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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 


