polyacetal and glassy polystyrene 

151 



Chapter 7 

are geometrically similar to amorphous, linearly sorbing OM and microcrystalline, 

nonlinearly sorbing OM, respectively [17-19]. However, the slow fractions observed 

for polyacetal could also be caused by the fact that the particle size of the polyacetal 

beads is very large (500 urn) compared to that for OM in sediment (a few urn [39]). 

Correlations with sorbate properties. (De)sorption parameters [log Kdapp, k ^ , 

logKFsiow+FvsVFrap)] were correlated with sorbate properties (log Kowand molecular 

volume MV (from Mackay [33]), respectively; correlation coefficients r2 in Table 4). 

(Fstow+Fvs)/Frap is the distribution ratio between the slow compartments ( F ^ and F„) 

and the rapid compartment (Frap). 

Log Kow is positively correlated with log Kdapp for the materials that show hydrophobic 

sorption (XAD-8, PA, PS and OVP sediment; Table 4); for the microporous materials 

and OVP sediment without OM this correlation is less significant or almost absent. 

This observation is in accordance with the expectations because hydrophobicity also 

determines log Kow. 

For all sorbents except zeolite, PS and OVP without OM, MV is observed to be a 

determinant of k ^ , increasing MV resulting in decreasing k^ . The absence of this 

correlation for oxidized OVP sediment is because the variation of k ^ among sorbates 

was not significant for this sorbent (Student t-test, 95%), partly because of the 

inaccuracy of the measured values of k ^ (Table 3). MV being a descriptor for k ^ 

points to some transport mechanism determining k ^ . However, for the sorbates 

studied, MV is also proportional to hydrophobicity so it could also be that 

hydrophobicity is a determinant for k^ . This is not unlikely for XAD-8 where slow 

desorption may be determined by slow diffusion along the hydrophobic pore walls; 

the MV of the sorbates is probably less important for k ^ than the Kw in this case 

because the pores in the XAD-8 (about 24 nm wide) are much wider than the sorbate 

molecules (about 0.5 nm). 

Log Kow seems to determine log[(Fsk)w+Fvs)/Frap], especially for XAD-8, OVP sediment 

and OVP sediment without OM. On the one hand, a correlation between log Kow and 

logKFskJw+FvsVFrapJ possibly indicates that hydrophobicity is a determinant for the 

distribution between rapid and slow compartments; on the other hand, the presence 

of this correlation for OVP sediment without OM (r2 = 0.87) seems to invalidate this 

statement. Moreover, MV is strongly correlated to log Kow (^=0.91) so MV is also 

correlated with logKF^+F^/F,^ for the sorbents mentioned above. Thus, it could 

also be that log[(Fslow+Fvs)/Frap] is determined by molecular size and not 

hydrophobicity. The reason for the absence of a correlation between log Kow and 
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Chapter 7 

log[(Fslow+Fvs)/Frap] for the polymers is that (F5lovv + Fus) shows no significant variation 

among the sorbates. This is probably due to the fact that the large molecules studied 

have not accessed most of the polymers during incubation. 

It is difficult to give a clear explanation of the presence or absence of all correlations 

tested. However, the results also offer the opportunity to test whether variation in 

(de)sorption parameters among sorbates are similar or dissimilar between OVP 

sediments and the various model sorbents. In the middle part of Table 4, correlation 

data between OVP sediment and the model sorbents with respect to log Kda , k ^ , 

•ogKF^+FJ/F^p], and AH*des are given. The polymers show a variation in log Kdapp 

among sorbates that is similar to that shown by OVP sediment, but this observation 

may not be very significant because of the nonequilibrium character of the Kdapp 

values for the polymers. For none of the parameters tested, high correlation 

coefficients (r2 above 0.9) are observed between OVP sediment and the microporous 

materials (montmorillonite, zeolite and OVP without OM). The absence of 

correlations between OVP with and OVP without OM indicates that the OM plays a 

significant role in the processes of sorption (Kdapp) and slow desorption 

flogKF^+FJ/F,,,], and AH'des). XAD-8 is most similar to the sediment with respect to 

variation in sorption and desorption parameters among sorbates. As the slow 

desorption in XAD is probably caused by a combination of diffusion through and 

especially along the hydrophobic walls of pores, this observation could mean that 

diffusion through pores in the hydrophobic organic matter plays a role in slow 

desorption. On the other hand, it has to be noted that three-phase desorption was 

not observed for XAD-8, whereas it was for the sediments and all other sorbents. 

We also tested the correlation of measured desorption parameters between OVP 

sediment without OM and the model sorbents (Table 4, bottom part). With respect to 

'°g Kd,apP and logKF^+FJ/F^p], montmorillonite correlates better with OVP without 

OM than OVP with OM. The reason may be that in both montmorillonite and OVP 

without OM, processes in the (clay) mineral matrix determine sorption and 

desorption. However, this is also true for zeolite where correlations with oxidized OVP 

were not better than those with unchanged OVP sediment. We do not report 

correlations of kslow between OVP without OM and the other sorbents because the 

measured values of k ^ for OVP without OM did not significantly vary among the 

sorbates (Student t-test, 95%). 

Activation enthalpies of slow desorption. AH'des is around 65 kJ/mol for 

montmorillonite, 77 kJ/mol for zeolite, and 50 kJ/mol for XAD-8. These values are 

larger than previously found ones (20-40 kJ/mol [26-28]). However, these literature 
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values are mainly for smaller molecules than the ones currently investigated and are 

determined in the gas phase. For the polymers, AH'des was 90-100 kJ/mol, in 

agreement with the bulk of previously reported values for the activation enthalpies of 

diffusion through polymers (50-120 kJ/mol [25,45,46]). AH'des is observed to be 

higher for polyacetal than for polystyrene; this is unexpected because diffusion 

through a more rigid glassy matrix is usually more highly activated than diffusion 

through a relatively soft, rubbery matrix. Because of the small differences in AH*de5 

among the sorbents and the large uncertainty in their measurements, no conclusions 

on the mechanism of slow desorption can be drawn from the magnitude of the AH*de5 

values. 

Mechanistic interpretation. Xing and Pignatello [20-22] as well as Weber and 

coworkers [2,3,77-79] propose that slow sorption and desorption can mainly be 

attributed to entrapment (nonlinear Langmuir-like sorption) of organic compounds in 

"voids" within the organic matrix, analogous to sorption in glassy polymers. These 

voids have been measured by C02 adsorption at 273 K [22,47], and they are filled in 

weeks [2] to months [79,20]. This means that they can be associated with either the 

slow fraction (desorbing in weeks) or the very slow fraction (desorbing in months), or 

both. However, the current data suggest that it is not only the entrapment process 

that determines slow desorption: diffusion through hydrophobic pores cannot be 

ruled out because of the correlations between XAD-8 and OVP sediment. The slowly 

desorbing fraction could then still be present in microvoids in the organic matter, but 

the main limitation in its desorption would not be the release from the void itself, but 

rather the diffusion from the void to the exterior of the organic matter or the 

sediment particle. On the other hand, Chang et al. recently estimated that desorption 

from natural OM films on soil mineral surfaces occurs in the time scale of seconds 

[48]. 

With respect to slow desorption, the present study indicates that processes occurring 

in the OM dominate over processes in the mineral matrix, at least for sediments with 

moderate to high OM contents. The first reason is that Kdapp is 3-100 times smaller in 

microporous materials and sediment without OM than in OVP sediment with about 

6% OM, so sorption itself is lower in the sorbents without OM. Second, the values of 

Fsk)VV are 3-8 times smaller for OVP without OM than for OVP with OM. Third, the 

values of kslow are 1.1-4 times larger for the OVP sediment without OM than for the 

unchanged sediment. 
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Chapter 8 

Abstract 

Desorption kinetics were determined for 1,2,4-trichlorobenzene (TCB), 1,3-

dichlorobenzene (DCB) and trichloroethylene (TCE) in Lake OVP sediment, at various 

concentrations. The desorption data were interpreted with a first-order three-site 

model. In this way, separate sorption isotherms could be constructed for rapid, slow 

and very slow solute, respectively. Slowly desorbing (rate constant k around 103 h'1) 

and very slowly desorbing (k=104-105 h 1) solute exhibited nonlinear Langmuir-type 

sorption, with capacities in the order of 4.6-19 and 0.54-1.5 mmol/kg OC and affinity 

constants of 0.18-41 and 32-272 L/mmol, respectively. The affinity constants 

increased about proportionally with increasing solute hydrophobicity. Rapidly 

desorbing (k=101 h1) solute showed linear sorption isotherms, with log OC-water 

partition coefficients of 1.59 ± 0.12 (TCE), 2.03 ± 0.13 (DCB) and 3.13 ± 0.03 (TCB), 

respectively. These results confirm the hypothesis that desorption is rapid from linearly 

sorbing organic matter, whereas it is slow from nonlinearly sorbing sites. 

Introduction 

The desorption of organic compounds from soils and sediments occurs in several 

stages: a rapid desorption phase (hours to days) and a slow one (weeks to months) 

[1-6]; in several cases also a very slow one has been observed (months to years) [5,6]. 

Sorption isotherms have been shown to consist of at least two components: a 

Langmuir one and a linear one [7-9]. In addition, Huang et al. [7] have proposed a 

"Treble Reactive Domain Model" with one linearly sorbing component and two 

Langmuir ones. Langmuir sorption represents sorption at a finite number of localized 

sites with homogeneous site-energy; it has been hypothesized to occur in either 

"microcrystalline", rigid organic matter [7,10,11] or in nanoscale "voids" in the 

organic regions, in analogy to glassy polymers [8,9,12]. Linear sorption has been 

hypothesized to occur in "amorphous", more flexible organic matter [7,11]. 

Observations of Freundlich isotherm n-values (describing nonlinearity) significantly 

below unity [7-73] and the occurrence of competition effects in organic matter 

sorption [8,9,13] both indicate the presence of Langmuir sorption. The Langmuir 

component probably shows slower sorption than the linear component because 

sorption isotherm nonlinearity has been observed to increase as a function of time 

[77,72]. 
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Slow and very slow fractions: nonlinear isotherms 

It is not clear whether the Langmuir component observed in the adsorption studies 

[7-73] is similar to the slowly desorbing component often observed in desorption 

studies [7-6]. In the present study, we have tested whether the slowly and very slowly 

desorbing fractions in sediments have a limited capacity and show Langmuir-like 

behavior, and whether the rapidly desorbing fraction shows linear sorption. This was 

done by measuring the rapidly, slowly and very slowly desorbing fractions at various 

concentrations of 1,2,4-trichlorobenzene (TCB), 1,3-dichlorobenzene (DCB) and 

trichloroethylene (TCE) in a sediment. In all experiments desorption kinetics were 

measured by means of Tenax extraction in separation funnels [4,5]. 

Experimental methods 

Chemicals. 1,2,4-trichlorobenzene (TCB), 1,3-dichlorobenzene (DCB) and 

trichloroethylene (TCE) were obtained from various commercial sources. Tenax TA 

(177-250 um), a porous polymer based on 2,6-diphenyl-p-phenylene oxide, was 

obtained from Chrompack. Before use, the Tenax TA beads were rinsed with hexane, 

acetone and water (each 3 times 10 mL/g Tenax) and dried overnight at 75°C. 

Sediments. Sediment with no detectable contamination (< 1 ng/g) was sampled from 

Lake Oostvaardersplassen (OVP), The Netherlands [4,5], dried at 150°C for 5 days, 

ground in a mortar and sieved. The 125-250 urn size fraction of this sediment was 

used. The organic carbon content (OC) of this fraction was determined at 3.2% by 

chromatographic element analysis (Carlo Elba NA 1500, Milan, Italy) after heating the 

sediments to 1100°C and after removal of carbonates with 0.1 M phosphoric acid. 

Sediment extraction method. Sediment extractions were performed in triplicate by 

refluxing wet sediment (1 -3 g) with a mixture of water (50 mL), hexane (50 mL) and 

acetone (20 mL) for 6 h. This extraction method has been shown to recover 85-100% 

of contaminants from aged sediment reference materials [74-76]. The compounds 

were measured by analysis of the hexane fraction on GC-ECD. 

Slow and very slow sorption capacities. OVP sediment (0.5 g dry weight, dw), 

bactericide HgCI2 (1.25 mg) and solute (various amounts) in milli-Q water (250 mL) 

were shaken in Erlenmeyer flasks at 250 rpm for 32 days at 20°C. Then the sediment 

was allowed to settle for 2 days, after which the supernatant was decanted; less than 

3 mL of supernatant water was left with the sediment. Solute concentrations in water 

were determined by extraction with iso-octane and analysis on GC-ECD; the 

concentrations ranged from 0.02 to 27.6 mg/L (TCB), 1-110 mg/L (DCB) and 39-640 

mg/L (TCE). The total organic carbon (TOC) content of the supernatant water was 
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determined in separate sediment suspensions without methanol or test compounds, 

using a Beekman 914B total organic carbon (TOO analyzer. TOC contents were 13 ± 

1 mg/L, so it was assumed that association of TCB, DCB and TCE (log Koc = 1.6-3.1, 

see further) with colloidal organic matter in the supernatant water was negligible (< 

1 %). Desorption kinetics of TCB, DCB and TCE from the contaminated sediments 

were measured at 20 and 60°C as described below. 

Desorption technique. Desorption kinetics were determined by means of the Tenax 

solid-phase extraction method described in previous papers [4,5]. Extraction with 

Tenax TA has been proved to be a very useful way of carrying out desorption kinetics 

experiments because of its high sorptive capacity [4,18] and its very fast solute 

absorption from water [4]. For desorption experiments, a mixture of Tenax TA (0.2 g), 

sediment (0.5 g dry weight), HgCI2 (bactericide, 1.25 mg) and milli-Q water (70 ml) 

was constantly shaken in a 100 ml separation funnel (triplicates). The Tenax was 

refreshed at set time intervals and extracted with hexane; this hexane was analyzed as 

described above. After termination of desorption (after about 300 h), the sediments 

were extracted as described above in order to analyze all organic compounds still 

present in the materials. The very slow fractions of TCB, DCB and TCE were measured 

as described in ref. [5]: during the first 72 h, desorption was carried out at 20°C, after 

which temperature was increased to 60°C. Desorption is much faster at elevated 

temperature, resulting in depletion of the slow fraction after about 30 h at 60°C. After 

depletion of the slow fraction, the very slow fraction can be measured. 

All desorption experiments were carried out in triplicate. The total mass of solute 

desorbed plus solute present on sediments after desorption was usually 70-130% of 

the initial mass of solute. 

Desorption data interpretation. Desorption from the sediments was described by the 

following first-order two-compartment model [4-6,19,20] on the assumption that 

^d.slow" *d.rap 

_ƒ = Frnne~kdrap' + F<ln„e~kdslow' (1) 
0 

c - rape "*"rslow 

St and S0 (g) are the sediment-sorbed amounts at time t (h) and at the start of the 

experiment, respectively. Frap and Fslow (-) are the rapidly and slowly desorbing 

fractions, respectively. kdrap and kdslov» (h 1) are the rate constants of rapid and slow 

desorption, respectively. 
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Values of Frap, Fslow, kdrap and kdskw were determined by minimizing the sum of squared 

residuals between experimental and calculated values of ln(S,/So) in eq. 1. For very 

slow desorption, the same approach (and eq. 1) is used with slow and very slow 

instead of rapid and slow desorption; the part of the curve after 72 h (i.e. the part 

measured at 60°C) is used for fitting slow and very slow desorption. After 72 h, the 

rapid fraction has been completely depleted. It has to be noted that the kinetically 

different rapid, slow and very slow fractions do not necessarily correspond to a 

physical-chemical reality. However, recent solid-state NMR measurements have 

indicated that there is probably a difference in chemical environment between rapid 

and slow (chapter 5 of this thesis). However, the physical-chemical distinction 

between slow and very slow is still unclear. 

Results 

Figure 1a shows the 20°C desorption curves of TCB from OVP sediment at various 

concentrations of TCB. The In of the fraction remaining, ln(S,/So), is plotted against 

time (h). The rapid fraction is depleted after about 24-40 h of desorption. From the 

curves it appears that the fractions desorbed at a certain time increase (and the slowly 

desorbing fractions decrease) with increasing initial TCB concentration. F ^ was 28% 

at the low TCB concentrations (0.017 mg/L; 0.09 umol/L) and gradually decreased to 

2.7% at the highest TCB concentration (24.9 mg/L; 137 umol/L). Figure 1 b shows 

the 60°C desorption curves from which the very slowly desorbing fraction F„ and the 

corresponding rate constants kdV5 are determined; the initial 72 h of desorption at 

20°C are not plotted in this curve. 

From Figure 1b it appears that the slow fraction is depleted after about 30 h at 60°C. 

Very slow fractions decrease with increasing TCB concentration. F« was 1.8% for the 

lowest concentration (0.038 mg/L; 0.21 umol/L) and 0.6% for the highest (27.8 

mg/L; 153 umol/L). Trends similar to those observed for TCB were found for the 

other two solutes. Average values for kd rap, kd sk)W and kdvs are presented in Table 1. 
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Figure 1: Desorption curves of TCB from spiked OVP sediment at different TCB 
concentrations; plotted is ln(S,/S0) vs. time. The solid line is obtained by exponential 
curve fitting to eq. 1. (a) experiment at 20°C (b) experiment at 60°C (time at 60°C is 
time after the initial 72 h of desorption at 20°C, see text). 

Desorption at 20 C 

4.4 mg/L 

5 1 mg/L 
9.1 mg/L 
11.3 mg/L 

15.5 mg/L 

24.9 mg/L 

-6 J-

Desorption at 60 C 
time at 60 C (h) 

250 300 
4 1 

0 038 mg/L 

0.038 mg/L 
6 2 mg/L 
10.0 mg/L 
13.6 mg/L 

18.7 mg/L 
24.9 mg/L 
27 6 mg/L 
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Table 1: Rate constants of rapid (kdrap), slow (kdslow) and very slow (kdvs) desorption. 
Average values for all concentrations are given, with standard deviations. 

kdraD(h1) kHdow(103h1) kdvs 20°C(10 4 hT kH„ 60°C (103 h 1) 
TCE 0.67 ±0.18 5.4 ±1.0 2.2 8.5 ±1.9 
DCB 0.46 ±0.18 8.1 ±2.6 2.8 6.4 ± 2.0 
TCB 0.18 ±0.09 5.4 ±0.5 093 7.6 ± 0.6 

' extrapolated from the values at 60°C by assuming that kdvs has the same temperature dependence as 

Concentrations of solute desorbing rapidly, slowly and very slowly are calculated with 

(li=<itotFi (2) 

in which % is solute concentration (mmol/kg OC) in a certain fraction i 

(rapid/slow/very slow) and qtot is the total solute concentration in the sediment 

(mmol/kg OC). 

The solute concentration in the slow or very slow sediment compartment, q„ can be 

related to the aqueous concentration c^ by the Langmuir equation 

q. = y - ' - — (3) 

in which Q ^ , is the capacity of the slowly or very slowly sorbing sediment 

compartment (mmol/kg OC) and b, is the affinity constant for slow or very slow 

desorption (L/mmol). For data fitting we have used a time-dependent Langmuir 

equation because it is not certain whether equilibrium has been achieved after the 

incubation time of 34 d. The differential equation describing time-dependent 

Langmuir sorption is (t is incubation time) 

J/ = Vwomax,,0- - - )-*</,,<?, (4) 
trmax,/ 
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the adsorption rate being determined by the adsorption rate constant ka, aqueous 

concentration c,,, the number of sites Qmax, and the fraction of unoccupied sites, 1 -

q/QmaXil. The rate of desorption is determined by the desorption rate constant kdi 

(measured in the desorption studies) and the sorbed concentration q:. Integration of 

eq. 4 under the conditions that dc^/dt = 0 (valid because less than 10% of the 

aqueous solute becomes sorbed during the loading phase) and that qi = 0 at t = 0 

yields 

<7/ , kacw _\/\-e~
k<iA]+bicw)\ (5) 

Qmax,/ kacw + kd,i 

From eq. 3 and 5 it follows that at infinite time 

?i 

ismax,/ 

^•acw \ ^ic 

( - * ) r = 0 0 =( 7 - a - -V-)=7- JV-- <6> kacw+kd,i 1 + V 

Substitution of eq. 6 into eq. 5 gives 

_ biQmaxJcw „ _ -kdJt(\+bjCw)* 

1 + ô,.cw 

bj and Qmax -t for the slow and very slow desorption data have been obtained by 

minimizing the squares of the differences between fitted and measured values of qi as 

a function of ĉ  (eq. 7) at adsorption time t (34 d). 

The linear equation used to model qrap as a function of c„ is 

trap = *&<w <» 

in which Koc
lin (L/kg OC) is the distribution coefficient for the linearly sorbing rapid 

compartment, normalized to OC content. 

In Figure 2a, qraphas been plotted versus c„ for TCB. The solid line is the fit to eq. 8. In 

Figure 2b, qskw and qvshave been plotted vs. c .̂ The quantities have been plotted in 
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Figure 2:(a) qrap (mmol/kg OC) vs. aqueous concentration c,, (umol/L), solid line: fit to 
the linear sorption isotherm (eq. 8); (b) q ^ and q„ (mmol/kg OC) vs. aqueous 
concentration (umol/L), solid line: fit to the Langmuir sorption isotherm (eq. 7); 
squares: slow + very slow desorption (measured), diamonds: very slow desorption 
(measured); dotted line: slow without very slow fraction (fitted). 

TCB; rapid desorption 

150 
c w (umol/L) 

TCB; slow (dotted) and very slow (lower) desorption 

100 150 200 

c w (umol/L) 
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molar units because with site sorption these units allow a better comparison among 

various solutes (see below). The solid lines have been obtained by fitting to eq. 7. The 

dotted line is the (fitted) slow sediment concentration q ^ , which is obtained by 

subtraction of fitted qvs values (measured at 60°C) from fitted qsk)w+vs values (20°C). 

Values for log Koc
lin, bslow, bv5, Qm„,skjw and Qmaxv5 are presented in Table 2. 

Linear fitting yielded significantly lower correlation coefficients (0.5-0.7) than 

nonlinear Langmuir fitting for the slow and very slow fractions. For slowly desorbing 

solute, fitting to the time-independent Langmuir equation (eq. 3) yielded the same 

results (within 0.1 %) as fitting to eq. 7 so it can be concluded that equilibrium has 

been achieved for the slow fraction after 34 days of incubation. 

For the very slow fractions, the exponential time-dependent factor in the fitting 

Langmuir equation (7) was 8-96% dependent on solute concentrations, so 8-96% of 

equilibrium has been achieved for the very slowly desorbing component after 34 d of 

incubation. Fitting with a linear equation yielded r2=0.3-0.8 for the very slowly 

desorbing component q„. 

For comparison, a Freundlich isotherm approach has also been used for the slowly 

desorbing solutes. The basic equation of this approach is 

q = KF(cw)n (9) 

with n = Freundlich exponent, and KF the Freundlich sorption coefficient. 

Rewritten 

\n(q) = ln(KF) + nln(cw) (10) 

So, a regression of ln(qslow) vs. In(c,„) should give a straight line with slope n and 

intercept ln(Kf). Values of n below unity indicate sorption nonlinearity. 

It should be noted that the Langmuir model assumes constant site sorption energies, 

whereas the Freundlich model assumes a continuous distribution of site sorption 

energies. The parameters of the Langmuir isotherm (affinity b, capacity Qmax) have a 

more direct meaning than those of the Freundlich one (coefficient KF, exponent n). 

The results of the fits to the Freundlich model are also given in Table 2. 

For the slow fractions, fitting to the Freundlich equation yielded reasonable results 

(1^=0.65-0.96), although they were not as good as the ones obtained with the 
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Langmuir equation (^=0.95-0.99). The Freundlich exponents n were significantly 

below unity for DCB <0.67 ± 0.07) and TCB (0.31 ± 0.06; student t-test) but not for 

TCE (0.85 ± 0.32). So, significant isotherm nonlinearity was observed for slow DCB 

and TCB. The variation in n among the three solutes, however, was remarkably large. 

The Langmuir sorption capacities Qmax were about an order of magnitude lower for 

the very slow compartments than for the slow ones, while the affinities b were higher, 

by about one order of magnitude. However, the values of bv5 may be relatively 

inaccurate because of the following. The value of kd vs at 20°C used in eq. 7 was 

calculated from the kd V5 data determined at 60°C by assuming the same temperature 

dependence for kd5lovv and kdvs (see above). This assumption results in an inaccuracy in 

bvs (bV5 varying a factor of 2 with a factor of 2 variation in kdvs) but not in Qmaxvs 

because the latter is relatively insensitive to changes in kdvs, Qmaxvs varying 1.5% with 

a factor of 2 variation in kd vs. The inaccuracy of bvs is reflected in the large standard 

deviations in the values; these standard deviations were even larger than the values 

themselves for TCE and DCB (Table 2). 

The values of log Kjn increase with increasing log Kow of the solutes. Qmaxslovv 

decreases with increasing molecular volume, MV and increasing molecular weight, 

MW. bsiom increases with increasing log Kow. The trends in the Langmuir parameters of 

very slowly desorbing solute, bvs and Q™,«, are roughly similar to the ones of the 

slowly desorbing solute. However, they are less pronounced. 

Discussion 

The rapidly desorbing fraction (about 101 h"1) is observed to show linear sorption 

behavior, whereas the slowly (10"3 h"1) and very slowly (10"5-104 h'1) desorbing 

fractions show nonlinear (site-)sorption behavior. The isotherms for the slow fractions 

are slightly better described by a Langmuir-type nonlinear isotherm (r2 0.95-0.99) 

than by a Freundlich-type one (r2 0.65-0.96). This indicates that the sorption sites 

might have a constant sorption energy, as predicated by the Langmuir model; 

however, this cannot be concluded with certainty on the basis of the present (small) 

data set. In the discussion that follows, the focus will be on the Langmuir 

interpretation, not only because of the better correlations-of-fit but also because the 

Langmuir parameters can be translated into a physical-chemical reality in an easier 

way than the Freundlich ones. 

The observation that log Kj 'n increases approximately proportionally with increasing 

log K0(V implies that the linearly sorbing rapid fraction shows a "conventional" 
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partitioning process where the solute can freely move through the organic matter 

(OM). The slow sorption capacities Qmail,Siovv decrease by about a factor of 5 between 

TCE and TCB. This observation indicates that there are more sites accessible to small 

TCE molecules than to relatively large TCB molecules. However, the MV difference 

between the compounds (TCE: 114 À3; TCB: 167 Â3) seems a bit small to account for 

the factor 5 difference in slow sorption capacities. The Langmuir solute affinities for 

the slow sorption sites, bsk)v„ increase by about 2 orders of magnitude between TCE 

and TCB. The Kow values of the compounds also increase by about two orders of 

magnitude, indicating that hydrophobicity plays an important role in slow site 

sorption. As said, the trends observed for the very slowly desorbing fractions are less 

pronounced, and therefore we do not draw any conclusions from those. 

The observation that both the slow and very slow sediment compartments show 

nonlinear (Langmuir-type) sorption behavior confirms the postulate by Huang et al. 

