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STELLINGEN

1. Extracties met organische oplosmiddelen en waterige oplossingen van surfactants zijn
ongeschikt voor het voorspellen van de biobeschikbaarheid van hydrofobe organische
verontreinigingen inbodemsen sedimenten.
Ditproefschrift
Chung,N.;Alexander, M.Environ. Sci. Technol.1998,32, 855-860

2. De verregaande acceptatie van modellen die de bodem-organische-stof beschrijven als een
samenraapsel van discrete amorfe en gecondenseerde domeinen (amorphous/condensed,
rubbery/glassy, soft/hard) is verbazingwekkend, gezien de minieme hoeveelheid onderzoek
die is gedaan naar het daadwerkelijk bestaan, de chemische samenstelling en de fysische
conformatie vandergelijke domeinen.
Ditproefschrift
3. Het gebruik van radiaal-diffusiemodellen voor het beschrijven van de desorptie van
hydrofobe organische verontreinigingen in bodem- en sedimentsystemen wekt ten onrechte
de indruk dat men deze systemen goed genoeg kent om de keuze voor dergelijke
mechanistische modellen terechtvaardigen.
4. Een van de saneringsdoelstellingen die is geformuleerd in het kader van het
Uitvoeringsprogramma Beleidsvernieuwing Bodemsanering is het bereiken van een stabiele
eindsituatie in de ondergrond binnen 30 jaar na start van de sanering. Deze soepele
doelstelling zou het gebruik van extensieve saneringstechnieken in dehand moeten werken.
Helaas is het momenteel nog niet mogelijk om bij de selectie van een saneringsvariant een
goed gefundeerde voorspelling te doen over het al dan niet halen van bovenstaande
doelstellingmetbehulpvanextensieve saneringstechnieken.
Kooper, W. (Quintens advies & management) Van trechternaar zeef: Afwegingsproces
saneringsdoelstellingSduUitgevers: DenHaag,1990
5. Het driedimensionale humuszuurmodel dat isbeschreven door Schulten isniet correctomdat
de samenstelling van het humuszuur deels is gebaseerd op onjuist gei'nterpreteerde
pyrolysedata. Deze onjuiste interpretatie had kunnen worden voorkomen door het in acht
nemenvande"pitfalls inanalyticalpyrolysis"beschreven doorSaiz-Jimenez.
Schulten,H.-R.FreseniusJ.Anal. Chem. 1995,351,62-73
Schulten,H.-R.;Schnitzer,M. SoilSci.1997,162,115-130
Saiz-Jimenez,C.Environ. Sci. Technol. 1994,28,1773-1779

6. Het is in veelgevallen efficienter het geheugen van een systeembeheerderuit te breiden dan
hetgeheugenvanelkeafzonderlijke computeronderzijn ofhaarbeheer.
7. Het veel gehoorde excuus dat men een mobiele telefoon heeft om bereikbaar te zijn, is
tegelijk hetbesteexcuusomhetdingzominmogelijk te gebruiken.
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ABSTRACT
Cuypers,C. 2001.Bioavailabilityofpolycyclic aromatic hydrocarbonsin soils andsediments:
Prediction of bioavailability and characterization of organic matter domains. PhD-thesis,
Wageningen University, TheNetherlands,161pages.
Polycyclic aromatic hydrocarbons (PAHs) constitute a group of priority pollutants which are of
increasing environmental concern because of their adverse effects on humans, animals, and
plants. Soils and sediments generally serve as asink for PAHs,which leads to the accumulation
of PAHs at contaminated sites. In the last decade, bioremediation has been frequently used for
the clean-up of such contaminated sites. However, despite the common use and costeffectiveness of bioremediation, it is generally observed that a residual fraction remains
undegraded even when optimal biodegradation conditions have been provided. In many cases
the recalcitrance of this residual fraction is caused by a limited bioavailability of PAHs. The
present thesis focuses on the development of simple and rapid laboratory methods for the
prediction ofPAHbioavailability. Asanintegratedpart ofthis study, itwas aimedtoexpandthe
current knowledge on the structure of amorphous and condensed soil/sediment organic matter
(SOM)domains.Itisbelieved thatPAHs sorbed inamorphous domains arereadily bioavailable,
whilePAHs sorbed incondensed domainsarepoorlybioavailable.
Three different methods were investigated for the prediction of PAH bioavailability: persulfate
oxidation, cyclodextrin extraction, and surfactant extraction. Persulfate oxidation appeared tobe
agood andrapid method for theprediction ofPAHbioavailability. Itwas demonstrated that a3
hour oxidation at 70 °Cwas sufficient for the removal of all bioavailable PAHs. The oxidation
method was successfully validated in a study with 14 historically contaminated soil and
sediment samples.Cyclodextrin extraction and surfactant extraction wereinvestigated inastudy
with two sediment samples, using hydroxypropyl-p-cyclodextrin and Triton X-100 (surfactant)
as model compounds. It was demonstrated that hydroxypropyl-p-cyclodextrin extracted
primarily readily bioavailable PAHs, while Triton X-100 extracted both readily and poorly
bioavailable PAHs. Moreover, hydroxypropyl-P-cyclodextrin did not affect the biodegradation
of PAHs, while Triton X-100 enhanced the degradation of low molecular weight PAHs.
Altogether, it may be concluded that persulfate oxidation currently provides the most rapid
validatedmethod for theprediction ofPAHbioavailability insoils andsediments.
Tostudythecomposition of amorphous and condensed SOM domains,two different approaches
were followed: (i) samples were subjected to persulfate oxidation to remove amorphous SOM,
before and after which the composition of SOM was studied by thermogravimetric analysis,
pyrolysis-GC/MS, and CPMAS 13C-NMR; (if) samples were split in two parts, one part was
bioremediated toremovebioavailable PAHs,andboth thebioremediated and non-bioremediated
part were subjected to 9 different chemical treatments with a known effect on SOM structure.
Before and after chemical treatment PAH concentrations and PAH bioavailability were
measured. The two approaches led to the following general conclusions on the structure of
amorphous and condensed SOM domains: (1) Condensed SOM is less polar than amorphous

SOM.(2)Labilecomponents likecarbohydrates,peptides, fatty acids,and free alkanes arelikely
to be associated with the amorphous SOM domain. (3) There is no clear relationship between
aromaticity and the degree of SOM condensation. (4) Condensed SOM is situated in thehumin
fraction, indicating that it has a relatively high C content, a relatively low O content, and a
relatively high degree of polymerization. (5) Humic and fulvic acids are primarily associated
with amorphous SOM. (6) Coal and soot are specific condensed facies with a high affinity for
PAHs. Apart from these general characteristics it appeared that the composition of the SOM
domainswashighly sample specific.
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1.1 ScopeofthisThesis
Polycyclic aromatic hydrocarbons (PAHs) constitute a group of priority pollutants which are
produced inhigh amountsbynatural and anthropogenic sources (1, 2,4,5).Generally, soils and
sediments serve asasink for PAHs,resulting inthe accumulation ofPAHs atcontaminated sites
iftheinput ofPAHs exceeds degradation (4).The occurrence ofPAHs in soils and sediments is
of increasing environmental concern because of their toxic, mutagenic, and carcinogenic
properties (77, 13-15). These properties may result in possible adverse effects on humans,
animals,andplants,whichmayaffect ecosystems asawhole(77).
In order to prevent the adverse effects of PAHs regulatory standards have been developed.
Generally, these regulatory standards focus on the total amount ofPAHs which can be liberated
byvigorous extraction with anorganic solvent.However, inthe last decade it hasbecome more
and more clear that these so called 'total PAHs' are not a good measure of the exposure of
animals and plants to PAHs (40). Several studies have demonstrated that exposure is primarily
related to the amount of PAHs that are actually (bio)available (77). The bioavailable PAHs are
looselysorbed tothematrix andcanbetakenupeasily.
Bioavailability is also important with respect to the biological clean-up of PAH contaminated
soils and sediments. As biological clean-up, or bioremediation, relies on the uptake and/or
transformation of PAHs by bacteria, fungi, or plants, bioavailability is a prerequisite for
successful PAH removal (2). Only readily bioavailable PAHs can be removed by
bioremediation, whilepoorlybioavailablePAHs are recalcitrant.
In the past years, much effort has been put into the development of simple laboratory methods
for the estimation ofPAHbioavailability. This hasresulted inthe introduction ofmethodsbased
onthebiodegradation and (solid-phase) extraction of readily bioavailable PAHs (727, 132, 142146). Although operational, these methods have the disadvantage that they are quite laborious
and time-consuming. Therefore, a need exists for more simple and rapid alternatives. Themain
objective of the present dissertation was to study and develop such alternative methods for the
prediction ofPAH bioavailability.
As an integrated part of this study, it was aimed to expand the current knowledge on the
relationship between PAH bioavailability and the structure of soil/sediment organic matter
(SOM). In a recent conceptual model SOM has been represented as an entanglement of
macromoleculeswhich consists of amorphous and condensed domains (55,58).PAHs sorbed in
the amorphous domains were considered to be readily bioavailable, while PAHs in the
condensed domains were considered to be poorly bioavailable (at least partly). Some evidence
for the existence of the amorphous and condensed domains has been published recently (777779), but little information has been reported on the composition of the domains. In this
dissertation it was attempted to elucidate some compositional characteristics of the amorphous
andcondensed SOMdomains.
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1.2 PolycyclicAromatic Hydrocarbons
1.2.1 Structure. PAHs constitute a class of hazardous organic chemicals consisting of two or
more fused benzene rings in linear, angular, or cluster arrangements (1,2). PAHs are classified
as alternant ornonalternant, the former type including molecules that are derived from benzene
by fusion of additional benzenoid rings (e.g. naphthalene, phenanthrene, pyrene), the latter
containing rings with fewer or more than six carbon atoms, in addition to the six-membered
benzenoid rings (e.g. acenaphthylene, fluorene, fluoranthene) (3). By definition PAHs contain
only C and H atoms, although N, S, and O atoms may readily substitute in the benzene ring to
form heterocyclic aromatic compounds (4). Because of their toxicity and their frequent
occurrence in the environment, PAHs are considered to be priority pollutants. In the present
study we focus on the "16 EPA PAHs"(Figure 1),listed by the U.S. Environmental Protection
Agency in the Consent Decree Priority Pollutant list. This list is frequently used by regulatory
authorities to identify site contamination andto specify monitoring parameters (7).The 16EPA
PAHs have, in general terms, become the standard suite of compounds involved in many
environmental studiesofPAHs(4).

