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Chapter 13 

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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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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