[7] of the existence of two distinct Langmuir domains and one linear one (Treble 

Reactive Domain Model). Their postulation was based on an adsorption isotherm 

summing all different soil compartments, the experimental fit being slightly better 

with three (r2 = 1.000) than with two (r2 = 0.997) distinct domains (improvement 

mainly at the lower end of the isotherm). We have separately studied the isotherms 

for rapid, slow and very slow desorption and demonstrated that the sites showing 

rapid and slow sorption are probably the same as the sites showing linear and 

nonlinear sorption, respectively. In spite of the large uncertainty in the value for the 

affinity bv5 of the very slow fraction, it is clear that bvs is about one order of magnitude 

higher than bsk)w. The very slow capacities Qmaxvs for TCB, DCB and TCE in OVP 

sediment are 7-19 times smaller than the slow capacity QmaXi!)mi- The affinities b 

between slow and very slow differed by a factor of 6-177. With the Treble Reactive 

Domain Model, we calculated from the isotherm data for phenanthrene in Houghton 

muck obtained by Huang et al. [7] a linear component with Koc = 9.5 ± 1.2 L/g OC 

and Langmuir components with Qma„ of 6.9 ± 1.8 and 0.82 ± 0.11 mmol/kg OC and 

b-values of (1.25 ± 0.41 )-103 and (61 ± 16)-103 L/mmol, respectively. Thus, from their 

data it also follows that the Langmuir compartment with the larger capacity (by a 

factor of 8) shows the lower affinity (factor of 49). With this calculation it should be 

noted that equilibrium may not have been achieved for both Langmuir fractions after 

the incubation times employed (14-28 d). 

Literature values for the capacity of the Langmuir/slow compartment, Qmax (mmol/kg 

OC) and the affinity constant, b (L/mmol), are given in Table 3, along with the values 

found in the present study. The data by Huang et al. [7] and Xing and Pignatello [8,9] 
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were obtained by fitting with a time-independent equation including one Langmuir 

component and one linear one. The values for Koc
lin are also given in Table 3. 

Standard deviations in the fitted parameters (Table 3) were only given in the study by 

Huang et al. [7]. At infinite dilution, eq. 3 for the amount sorbed in the Langmuir 

compartment simplifies to 

Islow = Qm&xbcw (11> 

so the ratio between the amounts in the slow Langmuir compartment and in the rapid 

linear compartment is given by (eq. 7 and 8) 

( • ; - - ) c w - > o - ,,„ <12> 
Hrap &OC 

The fraction of solute in the Langmuir/slow compartment at infinite dilution, 
Ft.angmuir/slow' l s then 

r Langmuir/slow Un \ , s ' 
K-OC + * t W 

This Langmuir/slow fraction (%) is also given in Table 3. 

From Table 3 it appears that the presently found sums of slow + very slow capacities 

(Qmaxsiow+Qm««) of 5-20 mmol/kg OC are in the same order of magnitude as the 

literature values, where Langmuir capacities range from about 2 to 50 mmol/kg OC. 

Only some values obtained by Kan et al. [21,22], e.g. for PCB-52, are lower than the 

other values. Carroll et al. [3] measured slowly desorbing fractions for size fractions of 

3 in situ PCB-contaminated sediments (totaling 8 sediments) and found that the 

slowly desorbing fraction decreased with increasing PCB content. 

PCB contents ranged from 9 to 42 mmol/kg OC; with the F ^ values reported, fairly 

constant q ^ values (3-7 mmol/kg OC) could be calculated for the different PCB 

contents, suggesting a Qmax of 5.2 ±1.3 mmol/kg OC. Pignatello [18] determined 

F ^ (solute not released to Tenax in 5 days) for three different soil trichloroethylene 
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Chapter 8 

(TCE) contents (100, 1,000, and 10,000 mg/kg) and observed a nonlinear increase of 

qslovv with increasing TCE content. From his data, a Qmax of ±1,100 mg/kg OC (8.4 

mmol/kg OC) can be derived. 

The affinity constants b are less comparable among different studies than Qmax. This is 

because b shows variation among test compounds: test compound affinity for the 

Langmuir sorption sites in hydrophobic organic matter probably with increasing test 

compound hydrophobicity. This is reflected by the observation that both b and K^"" 

are higher for hydrophobic phenanthrene than for the other solutes. As is apparent 

from the data of Huang et al. [7], b can also vary significantly for one solute among 

different soils and sediments, up to a factor of 30. The difference in the presently 

observed b ^ for DCB (obtained from separate slow sorption isotherms) and the 

bLangmuir reported by Xing and Pignatello [9] (obtained from whole-isotherm fitting) is 

about a factor of 6. 

From the FUngmuir values calculated from the literature data (50 to 69%) it appears that 

the linear and Langmuir contributions to total sorption are in the same order of 

magnitude. In the present study slightly smaller values of 8-20% and 10-47% have 

been found for slow and very slow desorption, respectively, indicating that linear 

sorption was 2-5 times more important than Langmuir sorption in the sediment we 

studied. However, it should be noted that for other compounds in sediments 

(including the OVP one), (slowly + very slowly) desorbing fractions up to 50-99% 

have been found [4-6,23]. 

In the past, in many studies linearity of sorption isotherms was claimed. Most of these 

studies, however, used only short solute-sediment contact times. Therefore, slow and 

very slow fractions have probably been low, and the existence of nonlinearly sorbing 

fractions may have been masked by relatively large linearly sorbing fractions. In the 

present study, for example, overall sorption isotherms (total amount sorbed vs. 

aqueous concentration) were linear for TCB (r2 as high as 0.997) in spite of the 

presence of strongly nonlinearly sorbing fractions. 

In conclusion, we have found that rapidly desorbing solutes exhibit linear sorption, 

whereas slowly and very slowly desorbing solutes exhibit nonlinear sorption. The 

latter process is best described by a Langmuir equation. Previous studies had deduced 

the existence of such a Langmuir fraction from nonlinear total sorption isotherms for 

all sorbed solute, whereas we have measured separate sorption isotherms for rapid, 

slow and very slow solute. 
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Abstract 

It has recently been found that part of the sorption of organic compounds in soils and 

sediments occurs in a nonlinear, Langmuir-type way. In chapter 8 of this thesis it has 

been shown that the (slowly + very slowly) desorbing fractions show this Langmuir-

type sorption. This indicates that the number of slow sorption sites is limited, and that 

competition for these sites can be expected. Therefore experiments were carried out 

after competition effects in slow desorption. 

Excess lab-added 1,2,4-trichlorobenzene (TCB) decreased the slowly desorbing 

amounts of aged in situ PCBs and chlorobenzenes in KM sediment after 14 d of TCB-

sediment contact time (factor of 1.2-2.7). Another experiment showed that the 

presence of large quantities of in situ oil (15 g/kg) and PAHs (1.5 g/kg) strongly 

inhibited the formation of slowly desorbing amounts of lab-added penta-

chlorobenzene, PCB-30 and PCB-65. These results imply that (i) freshly sorbed 

contaminants can influence the desorption behavior of aged contaminants within 

weeks, and (ii) PAH, oil, PCBs and chlorobenzenes show competition for the same 

slow sorption sites in sediment. 

Introduction 

Part of sediment-sorbed organic compounds desorbs slow, or even very slow [7-6]. It 

has also been shown that sorption partly occurs in a nonlinear, Langmuir-type way, 

and partly in a linear way [7-12]. In chapter 8 of this thesis, it has been shown that 

the nonlinear solute fractions and the (slowly + very slowly) desorbing ones are 

probably the same. This nonlinear sorption has been hypothesized to occur at 

voids/holes in relatively rigid parts of the organic matter (OM)[S,70,77,73]. 

Nonlinear Langmuir-type sorption means that there is a maximum nonlinear (and thus 

slow) sorption capacity. This capacity is about 2-50 mmol/kg OC for slowly desorbing 

solute [chapter 8 and refs. 7,9-7 7,74,75], and about an order of magnitude lower in 

the case of very slow desorption (chapter 8). The occurrence of a limited slow 

sorption capacity implies that there is probably competition between different solutes 

for the limited number of slow sorption sites. In the present study, we have 

investigated these competition effects, in order to find indications on the 

characteristics of the slow sorption sites. 

Two experiments have been carried out. In the first one, the effect of large amounts 

of freshly added TCB on the desorption behavior of field-aged chemicals (in situ 
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pentachlorobenzene, hexachlorobenzene and three PCBs) was investigated. This was 

done in order to find out whether freshly added compounds would be able to 

compete with aged ones. In the other experiment, the effect of large concentrations 

of in situ PAHs and mineral oil on the desorption behavior of lab-added chlorinated 

compounds was studied, to find out whether PAH/oil and chlorinated compounds 

would compete for the same slow sorption sites. In this way, the compound specificity 

of the slow sorption sites was investigated. In all experiments desorption kinetics were 

measured by means of Tenax extraction in separation funnels [2,3]. 

Methods 

Chemicals. 1,2,4-trichlorobenzene (TCB), pentachlorobenzene (QCB), 

hexachlorobenzene (HCB), 2,4,6-trichlorobiphenyl (PCB-30) and 2,3,5,6-

tetrachlorobiphenyl (PCB-65) were obtained from various commercial sources. Tenax 

TA (177-250 um), a porous polymer based on 2,6-diphenyl-p-phenylene oxide, was 

obtained from Chrompack, and washed as described in chapter 8. 

Sediments. For experiment I, samples were taken from Lake Ketelmeer (KM), The 

Netherlands, at depths of either 0-30 cm (KM 0-30 cm; OC 7.0% [3]) or 40-120 cm 

(KM 40-120 cm; OC 6.7%). KM sediment contains aged PCBs, chlorobenzenes, PAHs 

and mineral oil (Table 1). The sediment samples were passed through a 500 urn-sieve 

and used without further treatment. 

For experiment II, sediment from the Petroleum Harbor (PH), Amsterdam, The 

Netherlands, was used. This sediment contains high levels of aged PAH and mineral 

oil (Table 1). Sample depth was 0-50 cm; the fraction < 63 urn (OC 8.2%) was 

obtained by wet sieving and used in the experiments. 

Table 1: Approximate contents of total PAH (16 EPA), PCB, chlorobenzenes and 
mineral oil in the sediments studied (in mg/kg). 

Content (mg/kgOC) 

PH sediment 
PH sediment stripped 
KM sediment 0-30 cm 
KM sediment 40-120 cm 

PAH PCB chlorobenzenes mineral oil 
1,500 - 10 - 10 16,000 

25 -0 .4 -0 .4 250 
35 3 5 2,000 
35 3 5 2,500 
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Sediment extraction method. Sediment extractions were performed by 

acetone/hexane reflux, as described in chapter 8. PCBs and chlorobenzenes were 

measured by analysis of the hexane fraction on GC-ECD. Mineral oil was measured by 

analysis of the hexane fraction on GC-FID. For PAH analysis, the hexane was 

evaporated to 1 mL and then dissolved in 10 mL acetonitrile. The acetonitrile was 

subsequently evaporated to 1 mL and analyzed on HPLC with both fluorescence 

detector (FLD; HP 1046) and variable-wavelength UV detector (VWD). Data obtained 

by FLD and VWD detection were averaged; differences between FLD and VWD 

analysis were below 10%. 

Experiment I: Influence of excess lab-added TCB on the desorption of aged 
compounds. Wet KM sediment (3 g dry weight, dw) and HgCI2 (1.25 mg) were 

added to milli-Q water (250 mL) with or without TCB (8 mg/L; both in triplicates) and 

shaken for 14 days at 20°C. Subsequently, the suspensions were centrifuged at 2500 

rpm for 20 min; the water phase was pipetted off and analyzed. The aqueous 

concentrations of the in situ compounds were shown to be so low that desorption 

during the loading phase was negligible (< 1 %). After the 14 days of loading, the TCB 

contents in the sediments were about 5,000 mg/kg OC (27.5 mmol/kg OC). 

Desorption kinetics of the sediments with and without TCB were determined at 20°C 

as described below. For the KM 0-30 cm sediment, desorption of 2,4,4'-

trichlorobiphenyl (PCB-28), 2,2',3,4',5-pentachlorobiphenyl (PCB-90) and 2,2',4,4,,5-

pentachlorobiphenyl (PCB-99) was measured; for the KM 40-120 cm sediment the 

tested compounds were pentachlorobenzene (QCB), hexachlorobenzene (HCB) and 

2,4,4'-trichlorobiphenyl (PCB-28). 

De Jonge et al. [76] showed that mineral oil is present as NAPL (Non Aqueous Phase 

Liquid) above oil contents of approximately 4 g/kg dm, which is about 300 g/kg OC 

for the sediment they used. The mineral oil levels in the KM sediments used in 

experiment I (25 and 30 g/kg OC, respectively, for the 0-30 cm and the 40-120 cm 

layers) are well below this NAPL concentration, so NAPL mineral oil is not expected to 

influence the experimental data. In addition, no oil droplets were visible in the used 

sediment samples. 

Experiment II: The influence of aged PAH and oil contaminations on freshly added 
chlorinated aromatic compounds. Before the desorption experiments, the present oil 

and PAHs were "stripped" from PH sediment (1 g dry weight; five samples). This was 

done by desorbing the PAHs at 60°C for 14 days with about 1 g Tenax (desorption 

method: see below). NaN3 (160 mg) and HgCI2 (1.25 mg) were added to avoid 

biodégradation of PAHs and PCBs, respectively. The Tenax was refreshed 4 times. 
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After the stripping period, the sediment was passed through a 125-um metal sieve to 

remove Tenax possibly still present in the sediment suspension. Duplicate samples of 

the PAH/oil-stripped sediments were extracted (extraction method: see above) and 

analyzed for PAHs/oil still present; PAH-levels (16 EPA) in the stripped sediments 

were 25 mg/kg (Table 1); oil levels were 250 mg/kg. Also, triplicate samples of 1 g 

PH sediment were shaken in separation funnels at 60°C for 14 days without Tenax. 

All six PH sediment suspensions (triplicates both with and without PAHs/oil present) 

were spiked with 5 uL methanol containing the test compounds QCB, PCB-30 and 

PCB-65. Analysis of the in situ PH sediment had shown that it originally did not 

contain these compounds. The spiked suspensions were shaken for 14 days; resulting 

sediment contents of the spiked compounds were 5 mg/kg QCB, 1.5 mg/kg PCB-30 

and 1 mg/kg PCB-65, which is 0.05-0.3% of the PAH-content of the original 

sediment. With literature values for Koc [17] it can be calculated that less than 5% of 

the QCB, PCB-30 and PCB-65 in the sediment suspensions was present in the water 

phase after loading. After the loading phase, desorption experiments were carried out 

at 20°C as described below. 

Desorption technique. Desorption kinetics were determined by means of the Tenax 

solid-phase extraction method described in chapter 2. 

Desorption data interpretation. Desorption from the sediments was described by the 

following first-order two-compartment model [2,3,chapter 7] on the assumption that 

S' =F ekj-' + F, e'k—' (1) 
p rap slow y ' 

\ 

where S, and S0 (g) are the sediment-sorbed amounts at time t (h) and at the start of 

the experiment, respectively. Frap and F5)ow (-) are the rapidly and slowly desorbing 

fractions, respectively. kdrap and kdsJow (h 1) are the rate constants of rapid and slow 

desorption, respectively. The fitting procedure has been described in other chapters 

(e.g., chapter 8). 
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Results 

Experiment I. The desorption curves for the in situ chlorinated compounds in the 

presence and absence of TCB are shown in Figure 1 (QCB, HCB and PCB-28 in KM 

40-120 cm sediment), as are the curves for the added TCB. 

Figure 1: Desorption kinetics of KM 40-120 cm sediment in the presence (solid 
symbols) and absence (open symbols) of excess added TCB; plotted is ln(S,/So) vs. 
time. The solid line is obtained by exponential curve fitting to eq. 1; asterisks: TCB; 
diamonds: QCB; triangles: HCB; squares: PCB-28. 

KM sediment 40-120 cm 

In Table 2 the (slow + very slow) fractions as well as their corresponding rate 

constants are given, for the measured compounds in both KM 0-30 and 40-120 cm 

sediment. The very slow fractions have not been measured because no desorption 

experiment at 60°C was performed; the Fiimt values presented in this chapter therefore 

represent slow + very slow fractions. All (slowly + very slowly) desorbing fractions are 

significantly smaller in the presence of excess TCB (Student t-test; 95%), by a factor 

of 1.2-2.7. In addition, all rate constants of slow desorption, kdstow, are larger in the 

presence of TCB, by a factor of 1.2-4.1. The changes in kdsk)W are significant in all 

cases except for PCB-90 in KM 0-30 cm sediment (Student t-test; 95%). 
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Table 2a: Slowly + very slowly desorbing fractions (Fstow+Fvs) and rate constants of 
slow desorption (kd5low) for KM sediment [0-30 cm] in the presence and absence of 
27.5 mmol/kg OC TCB, which is about 3000 times the background concentration 
(Experiment II). 

KM 0-30 cm  
without TCB with TCB  

PCB-28 PCB-90 PCB-99 PCB-28 PCB-90 PCB-99 TCB 
f\lov« + Fvs (%) 84.8 66.9 78.4 31.6 49.3 48.4 17.4 

std 5.5 4.0 1.2 5.2 2.4 2.2 1.4 
kstow(103h1) 0.55 0.85 0.55 1.46 0.81 1.12 3.72 

std 0.11 0.12 0.16 0.50 0.33 0.21 0.23 

Table 2b: Slowly + very slowly desorbing fractions (F^+F^) and rate constants of 
slow desorption (kdslow) for KM sediment [40-120 cm] in the presence and absence of 
27.5 mmol/kg OC TCB, which is about 3000 times the background concentration 
(Experiment II). 

KM 40-120 cm 
without TCB with TCB 

QCB HCB PCB-28 QCB HCB PCB-28 TCB 
Ego», + F« (%) 96.5 89.6 74.1 72.0 74.5 46.2 14.2 

std 1.4 3.2 5.1 2.2 14.7 11.4 0.5 

k^do-V) 0.70 0.61 0.59 2.38 2.97 1.15 2.82 
std 0.21 0.12 0.23 0.33 0.78 0.2 0.38 

Experiment II. The desorption curves for the added PCB-30 in the presence and 

absence of in situ PAHs and mineral oil are given in Figure 2. The (slow + very slow) 

fractions and slow desorption rate constants are given in Table 3, for QCB, PCB-30 

and PCB-65. From the data it can be observed that the (slow + very slow) fractions 

are significantly lower in the presence of PAHs and mineral oil (Student t-test, 95%), 

by a factor of 9-14. Rate constants of slow desorption are significantly larger in the 

presence of PAHs and oil (Student t-test, 95%), by a factor of 1.5-2.4. 
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Figure 2: Desorption kinetics of freshly added PCB-30 from PH sediment with (solid 
squares) or without (open squares) in situ PAH/oil; plotted is ln(S,/So) vs. time. The 
solid line is obtained by exponential curve fitting to eq. 1. 

PCB-30 in PH sediment with and without PAH/oil 

Table 3: Slowly + very slowly desorbing fractions (F^+F«) and rate constants of slow 
desorption (kdiS|OW) for PH sediment in the presence and absence of 1,500 mg/kg (76 
mmol/kg OC) in situ PAH and 15,000 mg/kg mineral oil. 

PH sediment with PAHs stripped PH sediment 
QCB PCB-30 PCB-65 QCB PCB-30 PCB-65 

F$iow(%) 8.2 4.9 3.7 72.8 68.9 48.3 
std 1.6 1.0 0.7 2.9 2.5 1.2 

k^dO-V) 2.88 3.11 3.16 1.53 1.29 2.12 
std 0.05 0.05 0.70 0.01 0.05 0.08 

Discussion 

Experiment I. (Slow + very slow) fractions of field-aged chemicals are significantly 

reduced in the presence of large amounts of competing freshly added TCB (factor of 

1.2-2.7). This means that competition effects occur in the slow (and possibly very 

slow) sediment compartments, also between freshly added compound (TCB) and 

aged in situ contaminants. The (slow + very slow) concentrations of TCB are about 

3.9 mmol/kg OC (q,ot of 5,000 mg/kg OC and F^+F« of 14%), slightly below the 

Qmaxstow value observed for OVP sediment in chapter 8. 
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The observation that freshly added compounds can also influence the sorption of 

aged ones shows that several weeks of incubation are sufficient for solutes to reach 

slow sorption sites. This result is in accordance with the earlier observations that (i) 

significant slow and very slow fractions were formed after only 2 and 34 days of 

incubation [2,3], (ii) the time factor in the time-dependent Langmuir equation (eq. 7 

in chapter 8) was about 1 for slowly desorbing solute (chapter 8) (iii) significant 

irreversibly sorbing naphthalene fractions were formed after only 1 to 3 days of 

incubation [14,20] and (iv) Freundlich sorption coefficients n and KF reached an 

apparent equilibrium after 14 days of incubation [7]. However, the observation that 

such a large excess of TCB (about 50 times the in situ content of chlorinated 

compounds) does not replace almost all (slow + very slow) in situ compounds means 

that there are probably sites that are not accessible within several weeks. One 

explanation is that these are the sites from which desorption is very slow. Another 

explanation is that some kind of retarded diffusion (e.g. through the more rigid parts 

of the organic matrix, as postulated by Pignatello [73]) still plays a role in slow 

adsorption and desorption. 

In several studies, competition among chemicals sorbed in soils and sediments is 

apparent [10,11,21,23,24]. Xing and Pignatello [11] measured a factor 2 reduction in 

apparent soil-water partition coefficients of 1,2-dichlorobenzene due to the presence 

of 70 mg/L 1,3-dichlorobenzene. The same authors reported up to 30% reduction in 

sorbed atrazine concentration due to the presence of 120 mg/L prometon. 

Differences in competition behavior among different soils have been reported by 

McGinley et al. [23], who found that soils with the lowest n values for the Freundlich 

isotherms (i.e., the soils showing strongest nonlinear, Langmuir sorption) exhibited 

the largest degree of competition, an aqueous concentration of 5 mg/L TCB causing 

25-50% smaller whole-sediment KF values for tetrachloroethylene. Pignatello [21] 

reported a factor 3 decrease in slowly desorbing 1,2-dibromoethane in the presence 

of a trichloroethylene concentration of approximately 5,000 mg/kg OC (38 mmol/kg 

OC) for a 1.81 % OC soil. The concentration of trichloroethylene in the slow sediment 

compartment was not determined. The effects of 1,3-dichlorobenzene on overall K^ 

were about 4 times smaller than those of trichloroethylene. 

Experiment II. Large amounts of in situ PAHs and mineral oil can strongly reduce the 

values of Fsk)w (by a factor of 9-14) of freshly added chlorobenzenes and PCBs as well 

as increase their kd ̂  (factor of 1.5-2.4). The mineral oil contents of the presently 

used PH sediment are about 200 g/kg OC, so little or no mineral oil may be present 

as NAPL in the unstripped PH sediment (NAPL is probably formed above 300 g/kg 
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OC [76]). In addition, slowly desorbing fractions for PAHs up to 75% have been 

reported elsewhere for this sediment (termed PH-B in ref. [79]). If NAPL oil had 

influenced sorption, slow fractions would have been lower because PAHs in oil 

droplets are measured as rapidly desorbing because they are extracted rapidly by the 

Tenax, along with the oil droplets in which they are sorbed. However, it cannot be 

ruled out that the sediment matrix is significantly changed by the large amount of oil 

present, even if no NAPL is present. 

From the PAH contents and F ^ values in [79], values for Q ^ can be approximated 

for the presently used PH sediment. In this sediment, such large PAH contents are 

present that the slow Langmuir capacity is probably saturated. For the sum of the 16 

EPA PAHs measured, q ^ , , is 21 mmol/kg OC. This value is in the same order of 

magnitude as Qmax values in chapter 8 (5-20 mmol/kg OC). For the other PH 

sediment in [79], PH-A, a slightly larger value of 33 mmol/kg OC can be calculated. 

The present data indicate that there is competition for the Langmuir sites between 

different chemicals (oil and PAH influence the desorption of chlorobenzenes and 

PCBs). Pignatello [27], Xing et al. [70] and Chiou and Kile [24] observed that 

compounds belonging to the same class (e.g. two chlorobenzenes) influence each 

other more strongly than do compounds from different classes (e.g. 1,3-

dichlorobenzene vs. atrazine). There are probably larger differences in sorption 

behavior between atrazine and chlorobenzenes than there are between PAHs/oil and 

PCBs because pesticides, unlike PAH/PCB/oil, can show specific interactions with the 

organic matter. On the other hand, it could be that it is not competition between 

PAH/oil and PCB/chlorobenzenes, but another process that results in small F ^ values 

in the presence of oil and PAH. The amounts of oil may be so high that they disrupt 

the OM structure, resulting in the destruction of slow sorption sites. Then small F^ 

values result from a reduction in Qmax and not from competition effects. The high F ^ 

values after stripping PAH and oil from the sediment imply that the site destruction is 

then a reversible process. 

In both experiments it is observed that kds)ow is significantly increased in the presence 

of large amounts of cosolute (see Tables 2 and 3). This means that there is not one 

value for kd slow, but that the rate constants of the slowly desorbing fraction depend on 

the amount of chemical present in it. This is a drawback of the use of a first-order 

multicompartment model. Because the exact mechanism of slow desorption is not yet 

known, it is difficult to give an explanation for the observation that kdpSlow increases 

with test compound levels. 
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A consequence of the findings from experiment I (freshly added compounds compete 

with aged ones for slow sorption sites) is that sediments with long-aged contaminants 

should still be handled with caution: a new introduction of high levels of another 

chemical (oil, TCB) may decrease the Fslow of the aged contaminants and, 

consequently, increase their aqueous concentrations. 
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Chapter 10 

Abstract 

The desorption kinetics of in situ contaminations of phenanthrene, anthracene, 

pyrene, benzo(a)anthracene, benzo(b)fluoranthene, and benzo(a)pyrene have been 

measured for four size fractions of three sediments, with a technique in which the 

porous polymer Tenax serves as an infinite sink for desorbed PAH. For one of the 

sediments, there appears to be a slight tendency of increasing (slowly + very slowly) 

desorbing fractions ( F ^ ^ ^ ^ ^ J and decreasing first-order rate constants of slow 

desorption (kd slow) with increasing particle size. However, for the two other sediments 

Fsiow-fvery stow and kd rStew showed no relation with particle size. Fslowtmystovv values ranged 

from 7 to 9 0 % of the total extracted PAH amount; kdslow ranged from 0.23-103 h"1 to 

1.52-103 h 1 . The present results indicate that whole-particle size and, thus, overall 

particle size distribution are not determinants for the slow desorption of organic 

chemicals. This means that it is probably not diffusion on the whole-grain scale which 

determines slow desorption of organic compounds from sediments. 

Introduction 

The sorption of hydrophobic organic contaminants is an important environmental 

process because it can greatly influence the fate and effect of xenobiotic compounds. 