OP
naphthalene

acenaphthylene

fluorene

phenanthrene

pyrene

benz[a]anthracene

chrysene

benzo[a]pyrene

dibenz[a,r?]anthracene

benzo[fc]fluoranthene

benzo[g,ri,/]perylene

benzo[k]fluoranthene

indeno[7,2,3-c,d]pyrene

Figure 1. Chemicalstructuresofthe 16EPAPAHs.
1.2.2 Sources. Historically, PAHs have been produced by three different processes: (a)
diagenesis of organic material, (b) combustion of organic material, and (c) biogenesis.
Generally, these processes are subdivided into natural and anthropogenic sources. Natural
sources of PAHs include volcanic eruptions, forest fires, biogenic reactions in plants and
bacteria, and thermal geologic reactions associated with fossil-fuel and mineral production.
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Anthropogenic sources include the combustion of fossil-fuels as well as non-combustion
processes like the production and use of coal tar and its distillation product creosote (2, 4).
Anthropogenic sources aregenerally considered themost significant sources ofPAH production
andintroductionintotheenvironment (5).Oftheseanthropogenic sourcescombustion isthought
toaccount for over 90%oftheenvironmental concentrations ofPAHs (4).Perhaps surprisingly,
the emission from power generation appears to be relatively minor (generally <1 % ofthe total
emission) alongside the contribution from industrial, residential, and mobile sources. An
overview of atmospheric emissions infour countries isgiven inTable 1.
From the perspective of input of PAHs into the environment, anthropogenic sources are often
divided into point sources and low-level input sources. Point source contamination is
exceedingly common in many industrially developed countries and is often the focus of
significant environmental concern andregulatory complications.Point sources include spillsand
mismanaged industrial operations (waste treatment lagoons, sludge disposal, leaking tanks,
leaking holding ponds), generally resulting in small contaminated areas with relatively high
PAH concentrations. In these contaminated areas PAHs are often associated with othertypes of
contaminants like petroleum hydrocarbons, xenobiotic chemicals, and heavy metals (2).
Examples of industrial activities that may cause point source contamination are:
gasification/liquefaction of fossil fuels, coke production, catalytic cracking, carbon black
production and use,asphalt production and use, coal-tar production and use, refining/distillation
of crude oil and oil-derived products, wood treatment processes, wood-preservative
(creosote/anthracene-oil) production, landfill sites, burning/incineration, and fuel/oil storage,
transportation,processing, use,anddisposal (/).
Low-level inputs generally result from atmospheric deposition, although land application of
sewage sludge and large-scale spillage and disposal of oily wastes may also contribute. The
main sourceof atmospheric depositsisthe incomplete combustion of fossil fuels, typically from
industrial activities and automobile exhaust. Besides, some atmospheric input may come from
theburningofwood and from incineration operations.Atmospheric PAH depositions areusually
very dispersed sources, covering significant amounts of land surface. PAH concentrations from
these sources are typically quite low in soil (2), although on a global scale atmospheric
deposition isthemainpathway forPAHstotheterrestrial,aquatic,andmarine environment (4).
All in all,modern day PAH contamination of soils, sediments, and groundwater originates from
four primary sources: creosote, coal tar, petroleum, and industrial effluents and gasses (2).
Evaluating the contribution of contaminated sites to the total burden of PAHs it may be stated
that this contribution can be quite large in some (developed) regions. It was estimated by Wild
and Jones (6) that, in the United Kingdom, the total amount of PAHs in contaminated sites is
approximately equivalent to the total amount of PAHs in 'uncontaminated' areas. Soils and
aquatic sediments are generally accepted to represent the largest sink of PAHs in the
environment. As a consequence, soils and sediments constitute a potential secondary source of
PAHs. Contaminated sites may be very significant secondary sources, affecting particularly the
immediate environment (4).
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Table 1. Estimated atmospheric emissions of total PAHs by source type (ton/year). Compiled by
Howsamand Jones (4).

Source type
USA(1)
Residential heating
- coal andwood burning
- oil andgasburning
Subtotal
Industrialprocesses
-coke manufacturing
- asphalt production
-carbon black
-aluminium plants
- other
Subtotal
Incineration
- municipal
- commercial
Subtotal
Openburning
-coalrefuse fires
- agricultural fires
- forest fires
- others
Subtotal

Total

Sweden Norway

UK (2)b

UK(1)

3939
17
3956

450
930
1380

96
36
132

48
15
63

604

368

-

-

604

368

(6%)

(16%)

(26%)

(21%)

(84%)

(42%)

632
5
3

277

43

0.8

-

-

35

160

-

69
0.13

-

2490
4
3
1000

2
640

-

-

-

3497

312

203

18.2
19

100
33
202

(6%)

(41%)

(62%)

(69%)

(3%)

(23%)

*
*

-

-

-

-

-

56
56

50
50

2
2

1
1

0.06

0.4
0.07
0.47

(l%)

(1%)

(1%)

(0%)

(0%)

(0%)

29
1190
1478
1328
4025

100
400
600

-

-

-

-

1
1

2
5

6.3

-

-

-

1
8
23
38

1100

2

7

(36%)

(13%)

(1%)

13
75
88

1
400
401

(1%)

(5%)

-

(2%)

6.3
d%)

(5%)

-

-

5.8

5

7
7

1
1

-

-

5.8

5

(1%)

(0%)

(1%)

(1%)

2100
70
2170

33
14
47

13
7
20

*
*

*
*

80

260

(21%)

(25%,)

(9%)

(7%)

(11%)

(29%)

11031

8598

502

294

715.2

873.6

Powergeneration
-power plants
- industrial boilers
Subtotal
Mobilesources
-gasoline engines
-diesel engines
Subtotal