In The Netherlands we are currently facing the situation of a relatively nonpolluted 

water column (due to emission reduction measures) above sediments in which aged 

chemicals emitted decades ago are still present. Therefore, it is vital to know how 

these pollutants will be released into groundwater and surface water. Desorption has 

been shown to be relatively slow (months to years) for a fraction of the sorbed 

compounds; rate constants of slow desorption are relatively constant among various 

chemicals and sediments [1-4], however, the slowly desorbing fractions of chemical 

can vary greatly among sorbates and sorbents [1-7]. 

The mechanism of slow desorption is not yet completely understood. Until a few 

years ago, results were often interpreted in terms of retarded intraparticle diffusion, 

either through narrow pores [8-11] or through organic matter [12-13]. Diffusional 

retardations could be caused by steric hindrance in narrow pores or in organic 

material, or by sorption to hydrophobic pore walls. However, recent research points to 

a mechanism in which slow desorption takes place from a limited number of high-

energy sorption sites in the organic material [6,14-17]. These sites are probably 
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present in those parts of the organic matter that are similar to glassy polymers, i.e. the 

relatively nonflexible, "microcrystalline" parts. 

One of the potential factors that could influence desorption kinetics is the size of the 

particles from which desorption takes place. In a radial diffusion mechanism of slow 

desorption on the whole-grain scale, particle size is an important parameter. With 

slow desorption occurring from localized sites in the organic matter, particle size may 

not be important if this release itself is the rate-limiting step in slow desorption, 

whereas it may still be important if the subsequent transport of the solute molecule 

from the site to the exterior of the organic matter is rate-limiting. 

A number of investigators have studied the particle size dependence of desorption 

kinetics. However, no good quantitative correlations have been obtained. Some 

authors reported qualitative relationships. In many studies, particle size dependence of 

slow desorption was not observed at all [7,10,18-20], not even for pulverized 

sediments [7] or for a homogeneous silica sorbent [10]. Because some of these studies 

observe no particle size dependence down to 1 urn or less, it is indicated that slow 

desorption probably occurs on length scales below this value. Some studies do report 

a more rapid desorption after pulverization of sediment particles [5,8,9,19]. Li et al. 

[21] report relatively small variations in atrazine sorption (labile/nonlabile) as a 

function of soil particle size. 

In the present study, desorption kinetics of six PAHs have been determined for 

various particle sizes of three contaminated sediments. These contaminants have been 

field-aged in the sediments for decades, and therefore it may be assumed that 

equilibrium has been established in the sediment-PAH system. This is important 

because equilibration times, and therefore intraparticulate PAH distribution, may also 

depend on particle size after short contact times. The results are interpreted in terms 

of the mechanism(s) of slow desorption. 

Methods 

Chemicals. Desorption kinetics were determined for phenanthrene (PHE3), 

anthracene (ANT3), pyrene (PYR4), benzo(a)anthracene (BAA4), 

benzo(b)fluoranthene (BBF5) and benzo(a)pyrene (BAP5). The numbers in the 

abbreviations denote the number of rings in the PAH structures. Tenax TA (177-250 

um), a porous polymer based on 2,6-diphenyl-p-phenylene oxide, was obtained from 

Chrompack. Before use, the Tenax TA beads were rinsed with hexane, acetone and 

water (each 3 times 10 mL/g Tenax) and dried overnight at 75°C. 
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Sediments. The studied PAH-contaminated sediments were from the Petroleum 

Harbour at Amsterdam, (PH sediment), Voorwetering at Nieuwkoop (VN sediment), 

and Overschie at Rotterdam (OR sediment). Size fractions of the sediments were 

obtained by wet-sieving. The size fractions used in the experiments were < 32 urn, 

45-90 urn, 125-200 urn, and 200-500 urn. All size fractions were subjected to organic 

carbon (OC) and total nitrogen (total-N) analysis, after removal of inorganic 

carbonates by 0.1 M HCl treatment. Heating to 1100°C was followed by gas-

chromatographic element analysis (Carlo Elba NA 1500, Milan, Italy). The OC and 

total-N contents are reported in Table 1. The OC and N contents showed a wide 

variation between the three sediments as well as between the various size fractions of 

the same sediment. 

Extraction of PAHs from sediments. Hot sediment extractions were performed in 

triplicate by refluxing wet sediment (1-3 g) with a mixture of water (50 mL), hexane 

(50 mL) and acetone (20 mL) for 6 h. This extraction method has been shown to 

recover 85-100% of contaminants from aged sediment reference materials [22,23]. 

For PAHs the routine was as follows. After separation of the hexane and 

acetone/water phases, the hexane volume was reduced to 1 mL by evaporation and 

then 10 mL of acetonitrile were added. The solution was subsequently evaporated to 

1 mL and analyzed by HPLC (Hewlett Packard 1050; column: reversed phase C1g, 

Vydac 201TP54; gradient elution with acetonitrile and water) using both fluorescence 

(FLD; HP 1046) and variable-wavelength UV detection (VWD). Unless one of the 

signals was unreliable (mass balances outside 70-130% or no curve fitting possible), 

data obtained by FLD and VWD detection were averaged. For mineral oil 

determination, the hexane extracts were subjected to GC-FID analysis. It may be 

difficult to compare the three sediments because the high level of contamination of 

the PH sediment may have affected its organic matter characteristics. 

Desorption kinetics. Wet sediment (1 g dry matter, dm) was transferred to a 100 mL 

separation funnel and shaken with milli-Q water (70 mL), biocide NaN3 (160 mg) and 

Tenax (0.5 g) at 20°C. The employed Tenax solid-phase desorption method has been 

described in previous papers [1,2,4,17]. Extraction with Tenax TA is a useful way of 

carrying out desorption kinetics experiments because of its high sorptive capacity 

[1,5] and its very rapid PAH absorption from water [1]. The tendency of the Tenax to 

adhere slightly to the funnel glass wall when not agitated allows a good separation of 

Tenax from the sediment suspension. The used amounts of sediment (see above) 

were chosen to be so low that Tenax could keep aqueous PAH concentrations low 

and, consequently, reverse PAH adsorption from water to sediment negligible. The 
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Table 1: Contents of OC (%), total-N (%), 16 EPA-PAH (mg/kg dry matter, dm) and 
mineral oil (mg/kg dm) in the size fractions of the three selected sediments. 

Sediment Size fraction OC* Total N" Total PAH'" Total mineral oil 
(um) (%) (%) (mg/kg dm) (mg/kg dm) 

PH 0-32 9.8 0.56 1013 9720 
45-90 1.03 < 0.005 420 7640 
125-200 1.44 < 0.005 151 2180 
200-500 0.87 < 0.005 550 1940 

VN 0-32 26.31 1.98 66 426 
45-90 25.77 1.57 109 64 
125-200 24.68 0.58 67 126 
200-500 11.18 1.82 76 55 

OR 0-32 10.5 0.68 52 350 
45-90 0.63 < 0.005 11 46 
125-200 1.46 0.02 12 49 
200-500 3.57 0.01 48 572 

': Organic Carbon; ** Total Nitrogen in the organic matter; ' " : 16-EPA 

Tenax was refreshed periodically and extracted by shaking for 10 s with 10 mL of 

hexane that was pipetted into the separation funnels after the sediment suspensions 

had been removed. This hexane was analyzed as described above. 

After termination of desorption (after 400-500 h), the sediments were extracted as 

described above in order to release the remaining quantities still present in the 

materials. All desorption experiments were carried out in duplicate. The total mass of 

PAH desorbed (measured on Tenax) plus the PAH still present in the sediments at the 

end of the desorption experiments was usually 80-120% of the initial mass 

determined by whole-sediment extractions. This is considered acceptable regarding 

the measurement errors of 5-10% per analysis, and the batch-to-batch variations. 

Measurements exceeding this interval were considered unreliable and discarded (e.g. 

PHE3 in VN and OR sediments, ANT3 in OR sediment, and BAP5 in PH sediment). 

Desorption data interpretation. Desorption from the sediments was described by the 

following first-order two-compartment model [1-3] assuming kdslow« kdiap 
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' = F exp(-£, x t) + F. . Qxp(-k. . x t) o) 
çv rap * V a ,rap s sio\v+veryslow i v a .slow s 

S, and S0 (g) are the sediment-sorbed amounts at time t (h) and at the start of the 

experiment. Frap and F ^ . ^ . ^ (-) are the rapidly and (slowly+very slowly) desorbing 

fractions. kdrap and kds(ow (h 1) are the rate constants of rapid and slow desorption. 

Values of Frap, F^.^^ ^ , kdrap and kdsk)w were determined by minimizing the sum of 

squared residuals between experimental and calculated values of /n(S,/So) in equation 

1. All F^^^ io« values reported in the next section are the sums of slow (kd around 

103 h 1) and very slow (kd around 10'4-10"s h 1) fractions; the latter have been 

reported in previous papers from our group [2,17]. In the present study, very slow 

fractions were not measured separately because no experiments were carried out at 

elevated temperature. This is a requirement for the determination of very slow 

fractions within a reasonable time span (weeks). At the experiments reported here, 

the very slowly desorbing fraction remains sorbed and is only measured in the whole-

sediment extraction after termination of desorption. The values of kdslow are not 

influenced by kdvwyslow; only the slowly and not the very slowly desorbing pool is 

desorbed after the depletion of the fraction of rapidly desorbing PAH. 

Results and discussion 

Desorption curves for the three sediments are presented in Figure 1 (for all four size 

fractions). Examples are given for ANT3 in PH sediment, BAA4 in VN sediment, and 

PYR4 in OR sediment. Rapid desorption mainly takes place during the first 25-50 h of 

desorption (before the curve bends), slow desorption mainly takes place after this 

bend, i.e. after 50-70 h of desorption. The < 32 urn curve for the VN sediment 

showed a slightly anomalous behavior, the shift from rapid to slow desorption was 

completed after more than 100 h of desorption. We have no explanation for this 

observation. 

Especially for the PH sediment, an increased desorption with decreasing particle size 

can be observed. A similar trend can also be observed for the OR sediment, however, 

it is absent for the VN sediment. This trend can also be observed from Figure 2, in 

which Fsk>w+very ̂ „-values are given for all compounds in all sediment size fractions, 

including the averages for the six PAHs studied. The error bars for the individual PAH-

values in Figure 2 represent differences between individual values and the average of 
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Figure 1 : Desorption curves (ln(S,/S0) vs. time (h)) for the various size fractions of the 
three sediments studied. Solid lines were obtained by curve fitting according to 
equation (1). 
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Figure 2: The (slowly+very slowly) desorbing fractions F ^ « ^ slow (% of total amounts 
extracted) for the six PAHs studied in the four size fractions of the three sediments 
(PH, VN, and OR). Error bars indicate deviations from the average of duplicates (the 
individual PAHs), or standard deviations among the various PAHs (averages, AVG). 
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duplicates (duplicate measurements were carried out). Therefore, no statistical 

evaluation of the significance of the observed differences between particle sizes could 

be carried out. The error bars for the averages are standard deviations for the 

FsWverysiowOfthesixPAHs. 

Fsiow.verysk.w is smaller for the PH sediment (7-50%) than for the VN (46-75%) and OR 

ones (66-90%). This may be caused by the much larger PAH and oil contents of the 
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PH sediment compared to the other two sediments (Table 1). As indicated in previous 

studies [6,14,15,17], the (slowly+very slowly) sorbing sediment compartment 

probably possesses a limited capacity, which reduces the overall F^+^ *>« v a , u e s a t 

high solute concentrations. Due to the rather large variability in the data, an 

evaluation of the (slowly+very slowly) desorbing amounts q ^ ^ « ^ do* at various total 

sorbed amounts q(ota| is not possible. As a result, neither is a calculation of the sorption 

capacity of the (slowly+very slowly) sorbing sediment compartments, Qmax,sk)W+veo, 5k)W 

[14,15,17]. 

A relation between Fslow+very slow and particle size is expected in case of a diffusion 

mechanism. However, this is only observed for the PH sediment and to a lesser extent 

for the OR sediment. In some studies where diffusion-based data description models 

are used [11-13], it is assumed that the rapidly desorbing fraction resides on the 

exterior of the sediment particles, whereas the slowly desorbing fraction is in the 

interior and is gradually released by retarded intraparticle diffusion. Assuming a 

homogeneous distribution of the solute throughout the sediment particle, 

F«?/Fsiow+very si™ as a function of particle size should be approximated by theratio of the 

particle surface area and particle volume. Assuming spherical particles this ratio is 

equal to 

F A 4nr2 3 
— rap --- » - = = (2) 

F V 4 3 r 
siow+veryslow 7TA" 

3 

where A is surface area, V is particle volume and r is particle radius. Therefore, 
Frap/Fsiow«erysiow should decrease linearly with increasing r. A slight correlation between 

Frap/Fsiow+vê dov, (averaged among the PAHs) and 1/r is observed for the PH sediment 

(r2 =0.62) but none for the VN (r2 =0.11) and the OR ones (r2 =0.29). Therefore, the 

present results do not validate the assumption that rapidly desorbing PAH is present 

at the particle surface and (slowly+very slowly) desorbing PAH in the interior of the 

particle. 

Figure 3 presents values of kdsk)W for the different size fractions. Again, the error bars 

indicate differences between the values and the average of duplicates. For the PH 

sediment, a slight decrease of kdtSk)W with increasing particle size could be observed 

(however, not for PHE3), but this trend was not observed for the other two 

sediments. The orders of magnitude of the kdslow (around 103 h 1) and kd,ap (0.03-0.5 
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Figure 3: Rate constants of slow desorption kdstaw (103 h'1) for the six PAHs studied in 
the four size fractions of the three sediments (PH, VN, and OR). Error bars indicate 
deviations from the average of duplicates (individual PAHs) or standard deviations 
among the various PAHs (average values, AVG). 
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h'1) values are consistent with earlier observations [1,2,4]. The fitted values of kdrap are 

not so reliable due to the following two reasons. Backward sorption from water to 

sediment during desorption is not completely negligible during the rapid desorption 

phase [1], and the values are mainly determined on the basis of the first 3 sampling 

points of the curves in Fig. 1. Therefore and because this study deals with slow and 

not rapid desorption, the values of kdrap are not reported for the individual sediment 
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particle size fractions. Far more sample points have been used for the slow desorption 

phase. 

In the forthcoming discussion with respect to the possibility of slow diffusion as the 

mechanism of slow desorption, we restrict ourselves to retarded diffusion through the 

organic matter (OM), because previous experiments with a sediment before and after 

removal of OM have shown that OM is probably the sediment component 

responsible for slow desorption [17]. If diffusion on the whole-grain scale determines 

slow desorption, it would be expected that kdslow depends on particle size. Larger 

particles would show smaller kdslow than smaller ones. Such a dependence is especially 

expected for OM-rich sediments like the VN one because these probably have larger 

OM unities, so the radius of the sorbing OM is probably proportional to the whole-

grain radius. In the case of small OM contents the OM probably exists either as small 

microparticles or as thin coatings or patches on clay minerals [24]; therefore, diffusion 

then does not necessarily take place on the whole-grain scale and the whole-particle 

radius is not an appropriate descriptor for the slow desorption of organic compounds 

even if slow diffusion through the OM is the cause of slow desorption. 

A trend that kdsk)w decreases with increasing particle size is not observed from the 

present results for the VN sediment (Figure 3); this indicates that slow intra-OM 

diffusion is not the cause of slow desorption. The observation that this trend cannot 

be observed for OR sediment could mean two things: i) intra-OM diffusion is not the 

mechanism of slow desorption, or ii) OM is present in the form of microparticles so 

the whole-grain radius is not an appropriate descriptor for kdslow. On the other hand, a 

slight decrease in kdsk)W with increasing r is observed for the PH sediment. However, 

the variation in kdstow (only about 30%) is only slight compared to the variation in 

particle size (up to a factor of 10). 

From the literature, it is also unclear whether or not radial diffusion models are 

applicable to desorption data. In a study by Farrell and Reinhard [10], for example, it 

was observed that a pore diffusion model was not adequate to describe both rapid 

and slow desorption from sediments. Also previous results from us that were obtained 

for one sediment size fraction could not be described with a radial diffusion model [1]. 

However, Wu and Gschwend [9], Steinberg et al. [19], Ball and Roberts [8] as well as 

Grathwohl and Reinhard [25] successfully employed radial diffusion models to 

describe desorption kinetics. Pignatello et al. [18] as well as Brusseau et al. [12,13] 

employed a combined model in which one fraction was considered to be in 

equilibrium with the aqueous phase whereas slow desorption was described by a 

radial diffusion equation. In this combination model, where radial diffusion 
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coefficients are only used to describe part of the desorption curves, the diffusion 

coefficient is directly related to the rate constant of slow desorption, kdsk)W, from the 

two-box first-order model; this relation is D = kdiS|OW-r2 (D is the diffusion coefficient). 

Conclusions 

It is difficult to draw more than tentative conclusions from the present results. A 

limitation in their interpretation is that the OC and total-N contents of the various size 

fractions of the PH and OR sediments vary so much, and that the PH sediment 

contained such high levels of PAH contamination. This shows that the different 

particle size fractions are different in more respects than only size. On the whole the 

results are not in good accordance with a diffusion mechanism on the whole-grain 

scale causing slow desorption of organic compounds from sediments, because of the 

lack of a relation between particle size and either kdsk)w or F , ^ , ^ ^ . So, it could 

either be the case that i) diffusion is the mechanism, but desorptional rate limitations 

do not take place at the whole-grain scale, or ii) the mechanism of slow desorption is 

not diffusion. A number of other studies have shown that it is unlikely that slow 

diffusion through OM is the sole explanation for slow desorption phenomena. For 

example, Chang et al. [26] concluded that slow sorption in natural sorbents is not 

entirely a consequence of diffusion, because they estimated that the time scale for 

diffusion of organic compounds into and out of thin OM layers in humic acid disks 

(0.03-1 (am) is in the time scale of seconds, too short to account for desorption lasting 

months to years. In addition, the recently shown existence of saturation effects for the 

slowly desorbing sediment compartment cannot be explained by only slow diffusion 

[6,14,15,17]. Therefore, these studies as well as the present one tentatively would 

lend support to an alternative explanation for slow desorption, the slow release from 

strongly sorbing high-energy sites in the OM. The exact characteristics of these sites, 

such as their size or chemical structure, are presently obscure. Because of the 

analogies observed between OM sorption and glassy polymer sorption, it has been 

hypothesized that the slow sorption sites are analogous to the voids occurring in 

glassy polymers [14] and that they are present in relatively nonflexible, 

microcrystalline OM [15,16]. In addition, it has been proposed that the sites undergo 

some rearrangement upon accommodation of a solute molecule, consequently 

binding it more tightly [6]. The possibility remains that slow desorption is caused by a 

combination of site sorption and slow diffusion; in this case slowly desorbing PAH is 

trapped in nanoscale voids, but the rate-limiting step in the release to the aqueous 
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phase could be slow diffusion, either through a micropore system or through OM 

microparticles. 
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Chapter 11 

Abstract 

The desorption kinetics of in situ hexachlorobenzene (HCB), 1,3-dichlorobenzene 

(1,3-DCB) and 1,4-dichlorobenzene (1,4-DCB) from a sediment were determined by a 

method in which the aqueous phase was kept solute-free with Tenax TA beads. 

Slowly desorbing fractions were 47-98% for HCB, 58-76% for 1,3-DCB and 36-63% 

for 1,4-DCB. Also, in situ partition coefficients (Koc
ins'tu) were measured; they were 

0.24-1.4 log-unit higher than literature Koc-values measured using short-term 

laboratory incubations. Koc values for the rapid fractions (Koc
rap), calculated with 

Koc
in$l,u and the rapidly desorbing fraction, were similar to literature Koc values. From 

this, it is concluded that the slowly desorbing contaminant fractions and the fractions 

not available for rapid equilibrium partitioning are the same. 

Introduction 

For sediment-sorbed organic compounds, it is often reported that a fraction of 

contaminant only slowly desorbs into the water column [e.g. 1-5]. This "slow" or 

"resistant" fraction increases with increasing contact time between chemical and 

sediment or soil [1,2,6]. The slow fraction can be measured in desorption experiments 

in which the aqueous phase is kept solute-free by means of purging with gas [3-5] or 

by extraction with solid particles [2,7]. 

For field-contaminated sediments and soils, in situ partition coefficients (Koc
insitu) are 

often markedly higher (and porewater concentrations lower) than expected on the 

basis of equilibrium partitioning [1,8-11]. These high values of Koc
insitu have been 

hypothesized to be caused by the presence of contaminant fractions that are not 

available for rapid equilibrium partitioning [8-11]. 

To our knowledge, directly-measured slow fractions and slowly exchanging fractions 

obtained via Koc
m si,u-values have been compared only once, by McGroddy et al. [9]. 

They found that porewater PAH contents could be much better predicted on the basis 

of desorption experiments than on the basis of equilibrium partitioning. McGroddy et 

al. did not employ an "infinite-sink" desorption technique in their experiments; 

instead, they suspended the sediment at approximately 1 g/L and measured the 

aqueous concentrations after 1, 2 and 14 days, respectively. Because the aqueous 

phase was not kept solute-free, they did not really measure desorption kinetics and 

slowly desorbing fractions. 
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In the present experiments, a comparison is made between i) the magnitude of slow 

fractions determined using solute-free solution maintained by solid Tenax beads and 

ii) Koc'
ns,,u-values obtained by analyzing porewater and sediments. The sediments used 

were from the Harbour of Delfzijl, The Netherlands. Contamination with 

hexachlorobenzene (HCB) and dichlorobenzene (DCB) poses large environmental 

problems at this site. In the present study, we considered HCB, 1,3-DCB, and 1,4-

DCB. 

Methods 

Chemicals. We used 1,3-DCB, 1,4-DCB and HCB (purity > 98%) from Aldrich as 

analytical standards; hexane and acetone (Nanograde) were obtained from 

Promochem. Tenax TA (177-250 um), a porous polymer based on 2,6-diphenyl-p-

phenylene oxide, was purchased from Chrompack. Before use, the Tenax TA beads 

were rinsed with acetone, hexane and water (all 3 times 10 mL/g Tenax) and dried 

overnight at 75°C. 

Sediment. The sediment used was from the Harbour of Delfzijl, The Netherlands. This 

sediment has been dredged in 1994; since then it has been stored in a landfill. In 

june1996, superficial (S; 0-60 cm.) and deeper (D; 60-120 cm.) sediment was 

sampled from three locations in the landfill (locations 1, 7 and 8). The measures of the 

landfill were approximately 100 by 100 m. Sample point 1 was at one side of the 

landfill; sample points 7 and 8 were on the other side, the latter two locations being 

about 50 meters apart. 

Sediment extractions and organic carbon contents. Sediment was extracted by 

refluxing wet sediment (1-3 g) with a mixture of water (50 m!_), hexane (50 mL) and 

acetone (20 mL) for 6 h. The hexane was analyzed with GC-ECD (Hewlett Packard 

5890 with 63Ni ECD and HP 7673A autosampler; column: Chrompack, fused silica CP-

Sil-8cb, length 50 m, diameter 0.25 mm, film thickness 0.25 urn; carrier gas: He 

(Groenband high-purity), 1 mL/min; make-up gas: N2 (Groenband high-purity), 60 

mL/min). It has been shown that refluxing with a mixture of hexane, acetone and 

water gives good extract yields of 80-100%, also for slowly desorbing fractions of 

chemicals [12]. No clean-up of the samples needed be carried out because the 

chromatographic output on GC-ECD was of a quality sufficient for quantitative 

interpretation. Chlorobenzene contents of the sediment samples ranged from 0.6-28 

mg/kg dry matter (dm) for HCB, 1.5-5.4 mg/kg dm for 1,3-DCB and 2.5-6.0 mg/kg 

dm for 1,4-DCB. Other chlorinated benzenes could not be detected in the sediment 
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(detection limits ranging from 0.1 mg/kg dm for 1,4-DCB to 0.01 mg/kg dm for 

pentachlorobenzene). Organic carbon percentages of the sediments were 2.0-4.2%, 

as determined using a Carlo-Elba elemental analyser by combustion at 1100°C after 

removal of inorganic carbonate with 0.1 M HCl. 

Desorption technique. The desorption kinetics of the sediments were determined at 

20°C by means of the Tenax solid-phase extraction method described in a previous 

paper [2]. Extraction with Tenax TA has been proved to be very useful for desorption 

kinetics experiments because of the high sorptive capacity [2,13] and the very fast 

solute absorption from water to Tenax [2]. A mixture of Tenax TA (0.5 g), sediment 

(1 g dry weight) and milli-Q water (70 mL) was constantly shaken in a 100 ml_-

separation funnel. HgCI2 (1 mg) was added as a biocide. The Tenax was refreshed at 

set time intervals. Tenax was extracted with hexane; hexane was analyzed as 

described above. 

After termination of desorption (after about 330 h) the remaining sediment and 

supernatant water were refluxed with a mixture of hexane (50 mL) and acetone (20 

mL) for 6 h to extract and analyze the chlorobenzenes still present in the sediment. 

The experiments were carried out in triplicate. The sum of the total mass of solute 

desorbed and solute present after desorption was 70-130% of the initial mass of 

solute (mass balances 70-130%). 

Desorption data interpretation. Desorption from sediment can be described by the 

following first-order expression [2,3,14] on the assumption that k ^ « krap 

' = F ek* + F, éfw (1) 
r r rap slow x ' 
' 0 

in which S, and S0 (g) are the sediment-sorbed amounts at time t (h) and at the start 

of the experiment, respectively; F,ap and Fslow are the fractions of contaminant present 

in the rapidly and slowly desorbing sediment compartment, respectively; krap and k ^ 

(h 1) are the rate constants of rapid and slow desorption, respectively. 

Values of Frap, F ^ , krap and k ^ were determined by minimizing the cumulative 

squared residuals between experimental and calculated values of ln(S,/So) in eq. 1. 

In situ partition coefficients. Triplicate determinations were carried out. Wet sediment 

(400 g) was centrifuged (2500 rpm; 20 min). The supernatant porewater 

(approximately 50 mL) was pipetted off. Contaminant losses during centrifugation, 

probably due to evaporation, were quantified by analyzing separate spiked solutions 
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of the test compounds before and after centrifugation. These losses proved to be well 

reproducible (about 30% loss) and have been corrected for by multiplication of all 

measured pore water concentrations by 100%/70%. Porewater (10 ml) was 

extracted with isooctane (3 ml). After separation from the porewater, this isooctane 

was partly evaporated through a very gentle nitrogen stream to avoid DCB 

evaporation. As checked with separate aqueous DCB solutions, evaporation losses 

were negligible during this stage. The isooctane was analyzed on GC-ECD as 

described above. The dissolved organic carbon (DOC) content of the porewater was 

determined using a Beekman 914B TOC Analyser. The organic carbon-normalized in 

situ partition coefficients KQC*"5"" (L/kg) were calculated with 

c 
Knr - - — (2) oc 

* oc 

in which cs is the concentration of HCB or DCB in the sediment (mg/kg), c« is the 

concentration in the porewater (mg/L) and foc is the organic carbon fraction. For 

HCB, a correction is required for the amount of HCB analyzed along with the water 

phase but sorbed to the DOC present in the porewater. For the DCBs no such 

correction is necessary because less than 1 % of the porewater content is expected to 

be associated with DOC. The HCB-correction for DOC-sorption was done by 

assuming that KMC (the partition coefficient between dissolved organic carbon and 

water) is equal to (0.2 ± 0.1) x Koc'"; this value for K ^ is the average of 4 literature 

values [2,4,15,16]. Corrected Koc-values are obtained with [17,18] 

A ^ = &OC •{L + Ö.2-K^ • VUL) (3) 

where DOC is the DOC content of the porewater (kg/L). These DOC contents were 

approximately 6x105 kg/L for all porewaters. K^11' (literature value for K^ 

determined in short-term laboratory incubation) and not Koc
in *"•nonco" is used for the 

correction (eq. 3). This is because Koc
noncor"ns,,u is a value for "aged" sediment (with 

fractions not available for rapid equilibrium partitioning) whereas sorption to DOC 

probably shows no significant aging, i.e. all HCB sorbed to DOC is probably available 

for rapid equilibrium partitioning. 
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Koe'*", the Koc of the rapid fraction, is calculated from F ^ measured in the desorption 

experiments and koc'
nsi,u co" with eq. 4. For the DCBs, Koc'

ns"uco" is equal to Koc'
nsmj 

because sorption to DOC is negligible. 

KZ = K';r°rr-V-FlJ (4) 

Results 

Desorption kinetics. Typical examples of In S,/S0 vs. time plots are given in Figure 1 

(next page), for sample points 1 S and 7 D (1,7 and S,D refer to sample point and 

depth, respectively, as explained before). Table 1 gives the slow fractions and the rate 

constants of slow desorption for 1,3-DCB, 1,4-DCB and HCB, as well as their 

standard deviations. 

The slowly desorbing fractions are almost 100% for HCB at sites 7 and 8. At site 1, 

the slowly desorbing fraction for HCB is much smaller (47%). Slowly desorbing 

fractions of the two DCBs are much lower than for HCB. The rate constants of slow 

desorption are in the order of 103 h"1. They are slightly larger for HCB than for 1,3-

DCB and 1,4-DCB; this difference is significant for sample points 1 and 7 but not for 8 

(Student t-test; 95%). 

Table 1: Slowly desorbing fractions, F ^ (%), and their corresponding desorption rate 
constants k5low (103 h 1) for 1,3-DCB, 1,4-DCB and HCB in the 5 samples (triplicates). 

1,3-DCB 1,4-DCB HCB 

F slow (%) k^dO-'h'1) Fslow (%) k*w(10' !h-') Fslow (%) kawOO-'h-1) 

1 s 76 ± 4 1.9 ±0.2 36 ± 4 2.4 ± 0.4 47 ± 5 4.7 ± 0.3 

7S 70 ±3 1.9 ±0.1 53 ± 4 2.8 ±0.2 98 ± 1 3.4 ±0.4 

7 D 74 ± 1 1.7 ±0.2 63 ± 1 2.7 ±0.1 91 ± 4 5.4 ± 0.7 

8S 58 ± 2 3.1 ±0.3 49 ± 2 5.0 ±0.2 98 ± 1 3.3 ±1.3 

8D 67 ± 7 2.3 ±0.4 63 ± 7 3.9 ±0.5 97 ±3 4.6 ±0.6 
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Figure 1: In S,/S0 vs. time for samples 1 S and 7 D for HCB (triangles;*), 1,4-DCB 
(squares;«) and 1,3-DCB (diamonds;»). 

Sample 1 S 
time (h) 

50 100 150 200 250 300 350 

In S,/S0 

Sample 7 D 
time (h) 

250 300 350 
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In situ partition coefficients. The Koc'
ns,,u-values are presented in Table 2, for the two 

DCBs and HCB. In addition, values for Koc
,ap are calculated from Kc and Fd 

with eq. (4). Also, literature values are given for the Koc-values (averaged for the 

references cited). For HCB we used only literature Koc-values that had been corrected 

for sorption by DOC. 

The standard deviations in the Koc
in5itu-values are small for the DCBs; for HCB these 

standard deviations are larger because the porewater concentrations of HCB 

(approximately 1-10 ng/L) approached the detection limits. The values for Koc'"5*" for 

HCB are reasonably similar for sample points 7 and 8. For sample 1 S a lower value is 

obtained for Koc
insmj, although the difference with samples 7 and 8 is not significant 

because of the substantial standard deviations (Student t-test, 95%). 

From Table 2, it is clear that the Koc
in5i,u-values are significantly larger than the 

laboratory-measured literature Koc-values for all three compounds. The difference 

decreases in the order HCB > 1,3-DCB > 1,4-DCB. Koc
rap is similar to literature K^ 

values. These points will be elaborated on in the discussion section. 

Table 2: Log K^1"'""-values (triplicates) for 1,3-DCB, 1,4-DCB and HCB (noncorrected 
and corrected for sorption by DOC), along with literature values and values of log 
Koc

,ap calculated with the slowly desorbing fractions via eq. (4). The averages are for 

Sample log KQC for 1,3-DCB log Koc for 1,4-DCB log KQC for HCB 

in situ rapid in situ rapid in situ; 
measured 

in situ; 
DOC-corr. 

Rapid 

1 S 3.56 ± 0.04 2.94 3.32 ±0.06 3.13 5.6 ± 0.4 6.2 ± 0.5 5.9 

7S 3.52 ±0.06 3.00 3.34 ±0.06 3.01 6.15 ±0.07 6.75 ± 0.22 5.1 

7 D 3.35" 2.76 3.26' 2.83 6.16' 6.76 5.7 

8S 3.19 ±0.03 2.81 3.04 ±0.03 2.75 6.1 ±0.3 6.7 ±0.5 5.0 

8D 3.34 ±0.01 2.86 3.18 ±0.01 2.75 6.0 ±0.5 6.6 ± 0.6 5.1 

average 2.87 ±0.10 2.89 ±0.17 5.4 ±0.4 

lit. 2.7 [19,20"] 2.8 [19,20"] 5.4 [2,4,5] 

only one measurement; " Koc-values for 1,2-DCB (averaged for 36 different sediments). 
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Discussion and conclusion 

The values for the rate constants of slow desorption are in the same order of 

magnitude (about 0.001 -0.005 h'1) as the ones previously measured with the same 

method for laboratory-contaminated and field-contaminated sediment [2,21]. The 

slowly desorbing fractions are 36-76% for the DCBs. For the desorption of HCB from 

field-contaminated sediments, slow fractions up to 85% have been reported [21]. The 

slow fractions measured for HCB in the present study (47% for site 1 S and 91-98% 

for the other sites) are thus in the same order of magnitude as these previous field 

data. 

The Koc'
ns,,u-values in the sediment landfill are much larger than K^-values measured 

in short-term laboratory experiments (by a factor of 1.7-25). The reason for the Koc 

difference between long-term and short-term contaminations is that a much lower 

fraction of chemicals is present for partitioning with the aqueous phase as slow 

fractions increase. This is substantiated by the agreement of Koc
rap with literature data 

(Table 2). Slowly exchanging fractions increase with contact time because of slow 

penetration into more remote sediment parts [1]. The mechanism of this slow 

penetration is hypothesized to be either slow diffusion through and along the walls of 

narrow micropores [1,6] or slow diffusion through the organic matter matrix 

[1,14,22]. An alternative explanation is the occurrence of some kind of entrapment in 

microvoids that are hypothesized to be present within the organic matter matrix 

[23,24]. 

The observation that Koc^""' is larger than laboratory-measured short-term K^-values 

is in accordance with observations by Ten Hulscher et al. [10], McGroddy and 

Farrington [8,9] and Maruya et al. [11]. Ten Hulscher et al. observed that KQC"5*1 for 

several dichlorobenzenes and trichlorobenzenes were 10-150 times higher than short-

term laboratory ones. In the present experiments, the differences between Koe1"5*" and 

literature Koc-values were less extreme for the dichlorobenzenes (factor of 2-12). The 

difference between the present measurements and the measurements by Ten 

Hulscher et al. may be the origin of the contaminations: the samples used by Ten 

Hulscher et al. were highly aged sediments from deep layers whereas the 

dichlorobenzene contaminations in the present study were probably much more 

recently formed because they probably result from the microbiological degradation of 

the HCB. This hypothesis seems reasonable because it is known that HCB has been 

emitted to the Delfzijl Harbour whereas explicit DCB-emission is not documented. 

McGroddy and Farrington observed porewater concentrations for PAHs that were 
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2.5-100 times lower than expected on the basis of equilibrium partitioning. However, 

the high Koc
ins"u-values they observed were not accounted for by long chemical-

sediment contact times but rather by the occurrence of so-called "pyrogenic" PAHs. 

Such PAHs have probably been formed and immediately sequestered during the 

formation of soot particles in combustion processes. Maruya et al. observed that 

Ko(_insitu_va|ues 0 f 1 2 P A H s w e r e a D 0 U t equal t 0 values expected on the basis of 

equilibrium partitioning at one time, whereas 4 months later they were about 10 

times higher. The discrepancy was explained by the occurrence of dry and wet 

seasons; during wet seasons, there is higher surface-runoff of aromatic soot particles 

in which the present PAHs are very tightly bound and not available for rapid 

equilibrium partitioning (pyrogenic PAHs). 

Koc'
ap can be compared to literature K^-values assuming that the rapid fraction is 

100% during the short-term laboratory Koc-measurements [1,8-10]. This assumption 

is not completely correct because slow fractions are significant even after short 

incubations [1,2,25]. However, it seems reasonable in the present case because slow 

fractions after 2 days of incubation are only 25.9% for HCB [2] and probably below 

10% for the DCBs (the latter percentage deduced from trends in slow fractions as a 

function of hydrophobicity in [2]). It has to be noted that the data in [2] are for 

another sediment. The values of K ^ calculated from K^1"*" and F ^ (eq. 4) are 

rather similar to the literature Koc values. This implies that measurements of Koc'
nsltu 

yield information that is consistent with the information obtained via the 

measurement of desorption kinetics. It has to be kept in mind, however, that the 

literature Koc-values have been measured for different sediments; variation in organic 

matter composition may result in variations in K^ ranging from a factor of 2 [20] to 

an order of magnitude for the sorption of one compound in different sediments [26-

28]. Xing et al. [29] improved their Koc predictions using an organic matter polarity 

index, thus showing that not only the organic matter content but also its 

characteristics are of importance. Also the value of KD0C (which is assumed to be (0.2 

± 0.1) x Koc) is the average of values measured for other sediments. Further, 

variations in Koc can also be explained by concentration differences due to nonlinear 

isotherms [1,23,24]. Therefore care should be taken in the interpretation of one-point 

Kocs. In the present study, however, the high values of Koc
insi,u probably cannot be 

explained by concentration differences because chemical concentrations in our field-

contaminated samples were reasonably high (5-40 mg/kg dm for the sum of HCB and 

DCB) and Koc values decrease with increasing concentrations when nonlinear sorption 

occurs. 
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The two most important trends that can be observed from the desorption 

measurements are that i) slow fractions increase in the order 1,4-DCB < 1,3-DCB < 

HCB and ii) sample 1 S possesses a significantly lower F^,, for HCB than the samples 

from sites 7 and 8. These same trends are observed from the Koc'
nsitu measurements: i) 

the discrepancy between Koc
,nsitu and literature Kocs increases in the order 1,4-DCB < 

1,3-DCB < HCB and ii) Koc
Én$itu(HCB) is lower for sample 1 than for samples 7 and 8. 

The consistency of the information obtained from desorption and «oc'"5"" 

measurements is illustrated by the Koc"
p values: these are i) consistent with literature 

Kocs and ii) reasonably similar for samples 1,7 and 8 in the case of HCB. So, the 

occurrence of slowly exchanging fractions can account for the observation that 

Koc
insitu is larger than literature K^ values. Then, the slowly desorbing fraction 

measured in desorption experiments is also the fraction that is not available for rapid 

equilibrium partitioning, which is a validation of the assumption implicitly made by 

Pignatello and Xing [1], Ten Hulscher et al. [10] and McGroddy et al. [8,9]. Two 

reasons can be given for the observation that slowly and very slowly desorbing 

fractions are not available for equilibrium partitioning. First, the exchange between 

the slow and very slow sediment compartments can be so slow that equilibrium is not 

achieved. This is not really likely because rate constants of slow desorption (several 

times 103 h"1) are still so large that desorption half-lives are in the order of weeks-

months. This is much shorter than usual time frames in the field (years to decades). 

Therefore, a second reason may be true: the sediment-water partition coefficients are 

larger for the slow/very slow fractions than for the rapid ones. Then the slow fractions 

do not significantly contribute to aqueous concentrations, so the latter are determined 

by rapidly desorbing chemical. 
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Chapter 12 

Abstract 

In the present study, the desorption kinetics of 15 PAHs (2 to 6 rings) from sediments 

were determined before and after bioremediation in a bioreactor or landfarm. 

Desorption kinetics were measured with a method in which the water phase was kept 

PAH-free by Tenax TA beads. For almost all degraded PAHs, rapidly desorbing 

fractions (desorption rate constants > 0.1 h 1) were much smaller after bioremediation 

than before treatment whereas the slowly desorbing amounts remained unchanged. 

Thus, mainly the rapidly desorbing PAHs are degraded during bioremediation. The 

extent of possible PAH degradation could be roughly predicted from the initial rapidly 

desorbing fraction. 

For nondegraded PAHs, the rapidly desorbing fractions were substantial (up to 55%) 

and remained unchanged by remediation. The magnitude of the rapidly desorbing 

fractions of the nondegraded PAHs suggests their persistence is due to microbial 

factors, not bioavailability. 

Introduction 

Bioremediation of soils and sediments contaminated with organic compounds often 

results in residual concentrations of chemical resistant to microbial degradation [7-7]. 

Biphasic degradation profiles are often observed: an initial phase of rapid degradation, 

followed by a phase of much slower transformation. Also, freshly added chemicals 

appear to be much more available to degrading organisms than "aged" contaminants 

that have been in the soil or sediment for extended time periods [3,4,7-10]. 

The desorption of organic substances often exhibits a biphasic behavior similar to that 

observed for biodégradation: an initial phase of rapid desorption followed by a phase 

of much slower release [e.g. 9,11-15]. Increasing contact time between chemicals and 

soil/sediment reduces the magnitude of the rapidly desorbing fraction just as it 

reduces biodégradation [1,3,4,9,11,14,16-22]. 

Because microorganisms can probably only degrade dissolved PAHs [23,24], slow 

desorption of the organic compounds from the soil or sediment particles to interstitial 

water is frequently cited as the cause of limited biodégradation [7-6,7,25,26]. If slow 

desorption results in limited biodégradation, microbial factors may be rate-limiting 

during the initial rapid phase of degradation, whereas desorption is probably rate-

limiting during the second, slow phase of transformation. In fact, this has been shown 

mathematically by modeling desorption and degradation [27]. 
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There are a number of studies in which biodégradation has been compared to 

desorption [4,6,7,25,26], although only Beurskens et al. [7] compared it to desorption 

to infinite dilution (by purging with gas). They studied HCB in historically 

contaminated as well as in lab-spiked sediment (both sediments from the same 

origin). Desorption and degradation were much more rapid for the freshly added HCB 

than for the aged chemical. Desorption was 4 times faster than biodégradation; this 

was most likely because purging with gas kept the water phase solute-free more 

efficiently than biodegrading microorganisms. White and Alexander [6] observed 

lower degradation of phenanthrene and naphthalene for the PAH-fraction resistant to 

desorption in a continuous-flow column than for freshly amended PAHs, and 

suggested that more information is needed on the biodégradation of fractions 

resistant to desorption. 

In the other studies [4,25,26], desorption was measured by dilution with water. As a 

result, rapid and slow fractions could not be measured because the water phase was 

not kept solute-free. Carmichael et al. [26] found that desorption rates of freshly 

added PAHs were much larger than biodégradation rates. For PAHs from field sites, 

however, the desorption rates were equal to or smaller than those for biodégradation. 

With these experiments, they confirmed the hypothesis that slow desorption is 

involved in limiting the biodégradation of aged contaminants. Fu et al. [4] compared 

column leaching and degradation of styrene in two soils; these soils showed 

differences with respect to mineralization rates, whereas the extents of leaching were 

not significantly different. This is inconsistent with the hypothesis that differences in 

desorption behavior cause differences in biodégradation, and remains unexplained. 

Rijnaarts et al. [25] found that biodégradation rates slightly exceeded desorption rates 

into water that was not refreshed. The reason suggested was that the activity of 

microorganisms will steepen the concentration gradient between sediment and water 

and therefore accelerate desorption. 

In the present study, we make a comparison between rapidly desorbing and readily 

degraded PAH-fractions. Desorption kinetics of several PAHs from contaminated 

sediments are measured before and after bioremediation (in a bioreactor or landfarm). 

Desorption kinetics are measured by extraction with Tenax TA in separation funnels 

[74]. The objectives of the study are: i) to test the hypothesis that slow desorption is 

the cause of limited biodégradation, and if this is the case, ii) to investigate to what 

extent the feasibility of bioremediation of a specific sediment or soil can be predicted 

from the measurement of desorption kinetics. Information on the extent to which 

PAHs can be readily biodegraded is of vital importance for the decision whether or 
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not to bioremediate a contaminated site. 

Methods 

Chemicals. The desorption kinetics of fifteen PAHs (possessing 2 to 6 aromatic rings) 

were determined in the untreated and bioremediated sediments. We tested 

naphthalene (NAP2), acenaphthene (ACE3), fluorene (FLU3), phenanthrene (PHE3), 

anthracene (ANT3), fluoranthene (FLU4), pyrene (PYR4), benz(a)anthracene (BAA4), 

chrysene (CHR4), benzo(b)fluoranthene (BBF5), benzo(k)fluoranthene (BKF5), 

benz(a)pyrene (BAP5), dibenz(ah)anthracene (DBA5), benzo(ghi)perylene (BGP6) and 

indenoO ,2,3-cd)pyrene (ICP6); the numbers in the abbreviations notify the number 

of rings in the PAHs. 

Tenax TA (60-80 mesh; 177-250 \im), a porous polymer based on 2,6-diphenyl-p-

phenylene oxide, was purchased from Chrompack, The Netherlands. Before use, the 

Tenax TA beads were rinsed with water, acetone and hexane (each 3 times 10 mL/g 

Tenax) and dried overnight at 75°C. 

Sediments. Two PAH-contaminated sediments were sampled from different spots in 

the Petrol Harbor (PH; Amsterdam, The Netherlands; sample names PH-A and PH-B). 

Two companies carried out the remediations, in bioreactors of 4 m3 (PH-A) and 30 m3 

(PH-B), respectively. In these bioreactors, conditions were kept optimal for microbial 

degradation of PAHs (continuous mechanical stirring, temperatures approximately 

20°C, continuous aeration by bubbling air (10.8 and 72 m3/h for PH-A and PH-B, 

respectively)). To test PAH volatilization during bioremediation, the air purged 

through the bioreactors was analyzed by trapping part of it on hydrophobic filter-

foam combinations. It was observed that only 0.08% of the 2 and 3-ring PAHs 

(mainly NAP2) had been air-stripped during bioremediation. For the other PAHs, no 

detectable levels of PAH were present in the air (detection limit about 0.001 % of the 

PAHs present). Therefore, volatilization is considered not to be a factor of importance 

during the bioremediations. No bacteria or substrates were added to the bioreactors. 

The sediments were remediated for 4 months; at this time there was no more 

detectable degradation (less than 5% degradation in the last 1,5 months, which is not 

significant regarding the PAH analysis errors of 10-15%): this showed that the phase 

of resistant biodégradation had been reached. In bioreactor A, the total sediment was 

treated; this was only the particle size fraction < 63 urn in bioreactor B. 15 kg-samples 

were taken from the homogeneous bioreactors and used for the experiments. Before 

experimental samples were taken from these 15 kg-batches, the latter were 
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vigorously stirred using a mechanical mixer. The total PAH-contents of the untreated 

PH-sediments were approx. 1000 mg/kg dry matter (dm)(see "Results"). 

Sediment from Wemeldinge (WD), The Netherlands, was treated for 2 years in a 

landfarm. After dredging, the sediment was spread over land in a 25 cm-layer and 

kept oxic by monthly ploughing. There was no detectable PAH degradation in the last 

9 months of landfarming (< 5% degradation with sample heterogeneity and analysis 

error both 10-20%; see further), so 2 years were long enough to complete the rapid, 

initial phase of biodégradation. The total PAH-content of the untreated WD sediment 

was approx. 40 mg/kg dm (see "Results"). In order to obtain representative samples 

of the landfarmed sediment, 25 samples of 1 kg were taken from different locations in 

the landfarm. These samples were thoroughly mixed mechanically in a large vessel, 

after which 1 kg was taken from the vessel and used for the experiments. Analysis of 

5 samples taken from this 1 kg showed that the PAH concentration heterogeneity 

within this sample was about 10-20%. 

Organic carbon (OC) and total nitrogen (total-N) contents of the sediments were 

determined in triplicate, by heating the sediments to 1100°C after removal of 

carbonates with 0.1 M phosphoric acid, followed by chromatographic element 

analysis (Carlo Elba NA 1500, Milan, Italy). The OC and total-N contents are given in 

Table 1, as well as the C/N ratios. 

Table 1: Organic carbon (OC;%) and total nitrogen (N;%) contents of the sediments 
before and after bioremediation, as well as the C/N ratios. Standard deviations are for 
triplicate measurements. 

untreated treated 

OC(%) N(%) C/N OC(%) N(%) C/N 

PH-A 5.4 ±0.5 0.28 ±0.04 19 ± 4 3.0 ± 0.4 0.20 ± 0.03 15 ± 4 

PH-B 8.2 ±0.7 0.43 ±0.03 19 ± 3 8.8 ± 0.4 0.63 ± 0.04 14 ± 2 

WD 2.3 ±0.5 0.14 ±0.04 17 ± 8 2.5 ± 0.3 0.13 ±0.02 19 ± 5 

Sediment extractions. Sediment extractions were carried out before and after 

bioremediation. They were performed in triplicate by refluxing wet sediment (1-3 g) 

with a mixture of water (50 ml_), hexane (50 mL) and acetone (20 mL) for 6 h. This 

extraction method has been shown to recover 85-100% of contaminants from aged 

sediment reference materials [28]. The hexane was evaporated to 1 mL and then 

dissolved in 10 mL acetonitrile. The acetonitrile was subsequently evaporated to 1 mL. 
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Analysis was carried out by HPLC (Hewlett Packard 1050 with both fluorescence 

detector (FLD; HP 1046) and variable-wavelength UV detector (VWD); column: 

reversed phase C18, Vydac 201TP54; gradient elution with acetonitrile and water). 

Data obtained by FLD and VWD detection were averaged; differences between FLD 

and VWD analysis were usually below 10%. 

Desorption technique. PAH desorption kinetics were determined at 20°C by means of 

a Tenax solid-phase extraction method described in a previous paper [14]. Extraction 

with Tenax TA has been shown to be effective in conducting desorption kinetics 

experiments due to its high sorptive capacity [14,29] and its rapid solute absorption 

from water [14]. During desorption, a mixture of Tenax TA (0.6 g), sediment (1 g dry 

weight) and milli-Q water (70 mL) was constantly shaken in a 100-mL separation 

funnel. HgCI2 (1 mg) was added as a biocide [30]. The Tenax was refreshed at 

periodic intervals and extracted with hexane (15 mL). The hexane was analyzed as 

described previously. After termination of desorption the remaining sediment and 

supernatant water were refluxed with hexane (50 mL) and acetone (20 mL) for 6 h to 

extract and analyze all residual PAHs. 

All desorption experiments were conducted in triplicate. The total mass of solute 

desorbed plus the amount not desorbed was generally 70-130% of the initial mass of 

the chemical. These mass balances can be considered reasonable regarding the 

measurement errors in the initial and (desorbed plus not desorbed) masses of 

chemical (both 10-15%). Measurements with mass balances outside this interval were 

considered unreliable; for ACE3 and NAP2, unreliable mass balances were found in 

some cases (see "Results"). 

Desorption data interpretation. Desorption from sediment can be described by the 

following first-order two-compartment model [14,15,31,32] on the assumption that 

e 
-L = F ekdW + F, e**** d) 
ci rap slow x ' 

St and S0 (g) are the sediment-sorbed amounts at time t (h) and at the start of the 

experiment, respectively. Frap and F5low (-) are the rapidly and slowly desorbing 

fractions, respectively. The rate constants of rapid and slow desorption are designated 

krap and kslow (h 1), respectively. 

Values of Frap, F5low, k,ap and k ^ were determined by minimizing the cumulative 

squared residuals between experimental and calculated values of ln(S,/So) in eq. 1. It 
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should be noted that this first-order two-compartment model does not necessarily 

have a mechanistic meaning, i.e. it is uncertain whether the slow and rapid sediment 

compartment correspond to a physical-chemical reality. 

Results 

PAH contents. The PAH contents (with standard deviations) of the untreated and 

treated sediments (PH-A, PH-B and WD) are presented in Figure 1. The PAHs are 

ranked in order of increasing hydrophobicity. PAH contents before and after 

treatment may sometimes be difficult to compare because of potential heterogeneities 

in the PAH contents of the sediments. This is especially expected for the landfarmed 

sediments because unlike the bioreactors these sites are not stirred. A Student t-test 

(95% confidence level) showed that all PAHs had been significantly degraded in the 

PH-A bioreactor, all PAHs up to FLU4 in the PH-B bioreactor and all PAHs up to BBF5 

in the WD landfarm. 

Rapidly desorbing fractions. In Figure 2, example desorption curves (plotted as In 

St/S0 vs. time) are given for untreated and treated sediments (degraded FLU4 in PH-A 

and nondegraded BGP6 in PH-B). From the location of the bend in the curves it can 

be observed that the rapid fraction has been depleted after about 20-50 h; the shift 

from rapid to slow desorption has been discussed in more detail in one of our 

previous studies [74]. The curves indicate that the rapidly desorbing fraction of 

degraded FLU4 in PH-A is significantly smaller after bioremediation than before 

(Student t-test, 99.9% confidence level, on the rapidly desorbing fractions in Table 2); 

for nondegraded BGP6 in PH-B the rapidly desorbing fraction remains unchanged 

(Student t-test, 95%, on the data in Table 2). In Table 2, values for Frap are given for 

the untreated as well as the bioremediated sediments. The standard deviations are 

cumulatives of the standard deviations in the individual curve fitting parameters and 

in the triplicates (the latter being substantially larger). Rapid fractions for the 

untreated WD sediment are significantly smaller than those for the untreated PH 

sediments, for all PAHs except BGP6 and ICP6 in PH-A sediment (Student t-test; 

95%). 