USA(2)b

a

2161
105
2266

a

' This figure was not corrected for cars with emission control devices (approximately 50 % when estimated); Values USA 1
and USA 2 aswell as values UK I and UK 2were taken from different sources; * Individual values not included.
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GeneralIntroduction
1.2.3 Physico-Chemical Properties. The fate of PAHs in the environment is primarily
controlled bytheirphysico-chemical properties andtheir susceptibility todegradation processes.
Key physico-chemical properties are the vapor pressure, aqueous solubility, Henry coefficient,
and octanol-water partition coefficient. These properties can be used to deduce a variety of
environmental partition coefficients which apply between air, water, soil, sediment, vegetation,
and (other) biota (7). The physico-chemical parameters exhibit considerable temperature
dependency and are usually measured at 20-25 °C. A compilation of some physico-chemical
properties ofPAHsispresented inTable2.
At room temperature PAHs are solid crystalline substances (12). Boiling points and octanol
water partition coefficients of PAHs increase with increasing molecular weight, while their
vapor pressures, solubilities, and Henry coefficients decrease with molecular weight. The range
of these parameters extends over 4-8 log units (Table 2).Incontrast, the melting point of PAHs
appearsnot tobe closely correlated withmolecular weight.
The vapor pressure of PAHs is rather low, except for PAHs with 2 aromatic rings. As a
consequence, most PAHs do not tend to volatilize. Moreover, PAHs are highly hydrophobic,
whichisreflected inalowaqueous solubility andahighoctanol-water partition coefficient. This
hydrophobicity indicates ahigh affinity ofPAHs forbiotaandnaturalorganicmatter insoilsand
sediments(7).
1.2.4 Toxicity. PAHs in soils and sediments havebeen observed to be toxic tothe environment
(11, 13-15).The mechanism of this toxicity is highly complex, complexity being enhanced by
the fact that toxicity does not depend on simple physico-chemical characteristics. All in all,
PAHs should not be regarded as a homogeneous group of chemicals, despite their apparent
similarity in structure. An excellent overview of PAH toxicity was given by van Brummelen et
al.(11).This overview isbriefly summarized inthepresent paragraph.
According to van Brummelen et al.(11), PAHs do not have one type of toxic action. Different
toxicity mechanisms may play a role, which depend on the compound, the type of exposure
(acute or chronic), the organism, and the environmental conditions. In general, four toxicity
mechanisms are distinguished: nonpolar narcosis, phototoxicity, biochemical activation (and
subsequent adduct formation), anddisturbance ofhormone regulation.
Nonpolar narcosis is an aspecific mode of toxicity caused by non-reactive, non-electrolyte
chemicals. It is thought to result from the physical disturbance of the structure of biological
membranes,which may lead to the deregulation of essential membrane bound processes such as
osmoregulation and neurotransmission. Narcosis can develop quickly during short-term
exposure. Therefore, it is typically observed in acute toxicity experiments. Due to its aspecific
nature, the toxicity of nonpolar narcotics can be correlated with the octanol water partition
coefficient. This partition coefficient determines the accumulation of PAHs in the biological
membrane. Nonpolar narcosis is also called baseline toxicity. All PAHs exert baseline toxicity,
whilePAHswithamorespecific modeofactionwillexert additional toxiceffects. Naphthalene,
fluorene, andphenanthrene areknowntoexert nonpolar narcosis only.
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Phototoxicity isaspecific toxicitymechanism which mayoccur inthepresence ofUVlight.UV
radiation induces the formation of free radicals, which damage a variety of macromolecules,
leading to a toxic effect. Anthracene, fluoranthene, pyrene, chrysene, benz[a]anthracene,
benzo[&]fluoranthene, benzo[a]pyrene, dibenz[a,/i]anthracene, and benzo[g,A,z']perylene have
beenreported tobephototoxic.Phototoxicity candevelop relatively rapidly and canbe observed
bothinacuteandchronictoxicity experiments.
Biochemical activation and subsequent adduct formation is the best-known toxicity mechanism
of PAHs. During enzymatic transformation certain PAHs are transformed into highly reactive
compounds which may form covalent bonds with macromolecules such as proteins and DNA,
the adducts. DNA adducts may give rise to mutations which may result in carcinogenesis and
teratogenesis. Biochemical activation is a highly specific (chronic) toxicity mechanism, limited
to a specific group of PAHs (see Table 2). Not all organisms are equally equipped with the
enzyme systemneeded tocarryoutbiochemical activation.
Only circumstantial evidence exists for the disturbance of hormone regulation by PAHs.
Disturbance is thought to occur either by direct interaction of PAH metabolites with hormone
receptors or, indirectly, by interference with hormone metabolism. This type oftoxicity requires
chronicexposure.
It shouldbenotedthat toxic effects canonlybe exerted iforganisms cantake upthePAHs.This
impliesthat,besidestoxicity, thePAHconcentration,bioavailability, and uptake mechanism are
crucial parameters. Together, these parameters determine the actual risk of PAHs. Obviously,
also biotransformation is of crucial importance. Organisms that can metabolize PAHs
extensively have relatively low residue concentrations and will be less susceptible to narcosis
and phototoxicity. On the other hand, organisms that have a high rate of PAH metabolism are
more likely to be the victim of adduct formation or disturbance of the hormone regulation.
Therefore, it may be concluded that relationships between PAH toxicity and residue levels in
organisms areambiguous.