Desorption rate constants. The rate constants of rapid and slow desorption, krap and 

ksw respectively, are given in Table 3. They are presented as average values for 

degraded PAHs and nondegraded PAHs, respectively, with standard deviations 

among the different PAHs. The values for krap may not be very accurate because of 

the low number of sample points during the first few hours of desorption. However, it 
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is clear that krap-values are in the order of 0.05-3 h \ which is 100-3000 times larger 

than kstow. This means that a clear distinction between krap and k ^ can be made. This 

is required when comparing rapidly desorbing fractions with degraded fractions (see 

discussion), as well as for the validity of eq. 1. 

Figure 1: PAH contents in the sediments (with standard deviations) before and after 
bioremediation (PH-A and PH-B: bioreactor; WD: landfarm). All contents in mg/kg 
dm. 
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Figure 2: Desorption of degraded FLU4 from PH-A sediment and of nondegraded 
BGP6 from PH-B sediment before (triangles;A) and after (squares;«) bioremediation; 
plotted is In St/S0 vs. time (h). Solid lines represent the result of exponential curve 
fitting. 
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Chapter 12 

It is observed that k5low is significantly increased by bioremediation for the 

nondegraded PAHs in PH-A and WD sediment; the increase observed for PH-B is not 

significant (Student t-test, 95%). For the degraded PAHs, bioremediation significantly 

decreases k ^ in PH-B sediment; the decrease in k ^ for PH-A and WD sediments is 

not significant (Student t-test; 95%). 

Discussion 

Rapid and slow fractions. From Table 2 it appears that the rapidly desorbing fractions 

of the degraded PAHs are significantly reduced by bioremediation, except for BBF5, 

DBA5, BGP6 and ICP6 in PH-A and BBF5 in WD sediment. Thus, it appears that 

rapidly desorbing PAH is preferentially degraded, probably because the slowly 

desorbing material is unavailable for the degrading microorganisms. This confirms the 

hypothesis that slow desorption limits biodégradation. 

However, this is only true for the degraded PAHs (mainly 2,3,4-ring compounds). The 

rapidly desorbing fractions are substantial for the nondegraded PAHs (mainly 5 and 6-

ring compounds) before as well as after bioremediation (up to 55%; Table 2). The 

magnitude of the rapidly desorbing fractions (which is the bioavailable part; see 

above) means that bioavailability is not the cause for persistence of these compounds: 

instead, persistence is probably caused by microbial factors. Poor degradation of 5 

and 6-ring PAHs due to microbial factors has previously been reported by others [e.g. 

33]. 

In Figure 3 we show the degradation percentages of each individual significantly 

degraded PAH versus the rapidly desorbing fractions in the untreated sediment. The 

PAHs which were significantly degraded but did not show a significant decrease in Fiap 

upon remediation (BBF5, DBA5, BGP6 and ICP6 in PH-A and BBF5 in WD sediment) 

have been omitted from Figure 3. The solid line represents equal percentages of 

degradation and rapidly desorbing mass. Generally, it is observed that the extent of 

degradation can be roughly predicted from the rapidly desorbing mass in the 

untreated sediments: the ratio (PAH degradation)/(Rapidly desorbing fraction) is 1.4 ± 

0.5. For most PAHs the percentage of degradation is slightly larger than the 

percentage rapidly desorbing. This is especially true for the WD sediment, and the 

reason might be that a minor part of the slowly desorbing fraction has also been 

degraded during bioremediation, a process which is more likely for the landfarmed 

WD sediment than for the PH sediments because of its longer remediation time. 

The data in Figure 3 suggest that the extent to which PAH can be degraded without 
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desorptional limitations could be predicted from rapidly desorbing masses, provided 

that the compounds can be degraded by the micro-organisms present in the 

sediment. These rapidly desorbing masses are estimated through the application of a 

two-site first-order model to desorption data; "rapid" is defined as desorbing with a 

rate constant above 0.01-0.1 h"\ So, although the physical-chemical behavior of the 

PAHs in the sediment is probably more complex than the simple biphasic model 

suggests, Tenax experiments and first-order two-compartment modelling seem to 

provide a reasonably good tool to estimate the amount of biodégradation that can be 

achieved in commercial bioreactors. The Tenax extraction method used to determine 

the rapidly desorbing fractions is also theoretically sound as a predictor of extents of 

biodegradability because the Tenax beads are similar to degrading micro-organisms in 

the sense that both Tenax and micro-organisms increase the sediment-water PAH 

concentration gradient. The Tenax experiments offer a rapid indication for 

biodegradability because the sediment-water concentration gradient during these 

experiments is so much larger than during biodégradation. 

Figure 3: Percentages degraded vs. percentages rapidly desorbing for PH-A 
(squares;«), PH-B (triangles;A) and WD sediments (diamonds». Each point 
represent s an individual PAH. The solid line represents percentages of degradation 
equal to the percentages rapidly desorbing. 
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Similarly, Kelsey et al. [34] tried to find techniques to characterize contaminated soils 

with respect to their extent of biodegradability, by means of mild chemical 

extractions. They found that extraction with n-butanol at 21 °C under agitation 

yielded the best prediction of phenanthrene mineralization after three different soil-

chemical contact times. Of concern, however, is what changes these chemical 

extractions provoke in the soils or sediments. For example, it has recently been shown 

by Xing and Pignatello [55] that sorption isotherms become more linear in the 

presence of 20% methanol or DMSO as compared to water. 

Comparison between rate constants of desorption and degradation. For the initial, 

rapid phase of bioremediation, it is expected that microbial factors and not desorption 

rates limit biodégradation rates. For the last, slow phase the reverse is expected. 

Therefore it is informative to compare rate constants of biodégradation and 

desorption during these two phases. From the literature it turns out that degradation 

rate constants for lab-contaminated sediments (in which the contaminants are mostly 

bioavailable) are about 10 M O3 h1 ; this is an average value obtained from 10 studies 

[6,7,26,36-42]. The presently found rate constants of rapid desorption (0.05-3 h 1; 

Table 3) are much larger than that, suggesting that microbial factors are probably 

rate-limiting during the first phase of bioremediation. When comparing these values, 

it has to be noted that the experiments were carried out with various chemicals, 

various microorganisms and various sediments. 

Rate constants of slow desorption were about 103 h 1 in the present study (Table 3). 

This is slightly lower than rate constants of degradation during the rapid phase of 

biodégradation (approximately 10 2-103 h 1), suggesting that slow desorption limits 

biodégradation during the second, slow phase of bioremediation. 

For remediation purposes it is also important to know the rate at which the last, slow 

phase of biodégradation will proceed. On the basis of the current experiments, 

however, the translation from slow desorption rate constants into slow degradation 

rate constants cannot be carried out. This is due to the imprecise measurement of 

biodégradation rates during the last, slow phase of degradation. For similar 

experiments in the future, it is recommended to try and measure more precisely the 

rates of degradation during the last, slow phase. 
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Introduction 

The main objective of the research described in this dissertation was the elucidation of 

the mechanism of slow desorption of organic compounds from sediments. Besides, 

the consequences of slow desorption were studied, with respect to i) concentrations 

of organic compounds in porewater and ii) microbial degradation of sediment-sorbed 

organic compounds. 

First of all, a method to study desorption kinetics was developed (chapter 2). 

Extraction of sediment suspensions with solid Tenax TA beads in separation funnels 

proved to be a useful method to study desorption to infinite dilution. Then processes 

within the sediment particles become rate-limiting and therefore the kinetics of these 

processes could be investigated. Practically, the Tenax TA and the sediment 

suspension could be separated well in the separation funnels (less than 0.2% of the 

sediment remaining with the Tenax) because of the slight tendency of the Tenax to 

adhere to the funnel glass wall. Tenax was very effective in keeping the aqueous 

phase solute-free because of its rapid adsorption of organic compounds from water 

(with rate constants of 15-21 h 1) and its high Tenax-water distribution ratios (above 

105 L/kg). 

Desorption data were all modeled with a multicompartment first-order model. The 

advantage of this model is that no a priori assumptions with respect to sorption 

mechanism need to be done. The disadvantage is that only kinetically different 

fractions of sorbed HOC are considered, and that these fractions of sorbed solute do 

not necessarily represent fractions/compartments in the sediment itself. In the present 

research, it is tried to give a physical-chemical meaning to the observed kinetically 

different (rapidly and slowly desorbing) fractions of solute. 
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Part I. Phenomenology of the kinetic fractions 
• Does desorption occur in two phases (rapid and slow) or are there more phases 

that need to be considered? What is the magnitude of the fractions? 

• What is the desorption behavior of contaminants from sediments on the very long 

term (years)? 

• Are there physical-chemical differences between kinetically different pools? 

In chapter 4, it has been shown that there is at least one more kinetic pool of 

sediment-sorbed organic compound, in addition of the ones in the commonly used 

two-compartment description. Desorption of this very slow fraction occurs at rate 

constants that are about 10-50 times smaller (10"5-104 h'1) than those for slow 

desorption (around 103 h'1). Rate constants of rapid desorption were found to be in 

the order of 101 h"\ The very slow fraction has been observed for lab-contaminated 

as well as for field-contaminated sediments, in two different types of experiments: i) a 

long-term desorption experiment at room temperature, where description of the 

desorption curve was significantly better with three kinetic fractions than with two, 

and where two rather clear changes in curve slope could be discerned (between rapid 

and slow, and between slow and very slow, respectively) so that a continuum of 

desorption rate constants was less likely, and ii) desorption experiments at elevated 

temperature (60°C). Slow desorption rates are strongly increased by temperature 

elevations, so desorption at 60°C allows the investigation of relatively long-term 

desorption at room temperatures (years) within reasonable time spans (weeks). The 

part of the 60°C-desorption curves after depletion of the rapidly desorbing fraction 

clearly showed the existence of at least two different slow fractions. Again, the 

desorption from the very slow fraction was first-order in its concentration. The 

occurrence of very slow desorption has been observed for all soils and sediments 

whose desorption was tested at elevated temperature (seven lab-contaminated soils 

and sediments with widely variable macroscopic characteristics, and one field-

contaminated sediment; chapters 4 and 6), so the very slow fraction is probably 

ubiquitous in soils and sediments. 

The experiments in chapter 2 and 6 also showed that most, if not all, sorbed organic 

compound can ultimately be desorbed from sediments. Even for field-contaminated 

Lake Ketelmeer sediment with rapid fractions as small as 15%, it was shown that 

almost all compound (90%) could be desorbed in 2 weeks at 60°C. This indicates that 

the existence of a truly irreversible fraction is not likely (or its magnitude is less than 
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10%); rather, it seems that the slow fractions are slowly but reversibly sorbed. This 

statement holds for chemicals that cannot become covalently bound to the sediment 

matrix. 

In field-contaminated sediments, rapidly desorbing fractions can range from as much 

as 95% to as little as 5-10%. This indicates that the magnitude of slow and very slow 

fractions shows large variations among soils and sediments. For most of the field-

contaminated sediments studied, rapid fractions were in the range of 10-30% (10 

sediments, 3-16 compounds per sediment: for more detailed information: see Table 1 

in chapter 14). So, slow + very slow fractions encountered for field-aged compounds 

were in the order of 70-90%. Very slow fractions have been measured for one field-

aged sediment (the KM one in chapter 4); they were 26-63% for this sediment. The 

release of compound from the very slowly desorbing pool may take a very long time. 

Desorption into an infinitely diluted aqueous phase continued for months at room 

temperature, implying that under natural conditions (when water is not kept solute-

free so efficiently) desorption can continue at very slow rates for years at least. 

Two indications have been obtained that the kinetically different pools of "rapidly 

desorbing" and "slowly desorbing" compounds are also physicochemically different, 

i.e. that they are sorbed in different chemical environments in the sediment particle. 

First, it has been shown that the rapid pool shows linear sorption isotherms, whereas 

the slow and very slow pools show Langmuir-type sorption isotherms, with limited 

slow and very slow sorption capacities (chapter 8). The affinity of a given sorbate for 

the very slow compartment is generally about one order of magnitude higher than for 

the slow compartment. For more information on the sorption isotherms, the 

discussion on part III later in this chapter is referred to. Second, solid-state 19F-NMR 

spectroscopy revealed that rapidly and slowly sorbed hexafluorobenzene give 

different resonance signals (differences with respect to resonance frequency), also 

indicating physical-chemical differences in the molecular environment of rapidly and 

slowly desorbing chemical, respectively (chapter 5). No indications for physical-

chemical differences between "slow" and "very slow" could be observed: the very 

slowly desorbing pool showed Langmuir-type behavior as did the slowly desorbing 

one (chapter 8), and the amount of very slowly desorbing hexafluorobenzene in the 

lab-contaminated sediments studied was too small to observe a signal with relatively 

insensitive NMR spectroscopy (chapter 5). 
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Part II. Slow desorption and sediment characteristics 
• Which sediment constituent determines slow (de)sorption? 

• Is it possible to predict the extent of slow desorption from simple sediment 

characteristics? 

The results from chapter 7 indicate that the sediment organic matter (OM) is probably 

the most important constituent for slow desorption. The observations indicating this 

include i) slowly desorbing fractions become smaller by a factor of 3-8 (and rate 

constants of slow desorption larger by a factor of 1.1-4) for a sediment upon 

complete oxidation of its organic matter, ii) the distribution ratios of model sorbents 

without OM (montmorillonite, zeolite, sediment after oxidation of OM) were 10-100 

times smaller than for sediment with 6% OM, and iii) the extent of slow desorption 

was significant (up to 60%) for sediments that consisted of - 100% OM (chapter 6). 

However, a significant extent of slow desorption could still occur from the mentioned 

model sorbents without OM, indicating that it is not exclusively the OM that can 

cause slow sorption; also mineral micropores can cause desorptional retardations. It 

was concluded that OM is the most important determinant for slow desorption for 

soils and sediments with more than about 0.1-0.5% OM. 

In the present investigations, no simple method has been found to predict the extent 

of slow desorption from sediment characteristics. Correlating desorption parameters 

(rate constants and fractions) to sediment organic matter characteristics (carbon, 

nitrogen and oxygen contents, polarity index, aromaticity) yielded no clear-cut 

indications (chapter 6). However, rate constants of slow and very slow desorption 

proved to be relatively constant (both within a factor of 5) for a range of compounds 

(ranging 3 orders of magnitude in K ,̂) sorbed in a range of soils and sediments (0.5 

to almost 100% OM, field-contaminated and lab-contaminated). This indicates that a 

prediction method is not really necessary for rate constants of slow and very slow 

desorption, from the viewpoint of policy measures. However, such a relationship 

could have given mechanistic information. 

The variation in magnitude among compounds and sediments is larger for the 

slowly/very slowly desorbing fractions than for the slow/very slow rate constants 

(slow + very slow fractions range from almost 0 up to almost 100%). For lab-added 

contaminants, rapidly desorbing fractions linearly decreased with increasing solute 

hydrophobicity (chapters 2 and 6). However, such a relation was absent for in situ 
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contaminants. For the latter, no simple sediment or solute parameter was found that 

could predict slow or very slow fractions. However, sediments with high contents of 

sorbed organic compounds (above about 1 g/kg OC) possibly exhibit small slowly 

desorbing fractions. This is due to competition effects for a limited number of slow 

sites, because indications have been found that slow and very slow fractions exhibit 

Langmuir-type sorption to a finite number of sites in the sediment OM (chapter 8). 

Indeed, slow fractions of PAHs in sediment from the heavily polluted Petroleum 

Harbor in Amsterdam were relatively low compared to those of PAHs in less heavily 

polluted sediments (chapters 10 and 12), emphasizing the importance of 

contamination levels of organic compounds. 

Part III. Site-sorption and retarded diffusion 
• Is the mechanism of slow (de)sorption a site-sorption or a diffusion-related 

phenomenon? 

At the beginning of this project, three mechanisms of slow desorption were 

considered possible. For various reasons, other mechanisms could be discarded 

beforehand (chapter 1). The three considered mechanisms comprised A) retarded 

diffusion through micropores, B) retarded diffusion through organic matter, and C) 

entrapment at high-energy sorption sites, or "voids", in the organic matter. The 

distinction between mechanisms A) and B) fades in the case of retarded diffusion 

through micropores whose walls are coated with OM. 

Several indications on the mechanism of slow desorption have been obtained in the 

present research. Some of these point in the direction of mechanism C), entrapment 

of organic molecules at voids in the organic matter. Release of organic compounds 

from such sites can be so slow because of slowly reversible, beneficial energetic 

interactions between the hydrophobic solute molecule and the surrounding 

hydrophobic OM matrix. 

The clearest indication that a site-sorption process underlies slow desorption 

phenomena is the observation that slowly and very slowly desorbing solute exhibit 

Langmuir-type sorption isotherms, as opposed to linear ones for rapid desorbing 

solute (chapter 8). The Langmuir slow sorption capacity of OVP sediment was 5-20 

mmol/kg OC (1,000-4,000 mg/kg OC), whereas the affinity of the compounds for 
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the slow sorption sites varied with solute hydrophobicity (affinity increased as 

hydrophobicity increased). The very slow sorption capacity (0.5-1.5 mmol/kg OC, 

which is 100-200 mg/kg OC) was found to be about 1 order of magnitude smaller 

than the slow sorption capacity; the affinity of a given solute for the very slow 

sorption sites was about 1 order of magnitude larger than for the slow sorption sites. 

The occurrence of Langmuir-type slow sorption behavior is further supported by the 

competition effects in slow desorption (chapter 9), i) between field-present PAH/oil 

and lab-added PCBs, the slow fractions of the PCBs much smaller in the presence of 

PAH/oil (by a factor of 9-14), and ii) between field-present PCBs and lab-added 

trichlorobenzene, the slow fractions of the field-present PCBs significantly smaller in 

the presence of trichlorobenzene. 

As to the diffusion mechanisms A) and B), micropore diffusion probably plays a minor 

role because of the obtained evidence that organic matter is the main determinant in 

slow sorption (chapter 7). In addition, there are a number of hints that also 

mechanism B), retarded diffusion through OM, is not the mechanism of slow 

desorption. First, the rate constants of slow desorption, kdstow, of in situ PAHs did not 

decrease with increasing particle size (chapter 10). Such a trend would be expected, 

especially for the OM-rich (> 50%) sediment studied, because the diffusion 

pathlength increases with increasing particle size and this should lead to lower kdslow-

values in the case of a retarded diffusion mechanism of slow desorption. Second, kd5tow 

was hardly influenced by OM content either, where OM contents varied from 1 to 

almost 100% (chapter 6). On the basis of OM diffusion, increasing OM content 

would lead to increasing diffusion pathlength and, again, decreasing kdslow values. 

Finally, there are a number of observations that can be interpreted in terms of both a 

diffusion mechanism and a site-sorption one. 

First, large slow fractions have been observed to be formed during the first days 

(chapter 2); these fractions hardly increase between 14 and 63 days of equilibration 

(chapter 6). In terms of a site-sorption mechanism these results imply that the access 

of slow-sorption sites and the subsequent entrapment are relatively rapid compared 

to the release from the sites. In terms of a diffusion mechanism the internal sediment 

parts could be reached so rapidly because of the large concentration gradient over the 

particle radius that is present as long as the particle interior is (almost) solute-free. 

During desorption, the concentration gradient between particle exterior and interior is 

less steep, even when the water phase serves as an infinite sink. 
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Second, kdsiow decreases with increasing MV (and thus also with increasing 

hydrophobicity; chapter 2). In terms of a site-sorption mechanism, this could mean 

that less hydrophobic compounds experience less of the energetically favorable 

solute-site interactions, and can therefore be released more rapidly. In terms of a 

diffusion mechanism, this means that larger molecules experience stronger diffusional 

retardations. 

Third, the magnitude of the activation enthalpies of slow desorption (60-100 kJ/mol, 

chapters 4 and 6) is in accordance with both a site sorption mechanism and a 

mechanism of highly retarded diffusion. In the site sorption mechanism they would 

represent the favorable energetic solute-site interactions, and in the retarded diffusion 

mechanism they would represent activation enthalpies of slow diffusion through a 

solid matrix. 

Fourth, the 19F-NMR spectroscopy measurements have indicated that rapidly and 

slowly sorbed organic compound are present in physicochemically different 

environments. On the basis of a OM diffusion mechanism, "rapid" and "slow" 

compound would be expected to be present at the exterior and the interior of the 

OM matrix, respectively. Differences between the interior and exterior with respect to 

matrix polarity and water content are not unlikely. On the basis of a micropore 

diffusion mechanism, a slowly desorbing solute molecule that is sterically hindered in 

a narrow pore probably faces a direct surrounding that is different from a rapidly 

desorbing molecule in a less rigid environment. In case of a site-sorption mechanism, 

slowly desorbing compound would be present tightly entrapped at certain sites, 

whereas rapidly desorbing compound could freely move through the OM parts 

without voids. It has been hypothesized that slow-sorption voids only occur in 

relatively rigid parts of the OM [1,2] whereas rapidly desorbing solute is present at 

relatively soft, amorphous OM parts [2]. Such a distinction could lead to variation in 

NMR signals between "rapid" and "slow", and is also in accordance with the 

observation that both "rapid" and "slow" hexafluorobenzene gave a relatively sharp 

signal, indicating that all rapid compound is sorbed in a similar way, and that the 

same goes for all slow compound. 

No indications have been obtained that site sorption occurs in combination with a 

rearrangement of the organic matter around the entrapped solute, as suggested by 

Kan et al. [3]. On the other hand, from the present research there are no indications 

that such a process does not happen either. 
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In the scheme (Table 1), the mechanistic clues are summarized once more. 

Summarizingly, there are no indications that site sorption (entrapment in voids) is not 

the mechanism of slow sorption. Some results do favor such a mechanism. Some 

observations can be explained on the basis of a diffusion mechanism, however, some 

others cannot. Therefore, it is concluded that the present results point in the direction 

of a site-sorption mechanism for the slow fraction, and not a retarded diffusion one. 

However, the possibility cannot be ruled out that slow sorption does occur at specific 

sites, but that the actual rate limitation in the desorption of slow residues is the 

diffusion through the organic matrix [4]. Because this diffusion is not likely to occur at 

the whole-grain scale (chapters 6,10), it could be that diffusion through relatively 

rigid OM parts is rate-limiting in this case. 

The rapid fraction can thus be envisioned as "dissolved" in the organic matrix, with 

much translational and rotational freedom; the slow and very slow fractions are 

probably trapped at sites; the rate-limiting step in their desorption is either the release 

from such sites, or the subsequent diffusion through the rigid, glassy parts of the OM. 

On the basis of the present results, a mechanistic distinction between the slow and 

the very slow fractions cannot be made; it is only clear that the site-sorption affinities 

of the very slow fraction are about one order of magnitude higher than for the slow 

one. This might indicate that the very slow fraction is entrapped in more hydrophobic 

parts of the organic matrix than the slow one. 
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Concluding discussion 

IV. Consequences of slow desorption 
• How does slow sorption influence HOC concentrations in the porewater? 

• Does the slowly sorbing fraction contribute to aqueous concentrations? 

In chapter 11,5 sediment samples containing in situ contaminations of 

dichlorobenzenes and hexachlorobenzene were studied. Both in situ OC-water 

partition coefficients (through porewater and sediment analyses) and desorption 

kinetics were determined. The in situ partition coefficients proved to be 0.24-1.4 log-

unit higher than short-term laboratory Koc values from the literature for the same 

compounds. Slowly + very slowly desorbing fractions were 36-98%. OC-water 

partition coefficients for the rapid fraction, Koc
,ap, were not significantly different from 

the short-term laboratory Kocs from the literature. This indicated that the slow and 

very slow fractions do not contribute to aqueous concentrations. So, increasing slow + 

very slow fractions probably lead to decreasing HOC contents in porewater (and thus 

probably in groundwater). This point will be further elaborated on in the discussion 

with respect to regulatory issues (chapter 14). Also Ten Hulscher et al. [5] and 

McGroddy et al [6] have observed that slow and very slow fractions do not 

significantly contribute to aqueous concentrations. 

The observation that slow and very slow fractions do not contribute to aqueous HOC 

concentrations whereas rapid fractions do, can be explained in two ways. First, 

different association mechanisms may operate for the compounds in the rapid and in 

the (slow + very slow) fractions, respectively. The slow and very slow fractions would 

then be more strongly bound than the rapid ones. Differences in association 

mechanism between rapid and slow fractions have also been found in chapters 5 and 

8. A second explanation is that (very) slow fractions exchange with the water too 

slowly to contribute to aqueous concentrations. The latter explanation seems less 

likely because rate constants of slow desorption (103 h \ half-lives in the order of 

weeks) are still so large that in the field (where sediment-porewater contact times are 

often in the order of years) equilibrium between sediment and porewater is probably 

achieved for the slow fractions. 
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• Is slow sorption the cause of limited biodegradability of microbially degradable 

compounds? 
• Can the extent of possible biodégradation be predicted from desorption behavior? 

In chapter 12, it has been found that slow sorption is probably the cause of limited 

biodegradability of fractions of intrinsically degradable compounds. Such residual 

fractions are often observed in bioremediation, but their magnitude can vary 

enormously, from less than 10% to more than 90%. The evidence that slow sorption 

causes limited biodegradability stems from the observation that slowly + very slowly 

desorbing amounts of PAH are not significantly changed during remediation (in a 

bioreactor or landfarm), whereas the rapidly desorbing amounts are strongly reduced. 

This means that the slowly desorbing fractions are not bioavailable to degrading 

microorganisms. Two reasons are possible for this phenomenon: first, it may be that 

desorption of slowly and very slowly desorbing fractions of chemical is too slow to 

achieve significant degradation of these fractions within reasonable timespans. 

Another possibility is that aqueous concentrations fall to very low values once the 

rapid fraction has been depleted (because the slow fractions do not contribute to 

aqueous concentrations, see chapter 11 and the preceding paragraph): these values 

may be below threshold values required for maintenance of bacterial processes, as a 

result of which the microorganisms become inactive. However, in this discussion the 

possibility of cometabolic breakdown is ignored. 

For these significantly degraded compounds, it was found that degradable fractions 

could roughly be predicted by rapidly desorbing fractions. The ratio (PAH 

degradation)/(rapid desorption) was 1.4 ± 0.5. In spite of the roughness of the 

prediction method, we do have faith in its relevance. This is because it is theoretically 

sound: the Tenax beads are similar to degrading micro-organisms in the sense that 

both Tenax and micro-organisms increase the sediment-water PAH concentration 

gradient. The Tenax experiments offer a rapid indication for biodegradability because 

the sediment-water concentration gradient during these experiments is so much 

larger than during biodégradation. However, on very long time scales the slow 

(and/or very slow) fractions may become available to micro-organisms. 

For the PAHs that were not significantly degraded, the story is different. For most of 

these compounds, significant rapidly desorbing fractions have been observed (up to 
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55%). These fractions did not significantly change during bioremediation. This 

indicates that significant microbiologically available fractions are present for these 

compounds. Their persistence must then be due to microbial factors, not 

bioavailability. 
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Chapter 14 

Introduction 

In this discussion, the focus will be on practical and regulatory implications of the 

research findings on slow desorption described in this dissertation. Three aspects will 

be particularly elaborated on: i) potential implications for soil/sediment quality 

objectives and risk assessment of hydrophobic organic compounds, ii) effects on 

leaching of organic contaminants from river sediments and/or sediment landfills into 

groundwater and porewater, and iii) implications for biological cleanup of 

contaminated sediments. 