1.3 RemediationofPAHContaminated SoilsandSediments
PAHs in contaminated soils and sediments may pose a risk to humans and ecosystems if their
concentrations and mobility are high. To prevent spreading and uptake of PAHs, action should
be taken either to decrease PAH mobility or to lower PAH concentrations. The mobility of
PAHscanbereduced by isolation and/or immobilization ofthecontaminant. Removal ofPAHs
can be accomplished by a variety of remediation techniques, which may be applied in situ or
after excavation (ex situ, on-site). Remediation may involve physical-chemical and biological
techniques.
1.3.1 Physical-Chemical Remediation. Physical-chemical remediation comprises alarge group
of techniques that rely on several different principles. For PAH contaminated soils and
sediments these principles include the physical separation of contaminated and clean material,
theoxidation ofPAHs,theextraction ofPAHs,andtheimmobilization ofPAHs.
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Physical separation techniques aim to separate highly contaminated particles from relatively
clean particles, yielding a small fraction of highly contaminated matter and a relatively clean
bulk fraction. This bulk fraction generally consists of sandy material that, ideally, meets the
regulatory standards for re-use.Thecontaminatedfractionusually ismoreclayey and organic.It
isdisposed off ortreated further by otherremediation techniques. Typically, physical separation
reliesondifferences ingrain size,density,and/or surface properties. Themost commonphysical
separation is a classification using hydrocyclones or sedimentation basins. Hydrocyclones may
be combined with coal spirals, upstream columns, froth flotation, and magnetic separation to
increase remediation efficiency (16). Obviously, physical separation techniques can only be
applied after excavation ordredging.
Oxidation of PAHs may be achieved both thermally and chemically. Thermal oxidation can be
carried out under dry conditions (450-650 °C) but also under wet conditions (200-300 °C).
Processes involved are thermal desorption, combustion/incineration, and pyrolysis (16-18).
Chemical oxidation is achieved by reaction of PAHs with peroxide or ozone (19-21).Chemical
oxidation may be applied in situ or ex situ, whereas thermal oxidation can only be applied ex
situ.
PAHs can be extracted from soils and sediments with organic solvents (22) and with aqueous
solutions of surfactants (23-27).In principle, extraction can be applied both in situ and ex situ.
However, exsitu extraction isgenerallymoreeffective andmucheasier tocontrol.
Immobilization results in the permanent inclusion of a contaminant in the solid matrix.
Generally, cold immobilization and thermal immobilization are distinguished (16). Cold
immobilization isthehardening ofawastematerial using anorganic/inorganic additive.Itisnot
appropriate for the fixation of PAHs. Thermal immobilization (1000 to over 1250 °C) leads to
the combustion of organic contaminants and the fixation of heavy metals. For PAHs, thermal
immobilization should be seen as a thermal oxidation process rather than an immobilization
process. Thermal immobilization can be effective for the treatment of pollution cocktails
containingheavymetalsand organicpollutants (PAHs).
Not allphysical-chemical techniques discussed above areequallyfit totreat soils and sediments.
Generally, dredged sediments contain a considerable amount of water, which precludes the
application of thermal techniques, due to high energy consumption. Furthermore, chemical
oxidation of dredged sediments is not considered an operational technique. This means that
physical separation processes are the only physical-chemical techniques available for the cleanup of PAH contaminated dredged sediments. Besides physical separation, biological treatment,
isolation, and disposal can be applied. Currently, disposal is the cheapest and most popular
option for the remediation of contaminated sediments in The Netherlands. However, an
increasing amount of sediment is subjected to physical separation before disposal. Separation is
performed to reduce dumping costs and to obtain a clean sand fraction that can be used
beneficially.
For PAH contaminated soils all physical-chemical remediation techniques can be applied in
principle.Nevertheless,onlythermal treatment andphysical separation arecurrently operational.
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In The Netherlands 700-103 tons of soil were remediated thermally in 1998. Another 820-103
tonsweretreated by classification. These amounts areconsiderabletaking inmindthat 1250-103
tons were disposed at controlled dump sites (28).The figures above represent all contaminated
soils,including aconsiderable amountcontaminated withPAHs.
1.3.2 Bioremediation. In comparison with the amounts of soil that were remediated physicalchemically in 1998, the 380-103 tons of soil that were remediated biologically were relatively
minor. These 38010 3 tonspresent the soilbioremediated after excavation and donot includethe
soil that was bioremediated in situ. Therefore, the actual amount of soil that was bioremediated
mayhavebeen largerthanthe figurepresented above.
Roughly, two bioremediation techniques can be distinguished: phytoremediation and
(stimulated) microbial degradation. Phytoremediation has been defined as "the use of green
plants and their associated microbiota, soil amendments, and agronomic techniques to remove,
contain, or render harmless environmental contaminants" (29). Phytoremediation relies on the
uptake of contaminants in the plant itself and on the stimulation of degradation and
immobilization of contaminants outside of the plant. Plants take up contaminants most readily
from the liquid phase, but in some cases also vapor phase uptake occurs. Following uptake,
translocation from the roots to other plant tissues may take place, sometimes followed by
volatilization. Intheplant contaminants may undergo complete degradation ortransformation to
less toxic compounds which may be bound in plant tissues in nonavailable forms (30).
Phytoremediation explanta involves the stimulation of microbial activity in the rhizosphere by
secretion of organic compounds (root exudates) and the release of enzymes which themselves
arecapableofdegradingorganiccontaminants (30).Itisclearthatclean-up by phytoremediation
ishighly complex, involving four-way interactions between contaminants, microbes,plants,and
soils/sediments. As stimulation of microbial activity contributes to the remediative action,
phytoremediation is closely associated with the second bioremediation technique: stimulated
microbial degradation.
Stimulated microbial degradation involves the use of microorganisms to degrade hazardous
organic compounds to less harmful substances, like carbon dioxide, water, and non-toxic
organics. The degradation process may be enhanced by changing the pH, oxygen content,
moisture content, and nutrient content of the material (7). There are three general strategies for
implementing microbial degradation totreatPAHcontaminated soils and sediments:bioreactors,
solid-phaseoperations,and insituoperations.Each strategyhasitsownunique characteristics.
Bioreactor treatment of PAH contaminated soils and sediments is mainly limited to the use of
slurry reactors (2).Thecontaminated material is excavated, slurried with water, and treated ina
reactor where conditions for bioremediation are optimized. There is considerable control over
the operating conditions (pH, oxygen content, nutrients, mixing), which often results in quick
and effective treatment (1).Besides,bioreactors maybe inoculated successfully with a specially
selected, acclimatized microbial enrichment culture. So far, bioreactors have not been
extensively used to treat PAH contaminated soils and sediments (1). One of the reasons is that
10
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slurry treatment is four to ten times as expensive as solid-phase remediation (77). However,
remediationtimemaybemorethanproportionally lower.
Solid-phase bioremediation is defined as the treatment of contaminated soils or sediments in a
contained, aboveground system using conventional soil management practices (tilling, aeration,
irrigation, fertilization) to enhance microbial degradation of organic contaminants (2). Several
solid-phase bioremediation strategies are distinguished, varying from extensive techniques like
landfarming to more intensive techniques like engineered soil cells or biopiles. Landfarming
involvesthe application ofmaterial to soil, followed bymanagement of the areaby fertilization,
irrigation, limeaddition, and tilling (7).Landfarming practice isusually limited to the treatment
ofthesurficial 15-30cmof soils, although greater depthscanbe controlled byrecent machinery
(2). A major disadvantage with landfarming is the possibility of contaminant movement from
the treatment area. This disadvantage is overcome in the intensive systems which are generally
built as prepared beds, lined with low permeability material. The prepared beds are aerated by
forced aeration or pile turning (7), which allows the construction of piles up to 1-2 m without
concern for oxygentransfer limitations (2).Thesolid-phasebioremediation techniques described
above are considered to be operational (77);hybrids of the extensive and intensive systems are
sometimes applied inpractice(2).
In situ bioremediation can be defined as the stimulation of the native microflora to degrade
target organics through the passive management of environmental parameters, without
excavation of soil (2). The principle of in situ remediation is to deliver essential co-reagents to
the indigenous micoflora to facilitate biodegradation. The most important co-reagents are
oxygen and inorganic nutrients (principally nitrogen, introduced in aqueous solution). The
oxygen may be introduced as air, liquid oxygen, or (in)organic peroxides. Multiple economic,
practical,andtechnical factors favor theuseof airasanoxygencarrier. Thisairmaybe supplied
in the saturated zone (biosparging) or inthe unsaturated zone (bioventing). Potential benefits of
in situ bioremediation are its noninvasive character and its supposed cost-effectiveness.
Recognized limitations are physico-chemical constraints (bioavailability, desorption kinetics),
geological constraints (permeability, vertical and horizontal conductivity, water depth), and
treatment times. Moreover, the systems may be very heterogeneous and difficult to monitor. As
aconsequence, effective and completetreatment isdifficult toascertain(2).
Altogether, PAH biodegradation willbe achieved most rapidly with bioslurry reactors, followed
by solid-phase applications and in situ strategies. Site-specific characteristics and performance
criteria determine the applicability of each strategy. Of course there is a direct relationship
between the rate of PAH degradation, the extent of PAH degradation, and the treatment costs
(2).
1.3.3 Policy Changes and Perspectives for Bioremediation. In the beginning of the previous
paragraph itwas shown that the role ofbioremediation for the clean-up of contaminated sitesin
the Netherlands is relatively minor compared to the role of physical-chemical techniques and
disposal. Yet, it is expected that bioremediation will become increasingly important in the near
11
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future, due to significant changes in the Dutch soil remediation policy in 1997 (153). These
changeswillresult inadrasticchangeofremediation strategies.
Before 1997, soil remediation in The Netherlands was aimed at the reduction of contaminant
concentrations to levels allowing the multifunctional use of soils. Roughly, this implied that the
target values for soils in industrial and residential areas were similar, without considering the
specific requirements for soils in such areas. Obviously, target values for industrial soils were
prohibitively low, which lead to a stagnation of soil sanitation operations due to high
remediation costs. In the new policy, the remediation is aimed at a cost-effective reduction of
contaminant concentrations tolevelsrelated tothe specific function of the area. For surface soil,
the reduction of risk and the prevention of contact with contaminants are central issues. For
deeper soil layers, the objective of remediation is the reduction of undesired contaminant
transport to the groundwater, removing contaminants to aresidual level that allows for minimal
after-care. Itwasproposed that remediation shouldbe carried out following a standard approach
asmuchaspossible,tailor-made solutionsbeingallowed incomplicated situations.The standard
approach for the surface soils involves the creation of a clean layer with a depth and quality
dependent on the function of the area. For the deeper soil layers contaminant concentrations
should be reduced to a so called "stable final situation" within 30 years. This implies that
sourcesareremoved andplumesarecontained toprevent further spreading.
Given the above, it is clear that bioremediation will become increasingly important for the
remediation of soils contaminated with organic pollutants. In situ bioremediation and natural
biodegradation processes (natural attenuation) are expected to play a key role in future
remediation strategies.
For sediments a similar trend is observed, shifting from rigid target levels towards risk
reduction, creating more possibilities for treatment by bioremediation. One of the objectives of
the new Dutch policy is to reduce the disposal of dredged sediments in controlled dump sites.
Thispolicy favors thetreatment ofdredged sediments and thebeneficial reuseofthe remediated
material afterwards.
1.3.4 Factors Affecting PAH Biodegradation. Inthisparagraph we focus on the factors which
may affect the outcome of bioremediation by stimulated microbial degradation.
Phytoremediation is not addressed as it has been seldomly applied on a large scale, so far.
Moreover, phytoremediation involves many complex interactions between contaminants,
microbes, plants, and the solid matrix. Focusing on stimulated microbial degradation, the
following five factors affect the likelihood of successful bioremediation: (a) toxicity, (b)
environmental conditions, (c)biodegradability, (d)thepresence of suitable microorganisms, and
(e)bioavailability.
(a) Toxicity. High aqueous-phase concentrations oftoxiccontaminants such asheavy metalsand
cyanides may slow down metabolic processes and prevent the growth of biomass. The degree
and mechanism of toxicity vary with the specific toxicants, their concentrations, and the
microorganisms exposed (31).
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(b) Environmental conditions: Important environmental factors which may influence PAH
degradation in soils and sediments are the oxygen content, pH, temperature, moisture content,
and nutrient content (7). Provision of sufficient oxygen is important to enable aerobic
degradation of PAHs. Although anaerobic degradation of certain PAHs (naphthalene, fluorene,
phenanthrene, anthracene, fluoranthene, pyrene) has been reported under nitrate and/or sulfate
reducing conditions, it is slow in comparison with aerobic degradation (33-37). Optimal pH
values for PAH degradingbacteriarange from 7.0-7.8 (7).Manybacteria are fairly insensitiveto
smallpHvariations intherange6-9 (32).Fungi generally exhibit anoptimal pH of4-5. Optimal
temperatures andmoisture contents forPAHdegradationvary from 20to 30 °Cand 25to90%,
respectively (1).Finally, it is important that critical nutrients like nitrogen and phosphorous are
available in ausable form, appropriate concentrations, andproper ratios (7).Intheory C,N,and
P should be available in a (molar) ratio of approximately 120:10:1. However, unknown yield
factors and the fact that a part of the PAHs may be slowly degraded complicates proper
estimation.ForPAHsanoptimalratioof 800:13:1hasbeenreported(7).
(c)Biodesradabilitv:Microbial degradation of PAHs has been reviewed by several researchers
(8,9, 12,38,39)whogenerally distinguish between degradation bybacteria and degradation by
fungi. Although degradation may take place under aerobic and anaerobic conditions, we focus
primarily on aerobic degradation. A wide variety of bacteria can degrade PAHs aerobically.
Roughly, it can be stated that more bacteria are known to degrade low molecular weight PAHs
than high molecular weight PAHs.Many bacteria havebeen isolated that are capable ofusing2
and/or 3 ring PAHs as their sole source of carbon and energy. In comparison, only few 4 ring
PAHs (pyrene, chrysene) and none of the 5 and 6ring PAHs can be used as the sole source of
carbon and energy. These 4, 5, and 6 ring PAHs are usually converted cometabolically, except
for benzo[g,/i,/]perylene and indeno[l,2,3-c,c?]pyrene, for which no evidence of bacterial
degradation has been found so far. In general, it may be concluded that low molecular weight
PAHs may be degraded rapidly, whereas high molecular weight PAHs are more resistant to
bacterial degradation (1, 2,5).
Fungal degradation has been reported for all 16 EPA PAHs except benzo[g,A,z']perylene and
indeno[l,2,3-c,cf]pyrene. Generally, fungi oxidize PAHs via cytochrome-P450 after uptake.
However, white rot fungi are capable of degrading PAHs extracellularly by non-specific radical
oxidation. This oxidation is induced by lignolitic enzymes. As a consequence, white rot fungi
have arelatively highpotential todegrade 4,5,and 6ringPAHs,includingbenzo[g,/!,z]perylene
andindeno[l,2,3-c,d]pyrene,provided thatthesePAHs arereadily available (12,39).
(d) Presence of suitable microorganisms:The indigenous microbial community in soils and
sediments usually has ahigh capacity for PAH degradation. Prior exposure and acclimatization
will enhance the degradation rates (7). Still, there are situations in which inoculation of PAHcontaminated sites could potentially enhance bioremediation. These situations include sites at
which the removal rate is very low and sites contaminated with high molecular weight PAHs
which have to be degraded cometabolically (2). Unfortunately, inoculation is a complicated
processwithrelatively little successtoencourage itsuse(2).
13
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(v)Bioavailability: Bioavailability represents the accessibility of achemical for assimilation and
possible toxicity (40). It is often considered to be the most important factor affecting the
outcome of a bioremediation operation (2). Bioavailability will be addressed in more detail in
thenextparagraph, inwhichdefinitions, mechanisms,andbackgrounds are discussed.

1.4 Bioavailability
1.4.1 Defining Bioavailability. Bioremediation of PAH contaminated soils and sediments
generally shows a biphasic loss of PAHs: a short period of rapid PAH degradation is followed
by a longer period of slow degradation {41-47). This biphasic behavior often results in an
incompleteremovalofPAHs,residualPAHsremaininginthematrix after remediation. Inmany
cases the height of the residual concentrations is related to PAH bioavailability. Thus,
bioavailability represents one oftheprincipal factors influencing the extent ofPAH degradation
in contaminated soils and sediments. Besides the importance for bioremediation, bioavailability
isofmajor importance from theperspective of ecotoxicological risk assessment. Ingeneral,only
readily bioavailable PAHs will form a risk for the surrounding environment. Given the use of
thetermbioavailability insuchdifferent fields asbioremediation and ecotoxicology it willcome
asnosurprisethat several different definitions ofbioavailability canbe found inliterature:
(1) Bioavailability is the complex interactive effect of myriad physico-chemical factors on the
rateand extent ofbiodegradation (2).
(2) The bioavailable fraction of a contaminant is the fraction that can desorb or be degraded
within aspecific period(48).
(3) Bioavailability describes the phenomenon that bioremediation of soils contaminated with
hydrophobic solutes depends on the rate and extent of desorption from a solid surface or
dissolution from aseparatephase(49).
(4) The bioavailability of a chemical is determined by the rate of mass transfer relative to the
intrinsic activity of the microbial cells. A reduced bioavailability of pollutants in soil is
causedbytheslowmasstransfer tothedegradingmicroorganisms (50).
(5) Limited bioavailability refers to the situation where the potential biodegradation capacity of
the microorganisms exceeds the mass-transfer rate to the aqueous phase where
biodegradation canoccur(51).
(6) Bioavailability (to environmental scientists) represents the accessibility of a chemical for
assimilation andpossibletoxicity(40).
(7) A pollutant has a limited bioavailability when its uptake rate by organisms is limited by a
physico-chemicalbarrierbetween thepollutant and themicroorganisms (52).
(8) Thebioavailable fraction ofachemical isthe fraction insoil/sediment and (interstitial) water
which can potentially be taken up during the organisms life-time into the organisms tissue
(11).
(9) Thetermbioavailability (tomammalian toxicologists) represents the availability for crossing
acellmembrane and entering acell(40).
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Clearly,thefirstfivedefinitions havebeen formulated from abioremediation perspective, while
definitions 6 and 7aremore general and definitions 8and 9reflect an ecotoxicological point of
view. It must be emphasized that the definitions can not be applied outside the range of their
original context; adefinition that is useful in one specific study may not be relevant in another.
In the present thesis bioavailability will be approached from a bioremediation perspective,
predominantly. Adefinition ofbioavailability isformulated below.
In general, the rate at which microbial cells can convert chemicals during bioremediation
depends on two factors: (a) the rate of uptake and metabolism by microorganisms (intrinsic
activity of the cell); (b) the rate of transfer to the microbial cells (mass transfer) (50).
Bioremediation is limited by bioavailability if mass transfer to the cells is lower than the
capacity of the cells for biodegradation. This can be translated into a bioavailability number
(Bn), representing the ratio of the mass transfer rate constant to the microbial specific affinity
(50). In the present thesis the mass transfer aspect of bioavailability is emphasized. Biological
experiments wereperformed in such away that degradation wasprimarily limited by the rateof
mass transfer, except in a short initial stage, in which mass transfer may have exceeded the
microbial degradation capacity. In this situation, bioavailability may be defined as the ability of
a contaminant to desorb to the aqueous phase, within the time-frame of an experiment, under
infinite dilution conditions. Although sorbed PAHsmaybebioavailable to some extent (53,54),
it is generally accepted that PAHs in soils and sediments can only be taken up by
microorganisms if they arepresent in the aqueous phase (52). Transfer to the aqueous phase is
controlled by a number of physical-chemical sorption/desorption processes. In the next two
paragraphs equilibrium sorption anddesorption kineticsare discussed.
1.4.2 Equilibrium Sorption. Sorption of hydrophobic organic contaminants by soils and
sediments has historically been described using linear partitioning models with a distribution
coefficient, K<j (L/kg), representing the relationship between aqueous-phase and solid-phase
concentrations (55). Such models are predicated on the hypothesis that soil/sediment organic
matter dominates sorption, which is usually valid if a significant amount of organic matter is
present (organic carbon > 0.02-0.1 %) (56,57).Another important condition for the application
of partitioning models is that SOM forms a relatively homogeneous and amorphous (gel-like)
phase for which sorption isotherms arelinearoverawiderange ofaqueous-phase concentrations
(55). Furthermore, the assumption of apartitioning model carries with it an expectation that the
sorption process iscompletely reversible and not subject tocompetition among different solutes.
If so, sorption coefficients can be normalized to the organic carbon content (foc, dimensionless),
yielding an organic carbon-water distribution coefficient KoC(L/kg;Koc=K<i/foC). Anoverview of
Kocvalues for the sorption of PAHs is presented in Table 3. This table includes KoCvalues for
sorption to SOM,dissolved organicmatter (DOM),humicacids(HA),and fulvic acids(FA).
The overview in Table 3 shows that KoC values generally increase with increasing molecular
weight of PAHs. This has led to the formulation of relationships between KoCvalues and other
physico-chemical properties, like octanol-water partitioning coefficients (KQW) and aqueous
15
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solubilities (S). Several correlations have been presented in literature, usually in the following
general form (70,84, 85):
log Koc = a-log Kow + b

logKoC=clog S+d

(1)

(2)

where a, b, c, and d are constants obtained by linear regression. These constants exhibit
considerable variation from sorbent to sorbent, which is illustrated by the KoC values of
individual PAHs in Table 3, varying by 1-3 orders of magnitude. This demonstrates that the
regression parameters obtained for one sorbent can not be automatically applied to other
sorbents.
Thewide variation in KoCvalues of individual PAHs canbe explained by the fact that a simple
equilibrium partitioning model may not be appropriate for the description of the sorption
process.Overthepastdecade, anincreasingly convincingbody ofevidence has evolved to show
that the partitioning model is conceptually and phenomenologically inconsistent with the
observed sorption behavior (55). It includes the observation that sorption is (i) non-linear, (if)
competitive, and (Hi)hysteretic. Moreover, nonlinearity of sorption has been observed to be
dependent onthe(iv)equilibration timeand (v)SOM composition.
(i)Sorptionnonlinearity.Whilepartitioning is a linearprocess,the vast majority of the sorption
isotherms of hydrophobic organic contaminants are non-linear if measured over a broad
concentrationrange(63,86-104).Non-linear isotherms havebeenmeasured for sorptiontosoils,
sediments,humicmaterials,andmodel sorbents,non-linearity being most expressed atrelatively
low aqueous solute concentrations. Sorption has been described with Freundlich isotherms (63,
88-95, 98, 99, 103), Langmuir isotherms (88, 104), and combined adsorption-partitioning
models, including combinations of linear and Freundlich isotherms (88, 105), linear and
Langmuir isotherms (= Dual Reactive Domain Model) (63, 92, 95, 99, 100), and linear and
Polanyi-basedisotherms (63, 102, 103).
Due to isotherm non-linearity, K<,c values may vary significantly with aqueous-phase solute
concentrations. KoCvalues are higher at low solute concentrations, causing all commonly used
correlations ofKoCwith octanol-waterpartition coefficients and solubility (equations 1and 2)to
underestimate KoCvalues for low solute concentrations (i.e. <±10 % of the aqueous solubility)
(92). The Freundlich isotherm, which is most frequently used in the literature, is given by the
following equation:
Q=K r C n

(3)