1. Sediment quality objectives and risk assessment 

Present situation 

Quality objectives are basically derived from toxicity data, like NOECs (No Observed 

Effect Concentrations), EC50 (concentration where 50% of test organisms is 

affected), or LC50 (concentration lethal for 50% of the test organisms). For risk 

assessment, MPC values (Maximum Permissible Concentration) are derived from 

these toxicity data; the MPC is used to evaluate whether adverse ecosystem or human 

health effects can be expected. A second risk limit, the NC (Negligible Concentration, 

a concentrations where adverse ecosystem effects are supposed to be negligible), is 

also used; this limit is set at 1 % of the MPC levels. Also, standards exist for the 

decision whether or not a contaminated dredged sediment can be spread (testing 

values), and for the requirement for the clean-up of a contaminated site (intervention 

values). 

MPC values are obtained from toxicity data through the use of a so-called 

"extrapolation factor". This extrapolation factor usually varies from 10 to 1000, 

dependent on the number of toxicity studies used for the derivation of the MPC, as 

well as on the number of chronic and acute toxicity studies involved (preliminary 

method). In the case where sufficient data are available, a statistical extrapolation 

method is used to obtain MPC values (refined method). 

If soil toxicity studies are available, the MPC for soil is directly derived from these 

toxicity data, as described above. In most cases (especially for sediments), however, 

no toxicity data for benthic or sediment organisms are available. In those cases, 

sediment and soil standards have to be derived from aquatic ones. For hydrophobic 

organic compounds (HOCs), this is done by assuming equilibrium partitioning. The 

equation used is 
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MPC , =MPC K (1) 
se Qxment aquatic p * ' 

where MPC^^^, is the MPC derived for sediment, MPCaquatlc is the MPC derived for 

the aqueous phase (from toxicity data), and Kp is the sediment/water equilibrium 

partition coefficient. In cases where both aquatic and sediment toxicity data are 

available, eq. (1) is used to compare M P C ^ ^ and MPCaqualK, in order to avoid the 

situation that one MPC is exceeded in a certain ecosystem whereas the other is not 

(harmonization). The lowest MPC is selected to obtain maximum protection. For 

example, in the case of benzo[a]pyrene a factor of 10 difference is observed between 

MPC«,,, calculated through eq. (1) and MPC^, directly derived from soil toxicity values. 

Possible influences of slow desorption 

Two important assumptions underlie eq. (1): i) the sensitivities of sediment and 

aquatic species are comparable, and ii) the uptake of HOCs is through the pore water. 

The porewater content is possibly influenced by slow desorption. In chapter 11 of this 

thesis, it has been shown that slowly and very slowly desorbing fractions (see chapter 

4 for the definition of these fractions) probably do not contribute to HOC porewater 

contents. This means that a (slow + very slow) fraction of 90% implies that porewater 

contents are a factor of 10 lower than expected on the basis of equilibrium 

partitioning. 

In Table 1, (slow + very slow) fractions are given that have been measured in the 

present study for field-contaminated sediments. It is observed that the (slow + very 

slow) fractions encountered in field-contaminated sediments show a large variation 

(Table 1). Therefore, potential reduction factors in HOC concentrations in the 

porewater can also show a large variation among chemicals and sediments. From 

Table 1 it is observed that potential reduction factors in porewater contents due to 

slow desorption are generally below 10, although in some cases they can be as high 

as 20-50. 

Most potential reduction factors, however, are still smaller than the extrapolation 

factors (10-1000) used to derive MPCs from toxicity data. Moreover, in some cases 

an extra harmonization factor is introduced, when MPCs directly derived from 

soil/sediment toxicity data differ from the ones calculated with equilibrium 

partitioning. Therefore in some cases (PCBs, organophosphate pesticides) the possible 

effect of slow desorption on sediment quality objectives is relatively small compared 
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to the use of extra safety factors in their derivation. In other cases - PAHs, chlorinated 

benzenes, chlorinated pesticides - the objectives are supported by a relatively broad 

set of toxicity data. 

Table 1: (Slow + very slow) fractions for in situ contaminations in the Dutch 
sediments studied within the framework of this research, as well as potential reduction 
factors in porewater concentrations due to slow desorption. 

Chapter Location compounds (Slow + very slow) potential reduction factor in 
fractions porewater contents 

4,9 Lake Ketelmeer, Flevoland PCBs 60-87 2.5-8 
chlorobenzenes 67-97 3-30 

10,12 Petroleum Harbor, 
Amsterdam 

PAHs 4-72 1.04-4 

10 Voorwetering, Nieuwkoop PAHs 20-90 1.25-10 
10 Overschie, Rotterdam PAHs 45-90 1.8-10 
11 Harbor, Delfzijl dichlorobenzenes 36-76 1.6-4 

hexachlorobenzene 47-98 2-50 
12 Wemeldinge, Zeeland PAHs 62-93 2.6-14 
-, a Harbor, Middelburg PAHs 70-97 3-33 
-, a Canal Cent-Terneuzen, 

Zeeland 
PAHs 30-80 1.4-5 

-. b Hollands Diep, PAHs 27-91 1.4-11 
Zuid-Holland PCBs 33-80 1.5-5 

chlorobenzenes 82-98 6-50 
-, c IJzendoorn, Waal, PAHs 50-95 2-20 

Gelderland chlorobenzenes 80-95 5-20 
PCBs 27-68 1.4-3 

-: results not in this thesis. 
a: in J.M. van Steenwijk: "Veld Koc waarden in Zeeuws sediment: poriewateronderzoek voor het 
vaststellen van veld-partitie coëfficiënten gerelateerd aan ouderdom van sediment voor de MER 
speciedepot Koegorspolder", RIZA werkdocument 97.039, Lelystad, juni 1997. 
b: in H. Rigterink: " Desorpfjekinetiek van organische micro's: labexperimenten met 
veldgecontamineerd Hollands-Diep sediment", RIZA werkdocument 98.010X, Lelystad, mei 1998. 
c: in A.C. Belfroid, C. Ubbels, I. Burgers, K. Swart, J.W.M. Wegener en B. van Hattum: "Sorptie van 
microverontreinigingen in sedimentboorkernen", IVM-rapport R98/07, Vrije Universiteit, Amsterdam, 
juli 1998. 

Incorporation of the effects of slow desorption into risk evaluation could be 

worthwhile for the cases where standards are not obscured by large uncertainties 

(generally PAHs and chlorinated benzenes/pesticides). This is especially true for those 

sediments that exhibit large (slow + very slow) fractions, such as the sediments from 

Lake Ketelmeer, Middelburg Harbour, Delfzijl Harbour, and Overschie, Rotterdam. 

Therefore, it is explained how the effects of slow desorption on porewater 

concentrations could be incorporated in MPCs. Equation (1) could then be extended 

with a desorption term: 
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MPC 
MPC d = **" (2) 

sed .corrected jp 
rapid 

where MPC^,.,,,^^ is the sediment MPC corrected for effects of slow desorption, 

MPCEqP is the conventional MPC^ derived with equilibrium partitioning (eq. 1), and 

Frapid 's t n e rapidly desorbing fraction (which is 1 - F ^ - Fveryslow). The measurement of 

Frapkj would then be necessary, as no simple prediction method for this quantity is yet 

available (chapter 6). Frap (and F ^ + f^^J can easily and quickly be estimated by 

shaking 0.5 g of sediment with 1 g of Tenax in water for 24 h, followed by analysis of 

the amount released from the sediment and scavenged by the Tenax (for the Tenax 

desorption method, see chapter 2). The reliability of these one-point measurements 

f ° r Frapkj stil' has to be proved, because in the present research only desorption kinetics 

(10 or more points) have been measured. However, we think that such one-point Frap 

measurements are reliable within -10% of Frap (on the basis of the results in chapters 

2,4 and 6). The procedure sketched above for sediments can also be applied to soils, 

because the slow sorption processes occurring in soils and sediments are principally 

the same (chapter 6). 

Alternatively, porewater concentrations can be measured, and the in situ Kp be 

applied in equation 1. Then the corrected MPC^^,,, can be derived in one step. 

It may be best to use the procedure such as described above in cases where further 

investigations are required to evaluate the urgency of sanitation. Such a further 

investigation is required when a site has been qualified as "polluted" by means of the 

MPCs (class 4). An evaluation of the effects of slow desorption on the actual risk 

levels (using eq. 2) could be appropriate for such more refined risk evaluations. 

One more note on these issues seems appropriate. In chapter 7 of this thesis, it is 

described that the (slow + very slow) sediment compartments possess a limited 

sorption capacity (the Q ^ ) . Therefore, highly contaminated sediments, such as the 

one from Petroleum Harbour, generally show small (slow + very slow) fractions, 

because the slow and very slow sediment compartments are saturated. Therefore the 

effects of slow desorption are expected to be the least pronounced for the sediments 

with the highest contamination levels. 

At the moment, uptake is assumed to occur through the aqueous phase. However, it 

is possible that this assumption is invalidated. This is when benthic organisms are able 

to take up contaminations by direct ingestion of contaminated sediments. In that 

case, they may be able to take up slow and very slow fractions because the whole 
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sediment structure is disrupted by digestive processes, so that also the slow and very 

slow fractions become available for uptake. If the process of sediment digestion and 

uptake of slow fractions is significant under the pertinent site conditions, the potential 

reduction factors in Table 1 would become lower, reducing the potential effect of 

slow desorption on MPCs. Research is necessary to evaluate the effects of digestion 

on the possibility to take up slow and very slow contaminant fractions. 

Within the constraint of the assumption that all uptake occurs through the water, and 

thus in accordance with current practice, risk evaluation can in some cases be 

improved by using the correction according to equation (2). 

2. Leaching to groundwater 

The estimation of contaminant groundwater fluxes is important to assess the leaching 

of chemicals from contaminated sediments into the groundwater and surface water, 

as well as the proliferation risks of chemicals in contaminated sediments deposited in 

landfills. It is also important for the decision on isolation measures required for a 

contaminated sediment landfill. The estimation of porewater and groundwater 

contents is usually carried out by the application of equilibrium partitioning theory, 

and therefore the discussion on leaching to groundwater is largely along the same 

lines as the discussion on standards and risk assessment in section 1 of this chapter. 

As stated in section 1, porewater contents are determined by the rapidly desorbing 

fractions, and not by slow and very slow ones (chapter 11 of this thesis). Therefore, 

the potential reduction factors in porewater concentrations due to slow desorption 

(Table 1 in section 1 of the present chapter) could be applicable. These reduction 

factors are highly variable, generally ranging from 2 to 10; in some cases they are as 

low as 1.04 or as high as 20-50. For the incorporation of slow desorption effects in 

the estimation of fluxes, the used sediment-water partition coefficients (equilibrium 

partitioning) could be multiplied by this factor (i.e. divided by the rapidly desorbing 

fraction, FrapkJ): 

K d = KoCMP (3) 
OL „corrected j-i 

rapid 

where KOCcorrectK) is the Koc corrected for slow desorption, and Koc EqP is the K^ 

measured by short-term "equilibrium" partitioning. 
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Alternatively, porewater concentrations could be measured and Kjnsitu values used in 

the modeling instead of short-term laboratory Koc values. The freely dissolved 

porewater contents can be different from the total porewater content, however, 

because of the presence of chemical bound to colloidal and dissolved organic matter. 

Before anything can be said on the influence of slow desorption rates on contaminant 

fluxes, it must be realized why large (slow + very slow) fractions result in lower 

porewater concentrations. The low porewater contents (and elevated Kj"Mu values) 

observed when (slow + very slow) fractions are large, can be due to two reasons 

(chapter 13). First, it may be that exchange between water and the slow/very slow 

sediment compartments is such a slow process that hardly any release to the water 

from these compartments takes place. However, this is not very likely because rate 

constants of slow and very slow desorption (around 103 h"1 and 105-10"4 h"\ 

respectively; half-lives several weeks and several months/years, respectively) are still 

so large that release would still occur in field situations where time scales far longer 

than weeks are encountered. Second, the elevated Kx
msitu values in case of large slow 

fractions could be due to a difference in sorption process between rapid and 

slow/very slow fractions, slow sorption being stronger than rapid sorption and thus 

resulting in lower porewater concentrations. The distinction between the two 

reasonings is important because in the first one (kinetically limited exchange), 

groundwater flow rates and slow desorption rates would influence the release of the 

chemicals from sediment to porewater. Then the extent to which slow desorption 

influences contaminant leaching through the groundwater also depends on slow 

desorption rates. In the second reasoning (stronger sorption), however, it would not. 

Because we think that the second reasoning is more likely (because in most cases 

sediment-groundwater contact times are longer than times required for significant 

slow desorption, as explained above), it is not expected that the rates of groundwater 

flow and slow desorption are important for the effect of slow desorption on 

groundwater contaminant fluxes. Instead, it is mostly the distribution among rapid 

and slow/very slow (i.e. Frapkj) which is important (eq. 3). 

In Table 1, the magnitude of the potential reduction factors in contaminant 

concentrations in porewater (relative to equilibrium partitioning) are given for the 

field-contaminated sediments studied in the present project. These factors are in the 

range of 3-10 for most sediments (as high as 50 in some cases). Therefore it could be 

important in some cases to incorporate slow desorption in models to assess 

groundwater fluxes. The contaminant fluxes may be smaller than expected on the 

basis of equilibrium partitioning, by the mentioned reduction factors of generally 3-
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10. This could have implications, e.g. for the proliferation risks of a chemical from a 

contaminated site, or for the isolation measures required for a landfill. 

For the assessment of the potential reduction factor in porewater concentrations for a 

certain case, it is necessary to measure rapidly and (slowly + very slowly) desorbing 

fractions. For an easy estimation of these fractions, a short one-point Tenax extraction 

as described in section 1 can be carried out (shaking 0.5 g of sediment with 1 g of 

Tenax for 24 h, followed by analysis of the amount released from the sediment and 

scavenged by the Tenax). 

On the other hand, prognoses on contaminant fluxes are usually carried out over very 

long time scales, up to 10,000 years. It then has to be noted that the slow and very 

slow fractions are not necessarily constant over such a long time period. In addition, 

the sediment properties in the deeper layers where contaminants are transported may 

differ from those where the contaminants have become sorbed. Therefore the slow 

fraction measured at the location where a contaminant is currently sorbed may not be 

representative of the whole route that a contaminant will cover. 

3. Bioremediation 

During bioremediation, it is often observed that a fraction of the intrinsically 

degradable present hydrophobic organic chemicals (HOCs) is not degraded within 

reasonable time spans. These residual fractions are due to limited bioavailability of the 

slowly and very slowly desorbing HOCs, as shown in chapter 12 of this thesis. The 

extent of degradability is highly variable among soils and sediments, so it is 

worthwhile to have a method to assess cleanup possibilities before carrying out a long 

and expensive bioremediation. A strong variation among soils and sediments is also 

observed for slowly and very slowly desorbing fractions (Table 1 in section 1 of this 

chapter). 

In chapter 12, it has been shown that the extent of possible bioremediation can be 

estimated from the rapidly desorbing fractions (because the latter fractions are the 

ones that can be degraded by the microorganisms), provided that the compound in 

question is degradable by the microorganisms present. Therefore the following 

recommendation is only applicable in the case of contaminations that can be 

degraded by the microorganisms present. 

An easy and quick determination of the rapid and (slow + very slow) fractions in a 

sediment can be obtained in - 24 h, by the one-point Tenax extraction as described in 

section 1 of this chapter. 
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For degradation of the residual fractions on the long term, the slow desorption rate 

constants are probably important, provided that aqueous contaminant levels do not 

become insufficient for the maintenance of bacterial processes of the degrading 

microorganisms during the slow degradation phase (i.e. they fall below threshold 

values for bacterial processes). This could occur after the depletion of the rapidly 

desorbing fractions, when aqueous contaminant levels fall to very low levels because 

of the stronger sorption of the slow and very slow fractions relative to the rapid ones 

(chapter 11 and section 2 of this chapter). Even if the microorganisms do not suffer 

from below-threshold concentrations, it cannot be said from the present research 

(chapter 12) how rates of slow desorption can be "translated" into rates of biological 

degradation on the long term. 

The reasons for limited microbial degradation and for porewater concentrations below 

equilibrium values are thus probably the same: slow desorption. Therefore, the 

residual HOCs still present after bioremediation are probably the ones that do not 

contribute to porewater concentrations (i.e. they are in the slow + very slow 

fractions). Therefore, rapidly desorbing fractions will be very low for those residues, so 
MPCs«i,cofr«ted after bioremediation will be significantly higher than before (equation 2 

in section 1). In other words: the residues observed in biological degradation can 

hardly be taken up by organisms, since HOC fractions not bioavailable to 

microorganisms are probably not bioavailable to other organisms either. This 

reasoning holds under the conditions that i) benthic organisms cannot disrupt the 

whole sediment microstructure or take up and digest sediment, leading to the 

availability of slowly and very slowly desorbing contaminants for themselves or for 

other organisms, and ii) a "new" rapid fraction is not formed after bioremediation has 

been finished. 
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Summary 

The desorption of hydrophobic organic compounds (HOCs) from sediments is slow 

for a part of the sorbed components: kinetically different fractions of sorbed chemical 

can be observed. In the present research, the mechanism of this slow desorption has 

been investigated, as well as the implications of this process for HOC concentrations 

in the porewater, and the biological degradation of these compounds. The 

mechanistic approach was as follows: first the phenomenology of the kinetically 

different fractions was investigated; second, it was tried to identify the sediment 

constituent responsible for slow desorption, and after that it was endeavored to find 

physicochemical differences between the kinetic fractions. The main starting 

hypotheses on the mechanism of slow desorption were i) retarded diffusion, or ii) 

strong sorption at "high-energy" sites in the organic matter. Also, a combination of 

these mechanisms could be possible. 

PariJ 

In part I of this research (chapters 2,3,4,5) the kinetic fractions were characterized. In 

chapter 2, the developed method to measure desorption kinetics was described. This 

method is shaking a sediment suspension with Tenax beads in a separation funnel; 

the Tenax serves as an infinite sink for desorbed HOC, and the use of separation 

funnels allows an easy and complete separation of sediment suspension and Tenax. 

After this separation the experiment can be continued with the same suspension by 

adding fresh Tenax to it. It was found that slowly desorbing fractions increase with 

increasing solute hydrophobicity for lab-contaminated sediments; generally, they 

increase by a factor of 2 between 2 and 34 days of adsorption (chapter 2), whereas 

they do not significantly increase between 14 and 63 days of adsorption (chapter 6). 

In chapter 3, the temperature dependence of sorption coefficients and of desorption 

rates was reviewed. It was shown that sorption coefficients hardly vary with 

increasing temperature (sorption enthalpies averaged -0.25 kJ/mol for HOCs showing 

hydrophobic interactions). Slow desorption rate constants (66 kJ/mol) and polymer 

diffusion coefficients (~ 60 kJ/mol) strongly increased with temperature. In chapter 4 

slow desorption was studied in experiments at three different temperatures, and at 

room temperature on the very long term. These experiments revealed that triphasic 

desorption occurred: three kinetically different fractions could be distinguished, a 

rapid one (rate constants of desorption, k, around 10'1 h 1), a slow one (k around 103 

h 1),and a very slow one (k= 10 5-104 h 1). For a field-contaminated sediment, all 

these fractions ranged from 20-50% of the total amount of sorbed chemical. 

Triphasic desorption was observed for seven other lab-contaminated soils and 
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sediments (chapter 6). Slow desorption was strongly temperature-dependent 

(activation enthalpies of slow desorption were 60-100 kJ/mol, chapters 4 and 6). 

Because slow desorption is much faster at elevated temperatures, high-temperature 

desorption can yield insight in long-term desorption behavior of contaminated 

sediments. In chapter 5, a fluor-NMR study was carried out for sediment with rapidly 

and slowly desorbing hexafluorobenzene, respectively. Different NMR signals (with 

respect to chemical shift and peakwidth) were obtained for the rapid (43.5 ppm) and 

slow (3.4 ppm) fractions, respectively, indicating that there may be physicochemical 

differences in surrounding structures between rapidly and slowly sorbed 

contaminants. The very slow fraction could not be observed due to detection 

problems. The lines observed for both the rapid and the slow fractions were 

reasonably sharp (less than 1000 Hz on a 300 MHz NMR spectrometer, which is less 

than 3 ppm). This indicates that both the rapid and the slow fractions are sorbed in a 

homogeneous way in the sediment studied. 

Part II 

In part II (chapters 6 and 7), it was investigated which sediment characteristics 

influenced desorption kinetics, and which sediment constituent was responsible for 

the slow desorption process. Rate constants of slow and very slow desorption proved 

to be reasonably constant (within a factor of 5) among various solutes (factor of 1000 

variation in Kow) and among various soils and sediments (organic carbon, OC, ranging 

from 0.5-50%, OC aromatic content 7-37%). Moderate or poor correlations (r2 

below 0.7) could be found between macroscopic organic matter (OM) characteristics 

(OC, N, O, C/(N+0), aromaticity) and slow desorption parameters (k-values and 

fractions of slow and very slow desorption). In addition, differential scanning 

calorimetry measurements revealed no glass transition for the soils and sediments in 

the 0-100°C temperature range. In chapter 7, slow desorption kinetics were studied 

for a sediment before and after removal of its organic matter, as well as for a number 

of model materials representative of one specific sediment constituent. These model 

materials included microporous ones mimicking the sediment pore system (the clay 

mineral montmorillonite and a zeolite), a hydrophobic microporous one mimicking 

pores in the OM (the porous resin XAD-8), and polymeric ones mimicking the 

sediment OM (rubbery polyacetal and glassy polystyrene). All these model materials 

showed slow desorption phenomena. The slowly desorbing fractions and 

sediment/water distribution ratios for the sediment decreased upon removal of its 

organic matter (factor of 3-8), whereas its slow desorption rate constants increased 
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(factor 1.4-4). In addition, distribution ratios for montmorillonite and zeolite were 10-

100 times lower than for sediment with OM. This all indicates that slow sorption 

processes probably occur in the OM, for sediments with OM contents above 0.1 -

0.5%. Still slight extents of slow and even very slow desorption could be observed for 

zeolite and montmorillonite, indicating that processes in mineral micropores can cause 

a certain degree of slow desorption. Activation enthalpies of slow desorption were 

50-70 kJ/mol for the microporous sorbents and 90-100 kJ/mol for the sediments, so 

on the basis of this parameter no distinction between the importance of micropore 

processes and OM processes could be made for the sediments (activation enthalpies 

60-100 kJ/mol). 

Part III 

In part III, it was tried to distinguish between retarded diffusion and site-sorption as 

the mechanism of slow desorption. In chapters 8 and 9, it is shown that the rapidly 

desorbing fraction shows linear sorption behavior, whereas the slow and very slow 

fractions show nonlinear Langmuir-type behavior. The latter behavior is in accordance 

with a mechanism of sorption at a limited number of sites. It also shows that there are 

probably physicochemical differences between rapidly and slowly/very slowly 

desorbing fractions. Slow and very slow sorption capacities were -10 and ~1 

mmol/kg OC, respectively, and decreased with increasing molecular volume of the 

compound. Langmuir sorption affinities for the slow and very slow compartments 

were 1 -41 and 32-300 L/mmol, respectively, increasing with increasing solute 

hydrophobicity. Also, competition effects were observed for slow and very slow 

desorption. Excess lab-added TCB decreased the slowly desorbing amounts of aged in 

situ PCBs and chlorobenzenes (factor of 1.2-2.7). The presence of large quantities of 

in situ oil and PAHs strongly inhibited the formation of slowly desorbing amounts of 

lab-added pentachlorobenzene, PCB-30 and PCB-65 (factor of 9-14). This means that 

(i) freshly sorbed and aged contaminants influence each other's desorption behavior, 

and (ii) PAH, oil, PCBs and chlorobenzenes occupy the same slow sorption sites in 

sediment. The occurrence of i) Langmuir-type sorption behavior and ii) competition 

effects in slow desorption are in accordance with a site-sorption mechanism. 

In chapter 10, the desorption kinetics of in situ PAHs have been investigated for 

various sediment particle size fractions. Generally, the (slow + very slow) fractions and 

the slow desorption rate constants showed no or only a weak relation with particle 

size, not even for a sediment with about 50% OM where potential diffusional 

distances probably increase with increasing particle size. This indicates that whole-
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particle size is not a determinant for slow desorption, and that diffusion on the whole-

grain scale is probably not the process responsible for slow desorption. 

Because of the evidence in chapters 6,7,8,9 and 10, we suggest that the main rate-

limitation in slow desorption is the release of HOC molecules from sites in the OM 

where they have become entrapped. Such an entrapment could be energetically 

favorable because of Van der Waals interactions between the sorbed HOC and the 

hydrophobic OM surrounding it. An alternative explanation is that the slowly 

desorbing molecules are sorbed at entrapment sites, but that the actual rate limitation 

in their desorption is retarded diffusion to the exterior of the organic matter, or the 

exterior of the more rigid organic matter parts. On the basis of the results described in 

this thesis, a distinction between these mechanisms cannot be made. 

PartIV 

In part IV (chapters 11, 12) two consequences of slow sorption and desorption are 

studied. In chapter 11, the effects on porewater contents of in situ contaminations 

have been studied. The studied compounds were dichlorobenzenes and 

hexachlorobenzene; porewater contents (and thus in situ sediment-porewater 

distribution ratios) as well as desorption kinetics were measured. It was shown that 

the in situ sediment-water distribution ratios were significantly higher that literature 

distribution ratios determined in short-term laboratory studies where most chemical is 

rapidly sorbed. For the studied in situ contaminations, (slow + very slow) fractions 

were significant (36-98%). The sediment-water distribution ratios for the rapid 

fractions (the in situ values multiplied by the rapidly desorbing fractions) were not 

significantly different from short-term literature ones. This showed that the slow and 

very slow fractions are not determinants of porewater concentrations. Therefore, high 

(slow + very slow) fractions can result in low porewater contents, and possibly a 

reduction in risks caused by sediment HOC contaminations. 

In chapter 12, desorption kinetics were studied before and after bioremediation of 15 

PAHs in 3 sediments. It was found that the rapidly desorbing PAH fractions were 

strongly reduced for the significantly degraded compounds, whereas the (slow + very 

slow) amounts remained unchanged. This means that it is the rapidly desorbing 

fraction which is readily degraded during bioremediation. The slow and very slow 

fractions cause residual fractions that resist biological degradation; they are not 

biologically available. For the compounds that were not significantly degraded at all, 

still significant rapid fractions were observed (up to 55%). This indicates that the 

persistence of these compounds is due to microbial factors, not bioavailability. 
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Discussion on regulatory issues 

In chapter 14, the potential implications of the present research with respect to 

contaminated sediment regulation are described. Due to the presence of slow and 

very slow fractions, porewater concentrations may be smaller than expected on the 

basis of equilibrium partitioning. The (slow + very slow) fractions do not contribute to 

the aqueous concentrations (chapter 11). Most of the (slow + very slow) fractions for 

the field-contaminated sediments studied in the present research are in the range of 

70-90% (in rare cases as low as 10% or as high as 98%). Therefore, for most 

sediments studied in this project, slow desorption probably reduces the HOC 

concentrations in porewater by a factor of 3-10 (in rare cases this factor is as low as 

1.1 or as high as 50) compared to equilibrium porewater concentrations. Therefore 

uptake could be a factor of 3-10 (averagely) smaller than expected on the basis of 

equilibrium partitioning. In the determination of sediment quality objectives, 

equilibrium partitioning is assumed. So, the process of slow desorption could be a 

factor to be considered in setting sediment quality criteria. On the other hand, the 

potential reduction factor in porewater content (- 3-10) due to slow desorption is 

relatively low compared to the extrapolation factors of 10-1000 that are sometimes 

necessary to derive safe quality objectives from toxicity data. 

Slow desorption can also influence the contaminant fluxes from contaminated sites or 

sediment landfills. As stated above, due to slow desorption, porewater and 

groundwater contaminant concentrations could be reduced by a factor of 3-10 (in 

rare cases 1.1 -50) relative to those expected on the basis of equilibrium partitioning. 

For microbiologically degradable compounds, it was found that the rapidly desorbing 

fraction was a (rough) predictor of the extent of bioremediation that can be achieved 

within short times (a few weeks under ideal conditions in a bioreactor). This is 

important information when the decision must be taken whether or not to remediate 

a contaminated sediment. 

So, for all three above described possible consequences of slow desorption (quality 

objectives, contaminant leaching, and bioremediation) it is important to estimate the 

slow + very slow fractions. A quick and reasonably accurate estimation can probably 

be obtained by shaking the sediments with Tenax for 24 h: the amount desorbed 

represents the rapid fraction; the amount remaining in the sediment represents the 

slow + very slow fraction. 

266 



Uitgebreide Nederlandse samenvatting (ook voor 

minder deskundigen) 

In deze samenvatting is gekozen voor een wat minder wetenschappelijke benadering. 

Voor de wetenschappelijke versie wordt verwezen naar de Engelstalige discussie en 

samenvatting. Aan het eind is een woordenlijst opgenomen waarin een deel van de 

veel voorkomende milieuchemische terminologie wordt uitgelegd. 

H}0 1998, aflevering 21, blz. 26-29 (gedeeltelijk). 



Nederlandstalige samenvatting 

Inhoud 

1. Het verschijnsel trage desorptie: achtergrond, doel 

en globale onderzoeksaanpak 269 

2. Meten van trage desorptie 271 

3. Relevantie van trage desorptie 272 

3.1 Concentraties in het water 273 

3.2 Implicaties voor waterbodembeleid 274 

3.3 Afbraak door micro-organismen 275 

4. De oorzaak van trage desorptie 276 

4.1 Opbouw van een sedimentdeeltje 276 

4.2 Mogelijke mechanismen van trage desorptie 277 

4.3 Trage desorptie vindt vooral plaats in het organische deel 278 

4.4 Drie-fasen desorptie 279 

4.5 Verschillende bodems en sedimenten 281 

4.6 Trage en snelle fracties bevinden zich in verschillende omgevingen 281 

4.7 Capaciteit van de trage en zeer trage sedimentcompartimenten 282 

4.8 Competitie-effecten bij trage desorptie 284 

5. Conclusie 286 

268 



Nederlandstalige samenvatting 

1. Het verschijnsel trage desorptie: achtergrond, doel en globale 

onderzoeksaanpak 

De stoffen die in dit onderzoek beschouwd zijn vallen in de categorie "Hydrofobe 

organische stoffen": hydrofoob (letterlijk watervrezend) wil zeggen dat ze zich liever 

niet in water bevinden. Daardoor vertonen hydrofobe stoffen (zoals Polycyclische 

Aromatische Koolwaterstoffen (PAKs), Polychloorbifenylen (PCBs), chloorbenzenen, 

sommige bestrijdingsmiddelen en olie) een sterke neiging zich op te hopen in de 

waterbodem, het sediment. Vooral in de jaren '60, '70 en '80 zijn veel van deze 

vervuilende, vaak giftige stoffen in de Nederlandse waterbodem terechtgekomen. 

Doordat minder van deze stoffen in het milieu terecht komen, is het water boven het 

sediment tegenwoordig een stuk schoner dan enkele decennia terug; de 

verontreinigingen in de waterbodem zijn echter nog grotendeels aanwezig. Het is 

belangrijk om te weten of deze stoffen nog uit de waterbodem vrij kunnen komen, en 

zo ja, hoe snel en in welke mate. 

In de jaren '90 bleek dat voor veel soorten sediment een aanzienlijk deel van de 

aanwezige verontreinigingen slechts traag wordt afgegeven aan water ("traag wordt 

gedesorbeerd", zoals het in het vervolg van dit stuk genoemd zal worden), en dat dit 

sterker het geval is naarmate de verontreiniging langer aanwezig is. In het algemeen 

ligt het deel van de verontreiniging dat traag desorbeert op ongeveer 10-40% van de 

totale aanwezige hoeveelheid voor verontreinigingen die kort met de sedimenten in 

contact zijn geweest (weken, zoals op het lab); het traag desorberende deel kan 

oplopen tot 50-99% voor sedimenten die al tientallen jaren geleden verontreinigd 

zijn. Hieruit blijkt dat er een grote variatie kan bestaan in de mate van trage desorptie. 

Een karakteristiek desorptieprofiel voor twee verontreinigde sedimenten is in figuur 1 

weergegeven. Desorptiecurves blijken goed beschreven te kunnen worden door een 

model met twee sedimentcompartimenten: in het ene compartiment bevindt zich een 

snel desorberend deel van de verontreiniging (het steile deel in figuur 1) terwijl in het 

andere zich een traag desorberend deel bevindt (het vlakkere deel na 20-40 uur). De 

getrokken lijnen zijn berekend met het tweecompartimentenmodel. Dit model 

beschrijft de meetpunten goed, omdat er een duidelijk onderscheid is tussen snel en 

traag desorberende gedeelten van de verontreiniging (snelle en trage fracties, zoals ze 

in het vervolg van dit stuk genoemd zullen worden). Een belangrijk aspect in de 

aanpak van dit onderzoek was de betekenis van deze verschillende fracties: zitten 
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deze in verschillende structuren, dus: zijn "snel" en "traag" echt verschillend, en zo 

ja, in welk opzicht? 

Figuur 1: Desorptiecurves voor de PAK fluoranteen uit twee vervuilde waterbodems. 
Onderste curve (vierkanten): Ongeveer 10% van de fluoranteen komt in de eerste 
uren vrij (voor de knik); dit is het snel desorberende deel. Het traag desorberende deel 
(de trage fractie) is dus rond 90%. Bovenste curve (driehoeken): Ongeveer 70% komt 
vrij in de eerste uren: trage fractie rond 30%. Uit deze figuur is op te maken dat 
grootte van de trage fracties aanzienlijk kan variëren tussen verschillende sedimenten. 

desorptie (%) 
80 

0 100 200 300 

tijd (uur) 

Desorptie-experimenten laten zien dat snelheden van trage desorptie in de orde van 

0.1 % per uur liggen. Dit betekent dat in een maand de helft van de traag 

desorberende hoeveelheid stof uit het sediment verdwenen is. Dat lijkt wel snel, maar 

komt vooral doordat bij de metingen het water volledig vrij van verontreinigingen 

wordt gehouden (zie onder "Meten van trage desorptie"). In de natuur gebeurt dit 

niet, maar in de experimenten is dit nodig om de processen binnenin de 

sedimentdeeltjes goed te kunnen bestuderen. De processen die zorgen voor trage 

desorptie spelen zich namelijk binnenin de individuele sedimentdeeltjes af. Omdat in 

de experimentele opzet het water "leeggehouden" wordt, wordt het desorptieproces 

aanzienlijk versneld. Zo kunnen relatief korte desorptiemetingen inzicht geven in 

langdurige processen. 

Het is van belang om te weten waarom de desorptie van "oude" vervuilingen zo 

traag verloopt. Immers, als het mechanisme van dit proces bekend is, zou wellicht aan 

de hand van eenvoudig te bepalen eigenschappen van het sediment en van de 
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verontreinigingen ingeschat kunnen worden in hoeverre een verontreiniging nog 

afgegeven kan worden aan het water. Het ontrafelen van het mechanisme van trage 

sorptie en desorptie is het centrale thema van dit proefschrift (zie onder "De oorzaak 

van trage desorptie"). 

2. Meten van trage desorptie 

Om desorptie te meten is in dit onderzoek de "Tenax-scheitrechter-methode" 

ontwikkeld. Tijdens een desorptie-experiment wordt Tenax, een poederachtige witte 

stof die drijft op water, bij een met water verdund sediment gevoegd. Het geheel 

wordt geschud in een scheitrechter. Het principe van de methode is dat de Tenax de 

uit het sediment vrijgekomen verontreinigende stoffen snel en volledig bindt. 

Hierdoor wordt de snelheid van desorptie volledig bepaald door het vrijkomen van de 

verontreiniging uit het sedimentdeeltje, en niet door transport door het water. Op 

deze manier kunnen de processen binnenin het sedimentdeeltje en de mate van trage 

desorptie worden bestudeerd. 

Praktisch werkt de methode als volgt (zie ook figuur 2): 

• Het vervuilde sediment wordt met water en Tenax geschud in scheitrechters. 

• We laten het sediment en het water door het kraantje van de scheitrechter lopen. 

De Tenax met de vrijgekomen vervuiling (= gecontamineerde Tenax) blijft achter 

omdat Tenax drijft op water en aan de wand van de scheitrechter blijft hangen. 

• Nieuwe Tenax wordt toegevoegd aan het sediment + water, en de handelingen 1 

en 2 worden herhaald, enz. 

• De "oude" Tenax (met de vrijgekomen verontreiniging) wordt geschud met 

hexaan. Hierbij komt alle verontreiniging in de hexaan terecht. De hoeveelheid 

verontreiniging in de hexaan kan vervolgens bepaald worden. 
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Figuur 2: Schematische weergave van de "Tenax-scheitrechter" desorptiemethode. 
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3. Relevantie van trage desorptie 

Het optreden van het beschreven proces van trage desorptie kan allerlei effecten 

hebben, zowel in positieve als in negatieve zin. Positief: traag desorberende fracties 

kunnen niet of nauwelijks in het water terechtkomen dat zich in en boven het 

sediment bevindt (grond- en oppervlaktewater, dit wordt beschreven in hoofdstuk 

11). Daardoor is niet alle in het sediment aanwezige verontreiniging in evenwicht met 

het omringende water. Dit betekent dat concentraties verontreiniging in 

oppervlaktewater en grondwater lager kunnen zijn dan verwacht op grond van een 

evenwichtsverdeling tussen sediment en water. Een positief effect van trage desorptie 

is dat een deel van de stof dus niet vanuit het sediment in het water terechtkomt. Dit 

betekent ook dat deze stof niet opgenomen wordt door in water en sediment levende 

organismen. Dit geldt in ieder geval voor vissen omdat bekend is dat de meeste vissen 

verontreinigingen alleen via het water opnemen, en niet direct uit het sediment. Voor 

organismen die het sediment gebruiken als voedingsbron, zoals wormen, ligt het 
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wellicht wat anders. Wanneer deze organismen het hele sediment opeten, gebeurt 

dat "met trage fractie en al", waardoor de traag vrijkomende fractie toch opgenomen 

kan worden. Dit is echter nog onduidelijk. De effecten van trage desorptie op 

concentraties verontreiniging in het water en op opname door organismen zijn 

bepalend voor de mate waarin trage sorptieprocessen invloed hebben op 

milieuhygiënische risico's van organische verontreinigingen in sedimenten. 

Een nadeel van trage desorptie komt naar boven bij biologische afbraak van 

verontreinigingen. Sommige van nature in sediment aanwezige bacteriën zijn in staat 

om organische stoffen (in de waterfase) af te breken ("biologische afbraak", of 

"biologische reiniging"). Als deze bacteriën het traag desorberende deel van een 

verontreiniging in het sediment niet kunnen opnemen (omdat deze op een plaats in 

het sediment zit die niet bereikbaar is voor bacteriën), zal dit deel dus ook niet door 

hen afgebroken kunnen worden. Bij biologische afbraak wordt inderdaad vaak 

waargenomen dat een deel van de stof niet of slechts heel langzaam afgebroken 

wordt. 

In dit onderzoek is ingegaan op twee van de bovengenoemde effecten van trage 

desorptie: concentraties in het water en opname door micro-organismen (bacteriën). 

3.1 Concentraties in het water (hoofdstuk 11) 

Ten aanzien van de concentraties verontreiniging in het water hebben we gevonden 

dat traag desorberende fracties niet bijdragen aan concentraties vervuiling in het 

water. Het bij dit onderzoek gebruikte sediment was afkomstig uit de haven van 

Delfzijl en de bestudeerde stoffen waren 1,3- en 1,4-dichloorbenzeen (1,3- en 1,4-

DCB) en hexachloorbenzeen (HCB). 

Gemeten zijn: i) trage fracties van de chloorbenzenen, ii) concentraties verontreiniging 

in het sediment, en iii) concentraties verontreiniging in het water tussen de 

sedimentdeeltjes (het poriewater). De hoeveelheden chloorbenzenen in het 

poriewater waren inderdaad lager dan verwacht op grond van een sediment-water 

evenwichtsverdeling. Dit betekent dat een deel van de in het sediment aanwezige 

chloorbenzenen niet in evenwicht is met het water. Het deel van de chloorbenzenen 

dat niet in evenwicht is met het poriewater komt overeen met de gemeten traag 

desorberende fractie. Dit betekent dat traag desorberende fracties niet in evenwicht 

zijn met het poriewater, en dus niet of nauwelijks bijdragen aan concentraties 
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vervuilende stof in het poriewater: traag desorberende fracties kunnen niet of 

nauwelijks in het water terechtkomen. Dit komt waarschijnlijk omdat ze sterker 

gebonden zijn in het sediment dan snel desorberende fracties. 

3.2 Implicaties voor waterbodembeleid (hoofdstuk 14) 

In hoofdstuk 14 zijn effecten van trage desorptie beschouwd op o.a. 

waterbodemnormen en het "lekken" van verontreinigingen uit vervuilde 

waterbodems of uit depots (verspreidingsrisico's). Uit de desorptiemetingen die in het 

kader van dit onderzoek gedaan zijn, blijkt dat voor de meeste verontreinigingen in 

waterbodems de trage fracties rond de 70-90% liggen. In een aantal gevallen kunnen 

ze echter ook variëren van 10-20% tot 95-98%. Een overzicht van de meetwaarden 

voor verschillende Nederlandse sedimenten staat in Tabel 1 op pagina 254. Een trage 

fractie van 70-90% betekent dat concentraties verontreinigingen in het poriewater 

voor de meeste van de onderzochte sedimenten 3-10 maal lager zijn dan verwacht op 

grond van een evenwichtsverdeling tussen sediment en water. Bij de huidige 

normstelling wordt uitgegaan van een evenwichtsverdeling en wordt bovendien 

aangenomen dat organismen de verontreinigingen alleen via het water op kunnen 

nemen. Dit betekent dat, door trage desorptie, risico's 3-10 maal lager kunnen zijn 

dan verwacht. Door vermenigvuldiging met allerlei veiligheidsfactoren van soms 10-

1000, kleven in veel gevallen echter grote onzekerheden aan de normen. Hierbij valt 

het effect van trage desorptie in het niet. Het beschouwen van trage desorptie wordt 

dan ook alleen nuttig geacht bij het verfijnen van een inschatting van risico's van een 

bepaald sediment, bijvoorbeeld bij het nader onderzoek van een vervuilde locatie. Het 

is dan nuttig om een snelle indicatie van de verhouding tussen snel en traag 

desorberend te verkrijgen. Zo'n indicatie kan worden verkregen door sediment 

gedurende ca. 24 uur te schudden met Tenax en vervolgens te meten hoeveel stof er 

op de Tenax terecht is gekomen (dit is een indicatie van de snel desorberende fractie). 

Voor het lekken van verontreinigingen vanuit waterbodems en depots kan ruwweg 

dezelfde redenatie worden gevolgd: door trage desorptie zullen concentraties 

verontreiniging in porie- en grondwater in het algemeen 3-10 maal lager zijn dan 

verwacht op grond van een sediment-water evenwichtsverdeling. Dit betekent dat 

het in sommige gevallen raadzaam kan zijn om trage desorptie mee te nemen in het 

inschatten van verspreidingsrisico's. Met bovenbeschreven methode (24 uur 

desorberen met Tenax) kan dan wederom een inschatting worden gemaakt van de 

verhouding snel/traag in het bestudeerde sediment. Helaas geeft dat nog geen 

informatie over de sorptie-eigenschappen van het grondwatervoerend pakket. Als er 
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grote trage fracties aanwezig zijn, kan bij de isolatie van depots voor met organische 

stoffen vervuilde baggerspecie eventueel volstaan worden met relatief eenvoudige 

isolatie-maatregelen. 

3.3 Afbraak door micro-organismen (hoofdstuk 12) 

Ten aanzien van afbraak door micro-organismen (bacteriën) hebben we gevonden dat 

de trage fractie niet afgebroken kan worden in grootschalige biologische reinigingen, 

alleen de snel desorberende fractie is in redelijke tijd af te breken. Dit is voor een 

drietal sedimenten vastgesteld door meting van snel en traag desorberende fracties 

van PAKs voor en na biologische reiniging. 

De snel desorberende hoeveelheden PAK nemen sterk af tijdens de reiniging, terwijl 

de traag desorberende hoeveelheden onveranderd blijven. Dit betekent dat een stof 

in sediment aan twee voorwaarden moet voldoen, voordat deze afgebroken kan 

worden: hij moet snel desorberend zijn, en hij moet überhaupt afbreekbaar zijn door 

de aanwezige micro-organismen. Omdat alleen de snel desorberende fractie 

afgebroken wordt, kan de afbreekbaarheid ingeschat worden door meting van de snel 

desorberende fracties. Dit meten kan met de reeds beschreven Tenax-

scheitrechtermethode. Op deze manier is het mogelijk om door desorptiemetingen op 

voorhand al in te schatten of een biologische reiniging van een bepaald sediment 

zinvol is of niet. Als bijvoorbeeld de traag desorberende fractie van een bepaalde stof 

(die dus niet beschikbaar is voor afbraak door micro-organismen) 90% van de totale 

hoeveelheid aanwezige stof bedraagt, zal reiniging niet zinvol zijn omdat maar 10% 

afgebroken kan worden. In figuur 3 is het gevonden verband tussen snel 

desorberende fracties en percentages afbraak geschetst. Rekening houdend met een 

meetonnauwkeurigheid van ten minste 20% in de gemeten PAK-concentraties in het 

sediment, stellen we dat je een redelijke inschatting van reinigbaarheid kan maken uit 

de snel desorberende fracties. 
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Figuur 3: Verband tussen snel desorberende fracties en biologisch afbreekbare fracties 
van microbiologisch afbreekbare stoffen. Elk punt stelt een PAK in een sediment voor. 
De verschillende symbolen (ruiten, vierkanten, driehoeken) dienen om onderscheid te 
maken tussen drie verschillende bestudeerde sedimenten (die ook afzonderlijk 
gereinigd zijn). 
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4. De oorzaak van trage desorptie 

Voor dit onderzoek was duidelijk dat het proces dat ten grondslag ligt aan trage 

desorptie, zich af moet spelen in de individuele sedimentdeeltjes. Trage desorptie 

wordt namelijk ook waargenomen in verdunde geschudde sedimentsuspensies, 

waarin transport door het water snel is (door het schudden) en waarin het sediment 

verdeeld is in individuele korreltjes. Deze korreltjes zijn in het algemeen 0.01 tot 1 

millimeter groot. 

4.1 Opbouw van een sedimentdeeltje 

Sedimentdeeltjes zijn opgebouwd uit verschillende gedeelten, waarvan de 

belangrijkste het organische (humus-)deel en het minerale deel zijn. Het organische 

deel heeft een structuur die lijkt op die van plantaardig materiaal, met veel koolstof, 

waterstof, stikstof en zuurstof; het minerale deel heeft een kristallijne structuur, vaak 

met poriën in allerlei maten (waaronder hele kleine). In veel Nederlandse sedimenten 

276 



Nederlandstalige samenvatting 

is de hoeveelheid organisch materiaal ongeveer 5-25%. In venige sedimenten kan het 

hoger zijn (tot meer dan 90%). 

4.2 Mogelijke mechanismen van trage desorptie 

Voor en tijdens dit onderzoek zijn er drie mogelijke mechanismen van trage desorptie 

die reëel worden geacht. Deze drie mechanismen zijn i) diffusie door nauwe poriën, ii) 

diffusie door het organisch materiaal, en iii) vastlegging van de verontreinigingen in 

microscopisch kleine holtes in het organisch materiaal. 

Diffusie is transport dat plaatsvindt door een verschil in concentratie. In het geval van 

trage desorptie uit vervuild sediment naar schoon water is er sprake van een 

concentratieverschil tussen sediment en water. Dit concentratieverschil veroorzaakt 

diffusief transport vanuit het sedimentdeeltje naar het water. Deze diffusie kan 

worden gehinderd, bijvoorbeeld in het geval van diffusie door een porie die 

nauwelijks groter is dan een molecuul van de verontreiniging. Zeker als het molecuul 

ook nog gebonden kan worden aan de wand van de porie (wanneer de wand van de 

porie "gecoat" is met organisch materiaal dat lijkt op het organische molecuul die 

door de porie diffundeert) zal het vertraging ondervinden. In het geval van trage 

diffusie door het organische materiaal wordt de diffusie vertraagd doordat het 

molecuul dwars door de organische humusstructuur heenmoet. Diffusie door een 

vaste stof is erg langzaam. Bovendien kunnen bij het transport door de 

humusstructuur ook gunstige interacties optreden tussen humus en verontreiniging, 

wat het transport extra vertraagt. 

Het derde mechanisme werkt iets anders. Waarschijnlijk zijn in het organisch materiaal 

kleine holtes (nauwelijks groter dan een molecuul organische verontreiniging) 

aanwezig waarin zo'n molecuul opgesloten kan raken. Door gunstige interacties 

tussen de wanden van de holte en het molecuul (waarbij energie vrijkomt) kan het 

heel moeilijk voor het molecuul zijn om weer uit zo'n holte te komen. Er is zelfs een 

hypothese dat de structuur van het organisch materiaal door de interacties een beetje 

verandert rondom het verstrikte molecuul, waardoor het nog steviger ingesloten 

raakt. 

De aanpak van dit mechanistische onderzoek is als volgt geweest: eerst is gekeken of 

trage desorptieprocessen optreden in het organische deel of in het minerale deel van 

het sediment, en vervolgens is geprobeerd om onderscheid te maken tussen een 

diffusie-mechanisme (oorzaak i en ii) en een mechanisme van verstrikking op 

bepaalde plaatsen (oorzaak iii). 
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4.3 Trage desorptie vindt vooral plaats in het organische deel (hoofdstuk 7) 

Om vast te stellen welk deel van het sediment het meest van belang is voor het trage 

vrijkomen van stoffen (het organische of het minerale deel), hebben we metingen 

gedaan aan de trage desorptie van de stof hexachloorbenzeen uit 

Oostvaardersplassensediment voor en na verwijdering van het organisch materiaal. In 

figuur 4 is het desorptiegedrag weergegeven voor en na verwijdering van het 

organisch materiaal. Het blijkt dat traag desorberende hoeveelheden veel kleiner 

Figuur 4: Desorptieprofiel van hexachloorbenzeen uit Oostvaardersplassensediment 
(bij 20°C) voor en na verwijdering van het organisch materiaal (voor de knik bij 25-50 
uur: snelle desorptie; na de knik: trage desorptie). 
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zijn in afwezigheid van het organisch materiaal, en snelheden van trage desorptie zijn 

dan groter. Dit laat zien dat de processen die ten grondslag liggen aan trage 

desorptie, zich waarschijnlijk vooral afspelen in het organisch materiaal van het 

sediment. Uit de resultaten van hoofdstuk 7 (waarin ook desorptie is gemeten vanuit 

allerlei materialen die model kunnen staan voor bepaalde delen van het sediment) kan 

geschat worden dat processen in het organisch materiaal ten grondslag liggen aan 

trage desorptie bij sedimenten met meer dan 0.1-0.5% organisch materiaal. 

Mechanisme i (trage diffusie door poriën) valt voor de meeste sedimenten dus af als 

mechanisme van trage desorptie. 
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4.4 Drie-fasen desorptie (hoofdstuk 4) 

Het lange-termijn desorptiegedrag van organische stoffen is onderzocht. Dit is op 

twee manieren gedaan: ten eerste is gedurende lange tijd gedesorbeerd bij 

kamertemperatuur (20°C; ongeveer 3 maanden). Ten tweede zijn experimenten van 2 

weken bij hogere temperatuur uitgevoerd (60°C). Deze experimenten kunnen ook 

inzicht geven in lange-termijn desorptie omdat desorptie bij 60°C ongeveer 30-100 

maal sneller gaat dan bij kamertemperatuur. Uit deze experimenten blijkt dat er 

minimaal drie verschillende fracties van een verontreinigingen in sediment zitten. 

Deze fracties desorberen met verschillende snelheden. 

De desorptiesnelheid van de snelle fractie is ongeveer 10% per uur, voor de trage 

fractie is dit ongeveer 0.1 % per uur, en voor een derde fractie, die eveneens 

aanwezig bleek en die ik de zeer trage fractie genoemd heb, is dit ongeveer 0.001 -

0.01 % per uur. Deze laatste fractie komt dus pas vrij in de loop van maanden/jaren, 

zelfs wanneer het water volledig vrij van verontreiniging gehouden wordt door de 

Tenax. In figuur 5 is het desorptiegedrag op de lange termijn bij 20°C geschetst. In 

deze figuur is de natuurlijke logaritme van de hoeveelheid die nog in het sediment zit 

uitgezet tegen de tijd. De natuurlijke logaritme is gebruikt omdat dan het onderscheid 

tussen de fracties duidelijker is dan wanneer er percentages uitgezet zouden zijn. Uit 

de aanwezigheid van twee "knikken" in de desorptiecurve blijkt dat er drie fracties 

zijn. Ook is het statistisch beter om de curve met drie fracties te beschrijven in plaats 

van twee. 

Nog duidelijker wordt het onderscheid tussen traag en zeer traag desorberende 

fracties uit de experimenten bij 60°C (figuur 6). In deze figuur is eerst bij 20°C 

gedesorbeerd gedurende 24 uur; in deze tijd is de snelle fractie verwijderd Uit de 

scherpe knik in het deel van de curve na 24 uur (het deel van de meting bij 60°C) 

blijkt zeer duidelijk dat er behalve de snel desorberende fractie nog minstens twee 

fracties zijn. Trage en zeer trage fracties gemeten bij 20°C en 60°C stemmen met 

elkaar overeen. 