where Q is the amount of pollutant bound to the solid matrix, Kf is the Freundlich binding
coefficient ((mg/kg)-(L/mg)n), n is the Freundlich exponent which is a measure of the chemical
heterogeneity, andCistheaqueouspollutant concentration (mg/L).
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(H) Sorptioncompetition: Competitive sorption doesnot takeplace inpartitioning processes,but
it has been observed for sorption of hydrophobic organic contaminants (HOCs) to soils,
sediments,humicmaterials, and model sorbents (87, 89,97-102).In general, sorption ofHOCs
to SOM canbe suppressed both by polar and nonpolar cosolutes. This suppression can occur at
relatively low aqueous cosolute concentrations, structurally similar molecules competing more
strongly (97). Overall, competition will result in suppressed sorption and increased isotherm
linearity (Freundlich n approaching 1)(98).The competitive effects suggest a certain degree of
sorption selectivity (97).
(Hi) Adsorption-desorption hysteresis: Partitioning is a reversible process, while sorption of
HOCs to soils, sediments, and humic materials is often irreversible, exhibiting considerable
adsorption-desorption hysteresis(93,95,96, 103,706",107).
(iv) Time-dependent sorption: HOC sorption to soils, sediments, and humic materials is a
process which takes considerable equilibration time (61, 67, 91, 94, 97, 98). In general, the
extent of sorption increases with time, isotherms changing from approximately linear to
increasingly nonlinear as reaction time increases. Accordingly, Freundlich Kf increases with
time,whileFreundlich ndecreases with time (91, 94,97,98).Thetime needed for attainment of
apparent equilibrium is highly dependent on the solute concentration. At high solute
concentrations apparent equilibrium may be reached within a few hours, whereas at low solute
concentrations equilibration may take several days to over a year, depending on the type of
sorbent(94).
(v) SOM composition dependent sorption: In the partitioning model SOM is represented as a
homogeneous amorphous (gel-like) phase which exhibits linear sorption (55).However, several
recent studieshave shown that SOMisnot ahomogeneous amorphous phase,but acollection of
organic facies with varying sorption isotherms, ranging from practically linear to strongly
nonlinear (62, 64, 86, 87, 90, 93, 94, 97, 102, 108). These organic facies differ in maturity,
which may lead to K<,cvalues varying by 2-3 orders of magnitude (64, 108).Young and Weber
(90)pictured SOM as amacromolecule with a structure ranging from completely amorphous in
relatively young SOM (fulvic acids) to one that is increasingly condensed as diagenetic
alteration occurs, ultimately becoming highly crystalline in extremely old organic carbon
structures like anthracite coals. It has been shown that samples with more physically condensed
and chemically reduced SOM exhibit greater solute affinity, more nonlinear sorption isotherms,
more pronounced hysteresis, and lower sorption rates (93, 94). In addition, it has been
demonstrated that strong nonlinear sorption of HOCs may result from adsorption on small
amountsofhighsurface areacarbonaceousmaterial such ascharcoal-like substances orsoot(62,
64-66, 69, 86, 87, 109, 110). These materials have been found to exhibit extremely high KoC
values.
Three conceptual models have been developed recently to enable interpretation and
(quantitative) description of the non-ideal sorption phenomena: (a) Weber et al. (55, 88)
hypothesized that SOM is comprised by two principal types of domains: a highlyamorphous
(soft) and arelatively condensed(hard) domain. Sorption of HOCs into the amorphous domain
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is linear, fast, completely reversible, and can be described using the linear partitioning model.
Sorption in the condensed domain is nonlinear, slow, and hysteretic. (b) Xing and coworkers
(99, 100) conceptualized SOM to consist of flexible rubbery and inflexible glassy phases,
analogous to the same states that may be assumed by a polymer. A characteristic of the glassy
state is the presence of unrelaxed free-volume in the form of internal nanometer size voids or
pores. Sorption in rubbery domains occurs by solid-phase dissolution (partitioning), which is
linear and non-competitive, whereas sorption in glassy domains occurs by a dual mode
mechanism that includes both partition and adsorption-like (hole-filling) interactions. Sorption
inglassy domains isnonlinear and shows competitive interactions, (c)Chiou andcoworkers(86,
87)postulated that high-surface-area carbonaceous material is responsible for strong nonlinear
sorption at low HOC concentrations. Sorption to SOM was believed to follow a linear
partitioningmodel.
Within the framework of the present thesis it was chosen to integrate the three models above,
combining their valuable aspects. We will use the terms amorphous and condensed to describe
the SOM domains, assuming that condensed SOM may contain a certain amount of nanometer
size pores (voids) and that high surface area carbonaceous material (coal, soot) constitutes a
specific facies in the condensed domain (Figure 2). From the perspective of bioavailability it
may be reasoned that HOCs which are sorbed in the amorphous domains are readily
bioavailable, whereas PAHs which are sorbed in the condensed domains arepoorly bioavailable
(at least partly). Evidence supporting the existence of discrete SOM domains has been provided
recently by spectroscopic analysis (111-115) and differential scanning calometry (DSC) (116119). So far, little information has been reported on the chemical composition of the SOM
domains.
condensed OM
microvoid
4

coal/soot

expandedOM
Figure2.Schematicrepresentationoforganicmaterialinsoil/sediment.
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1.4.3 Desorption Kinetics. The bioavailability of PAHs is related to the ability of PAHs to
desorb from the solid matrix into the aqueous phase. Generally, this desorption is biphasic
(Figure 3):a short period ofrapid desorption is followed by a longer period of slow desorption
(25, 61, 120-123).In accordance, PAHs are often divided in a rapidly desorbing and a slow
desorbing fraction. Thedivisionbetween them israther arbitrary,but inmany casesitoccurs ata
few hoursto a few days (124).Obviously, the rapidly desorbing fraction is readily bioavailable,
whereasthe slowdesorbing fraction ispoorlybioavailable.
Thebiphasicdesorption ofPAHsisseriously affected bythetimeof contactbetween PAHsand
the solid matrix. Historically contaminated (aged) samples,where contact times may have been
months, years, or even decades, usually contain a relatively large slow fraction. As a
consequence, contaminants in aged samples are less bioavailable than contaminants in freshly
contaminated samples (40, 124).This is reflected in a reduced susceptibility to biodegradation,
reduced uptake by animals and plants, reduced toxicity, and reduced extractability with mild
extractants (125-133).The extent of bioavailability reduction during aging is dependent on the
contaminant concentration, the aging conditions, and the sample characteristics: sequestration is
more extensive at low contaminant concentrations (131); wetting and drying cycles increase the
extent of sequestration (127); and both the rate and the extent of sequestration may vary
markedly amongdifferent soiland sediment samples(128).
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contamination.
Two main mechanisms have been proposed to be responsible for the slow desorption of aged
HOCs: sorption retarded pore diffusion and organic matter diffusion. Sorption retarded pore
diffusion postulates the rate-limiting process to be molecular diffusion in pore water, retarded,
chromatographic like, by local sorption on pore walls (124). These walls may or may not be
composed oforcoatedwithorganic matter.
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The organic matter diffusion model postulates diffusion through natural organic matter as the
rate limiting step for HOC desorption {124). In accordance with Figure 2, diffusion through
SOM should be divided in diffusion through amorphous and condensed domains. Diffusion
through condensed domains may be assumed to be much slower than diffusion through
amorphous domains.Thisisincorrespondencewithdiffusion through glassy andrubberyphases
of polymers. Diffusion through the glassy phase of synthetic polymers is much slower than
diffusion through the rubbery phase. This is due to the higher viscosity of the glassy phase,
which resists molecular motion, and due to the extra time spent sorbed in nanovoids (97).
Sorption at internal voids may be sterically hindered, which could result in an activated holefilling (orhole-emptying)process.
According to Pignatello and Xing (124),it is quite likely that both organic matter diffusion and
sorption retarded pore diffusion operate together in the same aggregates. Organic matter
diffusion may predominate in soils and sediments that are high in organic matter and low in
aggregation, while surface retarded pore diffusion may predominate in soils and sediments
where the opposite conditions exist. Cornelissen et al. (134), who measured the temperature
dependence of slow desorption of HOCs in sediments, observed that the magnitude of the
activation enthalpy of slow desorption (60-70 kJ/mole)was inthepolymer diffusion range (>60
kJ/mole) rather than in the pore diffusion range (20-40 kJ/mole). They concluded that intraorganic matter diffusion could explain slow desorption from their samples better than pore
diffusion.
Biphasic desorption of HOCs has been often described with radial diffusion (e.g. 135-138) and
two-compartment models (e.g. 61,121,122,134,138,139).Inthis thesiswe focus onthe latter,
as the radial diffusion model is considerably more complicated to apply. Moreover, the radial
diffusion model unjustly gives the idea that experimental results can be described
mechanistically, while in practice the diffusion model is far from mechanistic due to the poor
representation of sample characteristics. This is illustrated by the following points: (i) the size
distribution of particles is generally unknown; (if)the radial diffusion model does not consider
the presence of different SOM domains; (Hi) the radial diffusion model considers HOCs to be
homogeneously distributed overparticles,while recent studies with PAH contaminated samples
showed lateral variations at the subparticle scale, indicating a heterogeneous distribution that is
difficult tocharacterize (154,155).
The two-compartment model can be represented by the following equation, assuming that no
readsorption ofdesorbed compoundstakesplace(61):
Qt/Qo=Frapld-e"k^id't + F s W e " l w t

(4)

In this equation t is time, Qt and Q0 are the sorbed amounts at time t and time zero, Frapid and
Fsioware the fractions of the contaminant in the rapid and slow compartment at time zero, and
krapidandksioware therate constants of rapid and slow desorption. Table 4 gives an overview of
krapidandksiowvaluesofsomePAHs.
21

Chapter1
Table 4. Rapid andslow desorption constants of PAHs.
PAHs
Naphthalene

krapid (h )

0.1

c

0.52-1.2f; l-10c
0.66-3.8f

Acenaphthylene
Acenaphthene
Fluorene

0.046-3.8f
0.404b
a

Phenanthrene

0.29-0.72

Anthracene

0.20"; 0.320b
0.116"; 0.202b
0.098a; 0.163b

Fluoranthene
Pyrene
Benz[a]anthracene
Chrysene

k s iow10 3 (h- 1 )

3.83d; 4.08e; \.T'\
0.43-2.8"; 0.21-1.3f
0.44a; 2.96d; 2.62e;
a

d

e

0.043a

0.41 ; 3.12 ; 2.98 ;
0.42a; 3.24d; 2.74e;
0.38a; 0.15-3.Of

0.043a

0.32-0.98a; 0.77-10f

184e"

0.0076-3.5f

e
f
1.3e'; 170 "; 0.26-1.4
C
e
1.2 '; 128 "; 0.53-7.1f
1.2e'; 153e"; 0.54-13f

Benzo[6]fluoranthene
Benzo[&]fluoranthene
Benzo[a]pyrene
Dibenzfa,AJanthracene

1.2"

Benzo[g,h,j'Jperylene
Indenof 1,2,3-c,rf]pyrene
"Bonten,30°C(48); bCornelissen (121), 20°C;cDeJonge etal.(140), 25°C;dCornelissenetal.(61),20°C;"Cornelissenet al.
(134),20°C;'Comelissenetal. (134), 5°C;'"Comelissenetal. (134), 60°C;'Williamsonetal. (122), 20-23T.