In het vervolg van het onderzoek is gezocht of deze fracties (snel/traag/zeer traag) 

ook verschillen in chemisch opzicht, m.a.w. of ze zich in verschillende chemische 

omgevingen bevinden (4.6 en 4.7). Dit zou dan informatie moeten opleveren over het 

mechanisme van trage en zeer trage desorptie. 
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Figuur 5: Lange-termijn desorptie van tetrachloorbenzeen uit 
Oostvaardersplassensediment. Ln(S,/So) is de natuurlijke logaritme van het gedeelte 
van de verontreiniging dat nog in het sediment zit op een bepaald tijdstip t. 
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Figuur 6: Desorptieprofiel van tetrachloorbenzeen uit Oostvaardersplassensediment 
bij verschillende temperaturen. 
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4.5 Verschillende bodems en sedimenten (hoofdstuk 6 en 10) 

De desorptie van negen stoffen uit zeven sterk verschillende bodems en sedimenten is 

bestudeerd (hoofdstuk 6). Het percentage organisch materiaal varieerde bijvoorbeeld 

van minder dan 1 % tot bijna 100%. Voor al deze bodems en sedimenten werd een 

trage en een zeer trage fractie gevonden, wat impliceert dat trage en zeer trage 

desorptie voorkomen in alle bodems en sedimenten, en voor alle soorten organische 

verontreinigingen. Bovendien vertonen de snelheden van trage en zeer trage 

desorptie slechts een factor 5 of minder variatie, ondanks grote verschillen tussen de 

verontreinigingen en tussen de bodems/sedimenten. Het proberen te voorspellen van 

snelheden van desorptie lijkt dus geen grote noodzaak voor het beleid. Er zijn echter 

ook geen duidelijke relaties gevonden tussen sedimenteigenschappen en de mate van 

trage desorptie (dus de trage fracties). Dit betekent dat toch metingen nodig blijven 

om inzicht te krijgen in de mate van trage desorptie van een bepaald sediment. 

Aanbevolen wordt om dan een korte éénpunts-desorptiemeting te doen gedurende 

24 uur (zie paragraaf 3.2). 

In een andere studie (hoofdstuk 10) is gekeken naar de korrelgrootte-afhankelijkheid 

van trage desorptie. Het blijkt dat grote verschillen in korrelgrootte (meer dan een 

factor 10) niet leiden tot significante verschillen in desorptiesnelheid of in grootte van 

traag desorberende fracties. 

Deze resultaten zijn niet te verklaren met trage diffusie door het organisch materiaal 

(mechanisme ii). Op grond van dat mechanisme verwacht je namelijk dat i) 

desorptiesnelheden kleiner worden als de hoeveelheid organisch materiaal groter 

wordt, want dan wordt de door diffusie af te leggen afstand langer en duurt het 

diffusieproces dus langer, en ii) dat desorptiesnelheden kleiner worden als de 

korrelgrootte van een organisch materiaal-rijk sediment toeneemt, omdat dan ook de 

diffusieweg langer wordt. De observaties in hoofdstuk 6 en 10 zijn in tegenspraak 

met deze veronderstellingen. 

4.6 Trage en snelle fracties bevinden zich in verschillende omgevingen (hoofdstuk 5) 

In deze studie zijn fluor-NMR metingen uitgevoerd om informatie te verkrijgen over 

de chemische "omgeving" waarin een gesorbeerd molecuul zich bevindt. Door te 

meten bij welke golflengte resonantie plaatsvindt, kan iets gezegd worden over de 

omgeving waarin een atoom of molecuul zich bevindt. In hoofdstuk 5 worden 

experimenten beschreven waarin een fluorhoudende organische verbinding, 
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hexafluorbenzeen, wordt gesorbeerd in sediment, en vervolgens gemeten met fluor-

NMR. Het gebruik van fluor is aantrekkelijk omdat fluor een groot NMR-signaal geeft 

en niet of nauwelijks in sediment zit. In de NMR studie is gekeken naar i) sediment 

met vrijwel uitsluitend snel desorberend hexafluorbenzeen, en ii) sediment waaruit de 

snelle fractie hexafluorbenzeen is gedesorbeerd en waarin dus alleen traag 

desorberend hexafluorbenzeen zit. Ook zit hierin nog de zeer trage fractie, maar deze 

is zo klein dat hij niet zichtbaar is in het NMR-spectrum. De belangrijkste observatie 

uit deze NMR studie is dat snel en traag desorberend hexafluorbenzeen een 

verschillend signaal gaven. Dit is een aanwijzing dat er verschillen zijn in de chemische 

omgeving van snel en traag desorberende stof. Bovendien werd een redelijk scherp 

signaal verkregen voor zowel snel als traag desorberende stof, wat betekent dat alle 

snel desorberende stof op gelijksoortige wijze in het sediment aanwezig is; hetzelfde 

geldt voor de traag desorberende stof. 

4.7 Capaciteit van het trage en zeer trage sedimentcompartiment (hoofdstuk 8) 

Om meer te weten over de eigenschappen van de snelle, trage en zeer trage fractie, 

hebben we in redelijk hoge concentraties trichloorbenzeen (TCB) toegevoegd aan 

Oostvaardersplassensediment (hoofdstuk 8). Met desorptie-experimenten zijn snelle, 

trage en zeer trage hoeveelheden bepaald bij de verschillende concentraties 

trichloorbenzeen in water. De snel desorberende hoeveelheid neemt recht evenredig 

toe met toenemende concentratie TCB in water (figuur 7); de traag en zeer traag 

desorberende hoeveelheden nemen daarentegen minder dan evenredig toe, en 

naderen tot een maximum (figuur 7). Dit maximum is de maximale capaciteit van het 

trage sedimentcompartiment; de curve kan beschreven worden met de 

Langmuirvergelijking (een beschrijving voor sorptie op een beperkt aantal plaatsen). 

Hieruit blijkt dat er maar een beperkt aantal trage sorptieplaatsen is; er is dus maar 

een beperkt aantal van de beschreven microscopische "gaten" in het organisch 

materiaal waarin moleculen verontreiniging verstrikt kunnen raken. De maximale 

trage sorptiecapaciteit van TCB in Oostvaardersplassensediment ongeveer 900 

milligram per kg organisch koolstof is. De zeer trage sorptiecapaciteit is ongeveer 10 

maal lager. 

Het feit dat de traag en zeer traag desorberende hoeveelheden zo goed gefit kunnen 

worden met de Langmuirvergelijking geeft aan dat trage en zeer trage sorptie 

waarschijnlijk plaatsvinden op specifieke plaatsen in het organische materiaal: traag en 

zeer traag desorberende moleculen zitten vast in minuscule gaten in het organisch 

materiaal (mechanisme iii). De snel desorberende fractie is dan als het ware 
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Figuur 7: Snel, traag en zeer traag desorberende hoeveelheden TCB in 
Oostvaardersplassensediment als functie van de concentratie TCB in water. De snel 
desorberende hoeveelheid neemt lineair toe met toenemende waterconcentratie, de 
traag en zeer traag desorberende hoeveelheden stijgen niet-lineair. 
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"opgelost" in het organisch materiaal; de moleculen van dit snel desorberende deel 

hebben nog veel bewegingsvrijheid. 

Deze resultaten bevestigen dat de snelle en de trage/zeer trage fractie zich in 

verschillende chemische omgevingen bevinden. De resultaten zijn het best 

verklaarbaar met het derde mechanisme van trage desorptie, namelijk het vastleggen 

van moleculen verontreiniging in holtes in het organisch deel van het sediment, al dan 

niet in combinatie met een structuurverandering. Waarschijnlijk is er een beperkt 

aantal holtes aanwezig in het sediment, waardoor er maar een beperkte trage en zeer 

trage sorptiecapaciteit is. 

4.8 Competitie-effecten bij trage desorptie (hoofdstuk 9) 

Het feit dat het trage compartiment maar een beperkte opnamecapaciteit heeft, heeft 

consequenties voor zwaar vervuilde sedimenten, zeker als er grote hoeveelheden 

minerale olie aanwezig zijn. Er kan namelijk maar een beperkte hoeveelheid moleculen 

opgesloten worden in het beperkte aantal gaten van waaruit desorptie traag is; er 

treedt competitie op tussen de stoffen om de gaten te bezetten. Dus, als er heel veel 

van een stof aanwezig is, zullen de moleculen van deze stof (bijna) alle trage sorptie-

gaten bezetten. Dan zullen eventueel andere aanwezige stoffen voor een groot deel 

snel desorberen. Dit hebben we onderzocht door aan sediment uit de 

Petroleumhaven (waarin al ongeveer 1 gram PAK en 10 gram olie per kilogram 

sediment zaten) nog extra (een kleine hoeveelheid) PCB-30 toe te voegen (deze stof 

is niet aanwezig in het oorspronkelijke Petroleumhavensediment), en dit ook te doen 

voor hetzelfde sediment waaruit PAK en olie verwijderd zijn zonder verder het 

sediment te veranderen (door een Tenaxdesorptie bij hogere temperatuur). De 

desorptiecurve van PCB-30 in aanwezigheid en in afwezigheid van PAK en olie staat 

in figuur 8. Het percentage gedesorbeerde stof na een bepaalde tijd is veel groter in 

aanwezigheid van PAK en olie. Dit betekent dat veel PAK en olie ervoor zorgen dat de 

traag desorberende hoeveelheid PCB-30 afneemt. De verklaring hiervoor is dat de 

grote hoeveelheden PAK en olie alle trage sorptieplaatsen bezetten, waardoor er nog 

maar weinig van het nieuw toegevoegde PCB-30 op deze plaatsen terecht kan 

komen. Er zit veel meer traag desorberend PCB-30 in het sediment waaruit PAK en 

olie zijn verwijderd. Grote hoeveelheden olie en/of andere contaminanten (boven de 

trage sorptiecapaciteit) verhogen dus mogelijk de risico's van de verontreinigingen, 

omdat traag desorberende (en dus wellicht niet voor organismen opneembare) 

fracties afnemen bij zulke hoge gehaltes. Deze resultaten bevestigen het bestaan van 
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een beperkt aantal "trage" sorptieplaatsen, en laten zien dat verschillende 

stofgroepen vastgelegd worden op dezelfde trage-sorptie plaatsen (PAK/olie aan de 

ene kant, PCBs/chloorbenzenen aan de andere). 

Figuur 8: Desorptie van PCB-30 uit Petroleumhavensediment in aanwezigheid 
(vierkanten) en in afwezigheid (ruiten) van PAK en olie. 

150 
tijd (uur) 

300 

In een tweede competitie-experiment hebben we gekeken of vers toegevoegde 

stoffen ook "oude" verontreinigingen van hun trage sorptieplaatsen kunnen 

verdringen. Hiertoe hebben we een behoorlijke hoeveelheid trichloorbenzeen (TCB; 

de hoeveelheid was iets groter dan de maximale trage sorptiecapaciteit) toegevoegd 

aan Ketelmeersediment waarin o.a. hexachloorbenzeen (HCB) al zeer lang aanwezig 

is. Na 14 dagen contacttijd tussen TCB en het sediment, is het desorptiegedrag van 

HCB vergeleken in aanwezigheid en in afwezigheid van TCB. In aanwezigheid van 

TCB komt er veel meer "oud" HCB vrij (figuur 9): HCB is door de overmaat TCB deels 

verdrongen van de trage sorptieplaatsen die het bezette. Dit betekent dat de trage 

sorptie-plaatsen redelijk snel bereikbaar zijn (een groot deel binnen 14 dagen). Een 

consequentie hiervan is dat een nieuwe vervuiling ervoor kan zorgen dat een oude 

vervuiling beter beschikbaar komt voor opname door organismen, omdat de trage 

(niet beschikbare) fractie van de oude verontreiniging afneemt. 
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Figuur 9: Desorptie van HCB uit Ketelmeersediment in aanwezigheid (vierkanten) en 
in afwezigheid (ruiten) van een grote hoeveelheid TCB. 

300 
tijd (uur) 

5. Conclusie 

Uit een aantal van bovenstaande experimentele vindingen zijn aanwijzingen te halen 

over het mechanisme van trage desorptie. Zo veronderstellen we dat trage desorptie 

vooral plaatsvindt in het organisch deel van het sediment. Traag desorberende stoffen 

zijn gesorbeerd in minuscule holtes in het organisch deel en kunnen door gunstige 

interacties tussen stof en omgeving moeilijk weer loskomen. 

Omdat er maar een beperkt aantal van zulke holtes is, heeft sediment een beperkte 

trage en zeer trage sorptiecapaciteit. Er is geen simpel te bepalen sedimenteigenschap 

gevonden waarmee desorptiegedrag te voorspellen is. Wel zullen ernstig vervuilde 

sedimenten in het algemeen lage trage fracties hebben, door de beperkte capaciteit 

van de traag desorberende plaatsen. 

Voor de meeste in dit project onderzochte organische verontreinigingen geldt dat 70-

90% traag desorbeert. Dit betekent dat concentraties in het water 3-10 maal lager 

zijn dan verwacht op grond van evenwichtsverdeling. Deze factor geeft aan dat het in 
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sommige gevallen nuttig kan zijn om trage desorptie te beschouwen ter verfijning van 

de inschatting van milieuhygiënische risico's. 

Tenslotte kan het meten van desorptiegedrag gebruikt worden om een inschatting te 

verkrijgen van mogelijke afbraak van verontreinigingen door micro-organismen. 

Dankwoord 

Harrie Govers, Henny van den Heuvel, Tineke Cnossen, Mieke Balde, Lars Janssen en 

Meike Hesselink wil ik hartelijk bedanken voor het doorlezen (soms doorworstelen) 

van de oorspronkelijke, minder toegankelijke versies van deze samenvatting! 

Woordenlijst 

• Biologische reiniging: het afbreken van een organische verontreiniging door bacteriën of schimmels 
• Desorptie: het vrijkomen van stoffen uit sediment en bodem 
• Diffusie: transportproces veroorzaakt door verschil in concentratie 
• Fractie: Gedeelte van de totale hoeveelheid in een sediment aanwezige verontreinigingen 
• Gecontamineerd: verontreinigingen bevattend. 
• Hydrofoob: letterlijk "watervrezend", dus een hydrofobe stof heeft een voorkeur om uit water te 

ontsnappen, bijv. naar vet of sediment. 
• Kleimineraal: onderdeel van het niet-organische deel van sediment 
• Organische stof: onderdeel van sediment dat veel koolstof bevat 
• Scheitrechter: glazen uivormig apparaat met een kraantje, waarmee niet-mengbare stoffen van 

elkaar kunnen worden gescheiden 
• Sorptie: proces waarbij stoffen in sediment en bodem terecht komen 
• Tenax: materiaal dat gebruikt wordt bij desorptie-experimenten, om uit het sediment vrijgekomen 

stof te binden 
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het kader van deze studie heb ik van januari-maart 1992 een bijvak aan de 

Universiteit van Kent te Canterbury, Engeland gedaan (onderwerp: het vóórkomen 
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heb ik nog een drietal studentassistentschappen gedaan, bij de faculteiten biologie en 

natuurwetenschappen. 

Na mijn studie ben ik in oktober 1994 met een 80% aanstelling aan de slag gegaan 

bij het Rijksinstituut voor Integraal Zoetwaterbeheer en Afvalwaterbehandeling (RIZA) 

in Lelystad. Het in dit proefschrift beschreven onderzoek is uitgevoerd bij de afdeling 

Chemie en Ecotoxicologie (Hoofdafdeling Watersystemen) van dit instituut. 

Na mijn promotie zal ik werkzaam blijven bij het RIZA, deels als onderzoeker, deels als 

adviseur. 
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Tja, en dan nu, terwijl alles zo'n beetje klaar is, kan ik iedereen gaan bedanken die op 

één of andere manier bijgedragen heeft aan mijn onderzoek. In elk geval is het me 

goed bevallen om promotie-onderzoek te doen bij een kennis- en adviesinstituut als 

het RIZA. Ten opzichte van de universiteit had het voor- en nadelen, natuurlijk. 

Voordelig waren zeker de materiële en financiële randvoorwaarden, terwijl de 

grootste nadelen waren dat ik geen onderzoek deed in een "echte" 

onderzoeksomgeving, en dat ik bij de uitvoering van mijn redelijk "fundamentele" 

onderzoek toch snel de vraag kreeg "wat je er nou allemaal mee kan als je dat weet". 

Aan de andere kant houdt dat laatste je ook weer scherp om steeds bij jezelf na te 

gaan waarom je nou eigenlijk iets doet. En het leuke ook van onderzoek doen bij het 

RIZA zelf is dat de uitkomsten van het onderzoek meteen terechtkomen bij de 

"gebruiker" die de kennis nodig heeft, terwijl in het geval van onderzoek aan een 

universiteit er vaak nog een kennis- en adviesinstituut tussen zit om de 

onderzoeksresultaten te vertalen naar maatregelen. 

Maar goed, genoeg bespiegeld, er moet bedankt gaan worden. Co-promotor en 

RIZA-begeleider Paul, waar ik bij jou het eerst aan denk is je grote enthousiasme voor 

het doen van onderzoek, dat is voor mij altijd erg motiverend geweest. Ook heb je mij 

steeds veel vrijheid gegeven om het onderzoek in te richten zoals ik dacht dat goed 

was (wat in het begin wel eens moeilijk was; vrijheid betekent namelijk ook 

verantwoordelijkheid om zelf de lijn uit te zetten, en dat viel me in het begin soms 

niet mee), maar je bleef aan de andere kant wel tot op detailniveau betrokken bij het 

werk en hebt op het gebied van de interpretatie van de resultaten een onmisbare 

bijdrage geleverd aan het onderzoek. 

Een andere onmisbare bijdrage is geleverd door paranimf en super-analist Henk. 

Iedereen denkt dan meteen aan de tweeëneenhalf hoofdstuk (8,11,12) die je 

volgeëxperimenteerd hebt, en je enthousiasme op het gebied van gif, modder, 

scheitrechters en, vooral, Tenax. Maar watje bijdrage eigenlijk nog onmisbaarder 

heeft gemaakt is je heerlijke gevoel voor humor. Als koning van de inside-joke had je 

altijd wel een kwinkslag klaar als ik me weer eens ergens blauw aan liep te ergeren, en 

samen met Henny zorgde je ervoor dat het lab altijd een toevluchtsoord was voor 

onbezorgd experimenteren met een lach. 
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Ja, Henny, in het begin wist ik me soms niet goed raad met alle plagerijen en 

uitlachacties, maar uiteindelijk kwam ik je enorm graag tegen op het lab. En nou moet 

ik hier natuurlijk gaan schrijven hoe ik me achteraf schaam voor alle zooi die ik 

maakte op het lab door mijn iets minder onberispelijke stijl van experimenteren in 

vergelijking met Bea en jou. Nou, voor die stijl schaam ik me niet, maar ik wil achteraf 

hier nog wel even bedanken voor alle afwas die jullie voor mij gedaan hebben  

maar goed, thuis heb ik ook een hekel aan afwassen. En nog meer bedank ik jullie 

voor het altijd startklaar hebben van de HPLC (Henny) en de GC (Bea). En als we het 

dan toch hebben over de "arbeidsomstandigheden": behalve Henk en Henny wil ik 

ook mijn lunchmaatjes Alex I, Alex II en Martijn bedanken voor het prettige shoppen 

en zeer relativerende lunchen daarna. 

Uiteraard bedank ik verder de hele afdeling WSC voor de betrokkenheid en goede 

sfeer, maar er is nog een aantal mensen dat ik even bij name wil noemen: 

afdelingshoofd Tineke, ik vind dat je op een heel menselijke en bereikbare manier 

"manage-de" gedurende de afgelopen jaren; het was erg fijn om goed bij je terecht 

te kunnen als het even wat minder soepel liep. Mede-treinforens Jan, ik ben blij dat 

alle ellende en vertragingen bij de NS ook jou niet hebben kunnen vermurwen, zodat 

we vaak in de trein konden praten over ecotoxicologie en milieuchemie en natuurlijk 

over alle gedoe (en goede dingen) in de afdeling. Mede-onderzoeker Dorien, we 

hebben samen een review over temperatuursafhankelijkheid van sorptie geschreven, 

en het was grappig om pratend over milieuchemie tussen de gokkasten in Las Vegas 

rond te lopen. (Voormalig) kamergenoot Gé, bedankt datje me enigszins wegwijs 

gemaakt hebt in de jungle van RIZA-regels op het moment dat ik pas in dienst was. 

Depot-deskundige Jaap, het was altijd weer lachen als je riep dat "aging niet 

bestaat", toch vond en vind ik de samenwerking met jou erg prettig. Onze discussies 

vormden voor mij een belangrijke verbinding met de toepassing van mijn onderzoek. 

Datzelfde geldt voor Marijke van (destijds) POSW: het was soms moeilijk om aan je 

uit te leggen waarom die trage desorptie nou zo interessant was, maar het hield me 

wel bij de les zodat het duidelijk was op welke vragen een antwoord werd gezocht. 

Dick Brouwer en Carlos Seguel (en de anderen) van de tekenkamer, ook jullie wil ik 

bedanken voor de mooie dia's en posters waarmee het goed voor de dag komen was 

op congressen en symposia. En Carlos wil ik in het bijzonder bedanken voor het snelle 

ontwerpen van een leuke omslag. 
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Promotor Harrie Govers, eigenlijk had ik je op grond van je bijdrage aan het 

onderzoek natuurlijk veel eerder moeten noemen in dit dankwoord. In elk geval ben 

ik heel tevreden over de manier waarop je promotor bent geweest; hoewel 

geografisch een promotor-op-afstand, was je dat in de praktijk zeker niet. Er viel altijd 

een afspraak te maken voor een werkbespreking en deze besprekingen waren erg 

nuttig en motiverend. Je hebt je vertrouwen in mij en je enthousiasme voor mijn 

onderzoek nooit onder stoelen of banken gestoken en dat waardeer ik erg. Hierbij wil 

ik ook John Parsons bedanken: niet alleen was je geregeld bij de werkbesprekingen, 

maar ook heb je vrijwel alle manuscripten voorzien van nuttig commentaar, zowel 

inhoudelijk als linguïstisch. 

"Mijn" drie stagiairs zijn een verhaal apart. Kenneth en Michel, die er deels 

tegelijkertijd waren, vormden de grootst denkbare tegenpolen. De enige 

overeenkomsten waren dat het erg boeiend was om met jullie te werken, en dat jullie 

een goede bijdrage hebben geleverd aan het boekje (hoofdstuk 6 (Kenneth) en de 

helft van hoofdstuk 9 (Michel)). Verder was Kenneth een keiharde werker (van 7 tot 

5!) die alle experimenten zeer nauwkeurig uitvoerde, en zeker niet hield van rommel. 

Michel was een geweldige formuleknutselaar bij wie het angstzweet uitbrak als er een 

grote hoeveelheid werk opdoemde. Maar telkens weer werd er dan een slimme truc 

bedacht om de hoeveelheid werk te vergemakkelijken en liefst te reduceren, en werd 

er ook precies beredeneerd welke stadia van een experiment wel en niet nauwkeurig 

uitgevoerd dienden te worden. En je troep op het lab is nog immer ongeëvenaard... 

Tegelijk met Kenneth en Michel wil ik ook Hilde bedanken; hoewel je stage liep bij 

Dorien, heb je toch zeer bijgedragen aan de legendarische sfeer die er ten tijde van 

jullie stage heerste op het lab. Af en toe vroeg ik me wel vertwijfeld af of er 

tussendoor nog wat gewerkt werd maar gelukkig was dat zeker het geval. 

Tenslotte wil ik ook Hannes bedanken: helaas kwam je in een wat suffe tijd, en 

draaide je niet altijd even gemakkelijk, maar je hebt het dan toch maar mooi voor 

elkaar gekregen om hoofdstuk 10 vol te experimenteren. 

Rik Kraaij (RITOX) en Angélique Belfroid (IVM), het was interessant om samen na te 

denken over mogelijke implicaties van trage desorptie voor bioaccumulatie, en om 

desorptieproeven te koppelen aan opname-experimenten. Gerda Nachtegaal en Arno 

Kentgens van de KU Nijmegen, ook jullie wil ik hartelijk danken voor alle tijd, moeite 

en enthousiasme die jullie erin gestoken hebben om met fluor-NMR informatie te 

verkrijgen over de vastlegging van stoffen in sediment. Voor mij was het erg leuk om 
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met een totaal andere techniek naar mijn sedimentjes te kijken, en ook jullie hadden 

nog niet zo vaak met NAAR naar milieumonsters gekeken. 

En dan zijn er nog een heleboel mensen die dan wel geen directe inhoudelijke 

bijdrage hebben geleverd aan het onderzoek, maar die ik toch wil bedanken omdat ze 

in de 140 uren per week waarop ik niet werkte zorgden voor een minstens zo 

belangrijke bijdrage. 

Ten eerste natuurlijk broeder-in-de-chemische-strijd, paranimf en huisgenoot Mare. 

Onze paden kruisten elkaar gelukkig al een jaar of 14 geleden, en totdat ik bij het 

RIZA ging werken hebben ze altijd ongelooflijk parallel gelopen. Hetzelfde 

vakkenpakket, beide scheikunde studeren, samen wonen in ons mini 2-persoons 

studentenhuis, en (na elkaar) afstuderen bij het RITOX. Vreemd genoeg ben je niet 

eens op het RIZA beland, maar ik ben nog altijd heel blij met je in één huis te wonen. 

En Steven, jij hebt toch een groot aandeel gehad in mijn basis op het gebied van 

labwerk; volgens mij doet ons aantal uren gezamenlijk rommelen met micro-emulsies, 

monochromators en cyclopentadienylcyclopentenylnikkel(ll) nauwelijks onder voor de 

tijd die ik op het RIZA-milieuchemielab doorgebracht heb. 

Lieve Meike, zodra ik bij het RIZA geld ging verdienen vond jij het tijd worden om wat 

met mij te beginnen. Ondanks dat het voor jou soms moeilijk was om je voor te 

stellen wat ik deed op het RIZA, heb je toch altijd geprobeerd om mee te denken met 

het reilen en zeilen van mijn onderzoek en werk. En zelfs nog meegeholpen om de 

oneindige brij van getallen voor hoofdstuk 12 in de computer te zetten. Dat was fijn, 

maar lang zo fijn niet als alle andere dingen  

Hoewel ik de laatste jaren geteisterd werd door blessures in alle soorten en maten, 

heb ik toch bijna altijd erg genoten van hardlopen als uitlaatklep na het 

experimenteren, schrijven of lezen. Daarom wil ik ook mijn hardloopmaatjes bij 

Phoenix bedanken voor alle plezier op de baan en in het bos. Vooral Lars, Mieke, 

Peter, Chris en Eva blonken niet alleen uit in atletiekprestaties, maar zeker ook in 

betrokkenheid bij mij. 

Met een moeder-juf Engels en een vader-waterbouwer moest het toch lukken om iets 

zinnigs in het Engels over waterbodems op papier te krijgen. Lief ouderpaar en ook 

zusje natuurlijk, jullie interesse in verhalen over een onderzoek waar je nou niet direct 
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kaas van gegeten had, was altijd erg fijn. Weekendjes Emmen zijn en blijven de 

moeite waard! 
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