The existence of rapid and slow compartments maybe related to three different phenomena
(141): (a) sites with different accessibility (physical mass transfer resistance); (b) sites with
different sorption mechanisms (twoormore types ofsorption reactions ofwhich at least one is
rate limiting); (c)different (chemical) molecular-scale reaction sites (sites differing in affinity
for thesoluteand/orhavingadifferent rateofsolute-site reaction).Assuming that organic matter
diffusion is responsible for the biphasic desorption behavior, it may be reasoned that a
combination ofthe three phenomena takes place. Obviously, amorphous andcondensed regions
are likelytohave adifferent accessibility duetodifferences indensity, cross-linking, andchain
rigidity.Besides, different sorption mechanisms havebeen observed totake place (134).Rapid
desorptionisassociated withapartitioning mechanism thatisdrivenby entropy gain,while slow
desorption isassociated withaprocess that isboth enthalpy andentropy driven andinvolvesthe
removal of the highly structured water mantle around the dissolved HOC.Finally, specific
sorption ofHOCsmayoccur, sorption sitesbeing providedbytheinternal voids.Assorptionin
thesevoidsislikelytoinvolve structural rearrangements inthe vicinity ofthevoidsitislikelyto
bespecific, withvarying affinities fordifferent typesofvoids.
Recently,theexistence ofathird,very slowcompartment hasbeen observed (60,134,141).Itis
possible that this compartment isassociated with anon-linear hole-filling mechanism, whilethe
slowcompartment involvesmass transfer limitedpartitioning-likesorption incondensed organic
matter.
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1.4.4 Measuring Bioavailability. Evidence is compelling that a vigorous extraction with an
organic solvent fails to predict the bioavailability of HOCs in soils and sediments (40).
Generally, a vigorous extraction is applied to recover the total amount of a contaminant.
Therefore, it seriously overestimates the bioavailability of HOCs in aged samples. In the last
decade the development of new laboratory methods for the prediction of HOC bioavailability
has become an important issue. Such methods are needed to predict the performance of
bioremediation andthepossible adverse effects (toxicity) ofcontaminants. Existingtests for the
prediction ofbioremediation potential havetraditionallybeenbased onthemicrobial conversion
ofcontaminants.Although reliable, these tests are long and laborious. Therefore, a considerable
amount of research has been devoted to the development of simple non-biological laboratory
methods for the prediction of bioavailability. For PAHs this research has yielded several
characterization methods. Thesemethods arebased ontheremoval of bioavailable PAHsby(?)
solid-phase extraction, (ii) cyclodextrin extraction, (Hi) (super)heated water extraction, (iv)
organic solventextraction, and(v)supercritical CO2extraction.
(/) Solid-phase extraction (SPE) has been studied by several groups (121, 132, 142-146) and
relies on the extraction of readily bioavailable PAHs with a solid sorbent in an aqueous slurry.
This solid sorbent has a high sorption capacity for PAHs and usually consists of hydrophobic
beads(e.g.Tenax TA),membrane disks,orcoated fibers. In addition, semipermeable membrane
devices have been applied (142, 147).The solid sorbent is introduced in the samples and keeps
the aqueous phase free of PAHs. Thus, a so-called infinite dilution is established, which results
in a concentration gradient between the aqueous phase and the soil or sediment particles. This
leads to (further) desorption of readily bioavailable compounds. By regular refreshment of the
solid sorbent infinite dilution ismaintained andreadilybioavailable PAHs areremoved from the
system. The PAHs that remain in the samples after SPE are a measure of the amount of
contaminant that is poorly bioavailable. Typically, the removal of readily bioavailable PAHs
takes several hours (low MW PAHs)to several days(highMW PAHs). SPEmaybe considered
an operational technique for the measurement of PAH bioavailability and is more rapid than
biological characterization. Nevertheless, an accurate prediction of PAH bioavailability by
meansofSPEisexpected totake severaldays.
(ii) Cvclodextrin extractionhas been investigated by Reid et al.(148). Cyclodextrins are cyclic
polysaccharides with a hydrophilic shell and an apolar cavity, which can form water-soluble
inclusion complexes with PAHs. In an aqueous solution, cyclodextrins lower the free PAH
concentration, resulting in the formation of a concentration gradient between the aqueous phase
and the solid matrix. This concentration gradient causes PAHs to dissolve. Regular refreshment
of the cyclodextrin solution is necessary to maintain the concentration gradient and to
accomplish completedissolution ofthebioavailablePAHs.ThePAHsremaining after extraction
are a measure of the amount of PAHs that are poorly bioavailable. Obviously, cyclodextrin
extraction isvery similarto SPE,withtheexception that dissolved molecules areused to extract
the PAHs. Up to now, cyclodextrin extraction has only been applied to predict the
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bioavailability of spiked PAHs. Successful application to historically contaminated (aged)
samplesremainstobe demonstrated.
(HI) (Super)heated water extraction has been studied by Johnson and Weber (146). The
extraction technique relies on the measurement ofdesorption athigh temperatures ranging from
75 °C (heated) to 150°C (superheated or subcritical). At these high temperatures desorption of
PAHsisaccomplished rapidly anddesorption rateconstants(krapjd andksiowinequation 4)canbe
obtained within a short time. As desorption is performed at several temperatures, the
temperature dependency of k^d and ksiow can be calculated using the Arrhenius equation. The
rate constants at low temperature can be extrapolated and desorption under field conditions can
be predicted, as well as bioavailability. So far, (super)heated water extraction has shown
promising results. However, it should be noted that the high temperatures may affect the
sorptionbehavior ofPAHsby astructural rearrangement oftheorganicmatter. Thismay leadto
anoverestimation ofbioavailability.
(iv) Organic solvent extraction (minutes to hours) has been extensively investigated by the
group of Alexander (126, 128, 130, 133). Their experiments demonstrated that extractability
diminished with increased aging of PAHs, the extent of extraction largely following
bioavailability to bacteria. Nevertheless, the correlation between bioavailability and
extractability was reported not to be particularly strong in a study with 16 different soils. A
possible reason for this is the interaction of organic solvents with SOM. This interaction may
influence bioavailability by competition for sorption sites and by swelling. The latter will
seriously affect thesorptionproperties ofSOM.
(v)SupercriticalCO? extractionrelies ontherapid extraction ofbioavailable PAHs with CO2at
elevated temperatures and pressures (149-152). By applying sequentially stronger extraction
conditions selective extraction of PAHs associated with rapid, moderate, slow, and very slow
"sites" canbe accomplished. Thus, an estimation of PAH bioavailability canbe obtained within
a few (1-4) hours (151, 152). An artifact that may appear during supercritical CO2extraction is
swelling of organic matter. This may affect the sorption properties of the material investigated,
leadingtochanges inPAH bioavailability.
Evaluating thefivemethods described above,only SPE can currently be considered operational.
The other four methods still need extensive validation before they can be applied in practice.
The extractions with superheated water, organic solvents, and supercritical CO2 need to be
studied critically. It is likely that the conditions applied during these extractions may seriously
affect the sorption properties of the material investigated. This may hamper their use for the
prediction ofPAH bioavailability.
Itisconcluded that the challenge of developing arapid characterization test for theprediction of
PAH bioavailability remains. Although SPE is considerably more rapid than the biological
characterization tests,anaccurateprediction ofbioavailability may stilltake severaldays.
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1.5 Outline ofthis Thesis
This thesis covers two topics: (a) the measurement of (PAH) bioavailability in soils and
sediments and (b) the composition of the amorphous and condensed soil/sediment organic
matter domains in which PAHs and other organic contaminants are sorbed. Measurement of
bioavailability is addressed in Chapters 2-5, while the composition of the organic matter
domainsisaddressedinChapters 6and7.
Chapter 2 introduces a new method for the prediction of PAH bioavailability in soils and
sediments. This method is based on the oxidation of bioavailable PAHs with persulfate. The
persulfate oxidation method is validated in Chapter 3, comparing PAH oxidation and
biodegradation in 14soil and sediment samples from historically contaminated sites. Chapter 4
evaluates the application of surfactant extraction and cyclodextrin extraction for the prediction
of PAH bioavailability. Triton X-100 (surfactant) and hydroxypropyl-(J-cyclodextrin were used
to extract bioavailable PAHs. In Chapter 5two methods which had proven tobe successful for
the prediction of PAH bioavailability were tested for the prediction of petroleum hydrocarbon
bioavailability. Solid-phase extraction and persulfate oxidation were conducted on three
petroleum contaminated samples.
Chapters 6 and 7 address the composition of amorphous and condensed soil/sediment organic
matter domains. Chapter 6 evaluates the effect of persulfate oxidation on the composition of
SOM. Chapter 7 deals with the effect of (SOM) extraction, hydrolysis, and oxidation on the
concentration andbioavailability ofPAHs. Theresults in Chapters 2-7 arediscussed in Chapter
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CHAPTER 2
Development of a Persulfate Oxidation Method for the Prediction of
PAHBioavailability inSoilsandSediments *
Chiel Cuypers, Luc Bonten, Tim Grotenhuis,

Wim

Rulkens

Abstract
To predict PAH bioavailability in soils and sediments arapid characterization test was
developed, relying on the chemical oxidation of readily bioavailable PAHs by
persulfate. We studied the effect of oxidation temperature (50-121 °C),oxidation time
(1-24 h), and persulfate to organic matter ratio (2.9-28.9 g/g) on the extent of PAH
oxidation. Residual PAH concentrations after oxidation were compared with residual
concentrations after 21 d of biodegradation in an optimized slurry reactor. It was
shown that persulfate oxidation at 50 and 70 °C provided a good estimation of PAH
bioavailability if the oxidation time was sufficiently long (> 24 and 3 h, respectively)
and the persulfate to organic matter ratio >5.8 g/g was sufficiently high. Oxidation at
90 and 121 °C overestimated PAH bioavailability. Two methods were selected for
further investigation: a 3h oxidation at 70 °C and a 2 h oxidation at 95 °C (S208/OM
ratio 12 g/g). These methods were tested on 3 field samples containing an aged PAH
contamination. It appeared that the residual PAH concentrations after 3h of oxidation
at70°Cweresimilartotheresidual concentrations after 21dofbiodegradation. A2h
oxidation at 95 °C overestimated biodegradation. This overestimation could not be
attributed toathermal enhancement ofPAHbioavailability. Itwas likelytoresult from
amoreextensive oxidation oforganicmatter at95°C.

Parts of this chapter have been published:
Cuypers, M. P.; Grotenhuis, J. T. C ; Rulkens W. H. In: Bioremediation Technologies for Polycyclic Aromatic
Hydrocarbon Compounds, Proceedings 5' In Situ and On Site Bioremediation Symposium, Vol8;Battelle Press:
Columbus OH, 1999;pp 241-246.
Cuypers, M. P.; Bonten, L. T. C ; Grotenhuis, J. T. C ; Rulkens, W. H. In: Characterization and Treatment of
Sediments; Technological Institute Royal Flemish Society of Engineers:Antwerp, 1999;pp 61-70.

33

Chapter2

2.1Introduction
Since 1997, several laboratory methods have been published for the prediction of hydrophobic
organic contaminant (HOC) bioavailability in soils and sediments. These methods rely on the
removal ofbioavailable HOCsbymeansof solid-phase extraction (1-4), cyclodextrin extraction
(5-7), membrane extraction (2), solvent extraction (8-11), surfactant extraction (12), and
supercritical CO2 extraction (13-15) (see Chapter 1). In the present study we investigated the
potential of a rapid chemical oxidation method for the prediction of PAH bioavailability. This
method isbasedonthe selective chemical oxidation ofapart ofthesoil/sediment organic matter
(SOM)by persulfate.
Persulfate decomposes when it is heated and forms sulfate radicals (SO/") which can react ina
.complex radical-chain mechanism (16, 17).Thekinetics of persulfate decomposition have been
widely investigated (16, 18, 19), as well as the oxidation of many organic and inorganic
substances (e.g. 16, 20-29). Since the discovery of persulfuric acid in 1878 (30), numerous
papers have appeared concerning the properties and reactions of persulfate (19). Research has
yielded several technical applications of persulfate, most important being the initiation of
polymerization reactions, the synthesis of grafted copolymers, etching of pressed connections,
and catalysis ofvarious organic reactions (17, 20,21, 31).Besides, persulfate has been used in
non-detonating blasting-charges, as anoxygen carrier inrocket fuel, and asanoxidizing element
inphotographic colorfixing-baths(37).
More recently, persulfate has been applied for the oxidation of complex natural organic
macromolecules (32-43). Persulfate oxidation was used for the determination of dissolved
organic carbon in freshwater (32, 33), total organic carbon in aquifer material (34), dissolved
organic nitrogen in soil extracts (42),and carbon and nitrogen in soil microbial biomass (43).In
a soil chemistry context, persulfate oxidation was studied as a first step in the sequential
degradation of fulvic acids,humicacids,andhumin(35-38).Sequential degradation wasused as
amethod to study the structure oftheseorganic materials. Finally, persulfate oxidation hasbeen
used as a method to remove labile, non-recalcitrant, organic matter from soil and sediment
samples(39-41).
Research demonstrated that persulfate oxidation does not accomplish a complete degradation of
complex natural organic macromolecules. Experiments learned that soil organic matter can be
typically degraded for 20-40 %(34,35,37).Thetypeandtherelative quantities ofthe (residual)
oxidationproducts vary stronglywiththe sourceoftheorganicmatter (37,38).
We hypothesize that persulfate oxidation predominantly removes amorphous SOM, while
condensed SOM is not seriously affected (definitions amorphous and condensed SOM in
Chapter 1). In accordance, persulfate oxidation is hypothesized to remove the readily
bioavailable PAHs that are sorbed in amorphous SOM,while the poorly bioavailable PAHsthat
are sorbed in condensed SOM arerecalcitrant. In other words, the amount of PAHs that remain
in soil/sediment after persulfate oxidation may be a measure of the amount of PAHs that are
nonavailable to microorganisms. This hypothesis is supported by the work of Weber etal.(40)
and Young and Weber (41), who showed that persulfate oxidation selectively removed soft
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(amorphous) SOM. The residual organic matter exhibited a considerably higher organic carbon
partitioning coefficient (K<jC) for phenanthrene than the original material. Further support is
found in literature onpolymer functionalization. Functionalization of polymers canbe achieved
byoxidationwithpersulfate, whichintroduceshydroxylorhydroperoxide groupsatthepolymer
surface (44-46). Experiments with crystalline polypropylene demonstrated that persulfate
oxidation was restricted totheouter layers ofthecrystallinepolymerparticles (46).The interior
of the particles was not affected. Given the correspondence between crystalline polymers and
condensed SOM (Chapter 1), it may be reasoned that condensed regions in SOM are highly
resistant topersulfate oxidation.
Inthepresent chapter wetested thehypothesis thatpersulfate oxidation is capable of selectively
removing readily bioavailable PAHs from contaminated soil and sediment samples. Thus, we
assessed the potential of persulfate oxidation for the prediction of PAH bioavailability. First, a
parameter study was performed to investigate the effect of oxidation temperature (50-121 °C),
oxidation time (1-24 h), and persulfate to organic matter ratio (2.9-28.9 g/g) on the extent of
PAHoxidation. Residual PAH concentrations after oxidation were compared withresidual PAH
concentrations after biodegradation. On the basis of the results two methods were selected for
further investigation. These methods were tested on one soil and two sediment samples, all
pollutedwithPAHs.Oxidationwascomparedwithbiodegradation.
In addition to the oxidation studies, we investigated the effect of short-term heating on the
bioavailability ofthePAHs.Ithasbeen shownbyBonten etal.(47,48)that heating of soiltoa
temperature higher than 65 °C can significantly enhance PAH bioavailability, even if the high
temperature ismaintained only for ashortperiod of 1-2 h. Thisbioavailability enhancement was
attributed to a rearrangement of the organic matter structure at high temperature. S uc h a
rearrangement of organic matter is confirmed bythe discovery of glass transition phenomena in
humicacids,fulvic acids,and soil organicmatter(49-51).Glasstransitions inthesematerialsare
reported to occur in the temperature range 43-97 °C.Altogether, itmay be expected that during
persulfate oxidation asimilarrearrangement oftheorganicmatter structuremaytakeplace.Such
a rearrangement would lead to an increase of PAH bioavailability, possibly resulting in an
overestimation of PAH bioavailability by oxidation. To investigate the effect of high
temperature on PAH bioavailability, we bioremediated one soil sample and two sediment
samples,both after receiving athermalpretreatment andwithout receiving thermal pretreatment.
The residual PAH concentrations after biodegradation were compared with residual
concentrations after persulfate oxidation.
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2.2 Background
In general, the radical chain process of an aqueous persulfate oxidation, in the presence of
organic substrates and variable valence metal ions, may be represented as a kinetic scheme
including the following initiation, propagation, and termination reactions (77, 20):
Initiation
S 2 0 8 2 " -> 2 S04*~

(i)

2

S 2 0 8 "+ HQH -> S O / " + HQ*+ HS0 4 ~

(2)

S 2 0 8 2 "+ Me n+ -> S0 4 *" + Me (n+1)+ + S0 4 2 "

(3)

Propagation
Me(n+1)++ j j Q j j _> J J Q . + M e n+ + H +
S0 4 *" + HQH -> HQ*+ HS0 4 "
_

(4)

(5)

S0 4 * + H 2 0 - • *OH+ H S 0 4 "

(6)

*OH+ HQH -» HQ*+ H 2 0

(7)

2

HQ*+ S 2 0 8 "-> S04*~ + HS0 4 " + Q
S0 4 *" + Me n+ -+ Me(n+1>4"+ S0 4 2 ~
n+

•OH + Me -^Me

(n+1>+

+ OH"

(8)
(9)
(io)

Termination
HQ*+ Me (n+1)+ -> Me n+ + Q + H +
2 HQ*—> products

( ii)

(12)

S04*~ + HQ"—>products

(13)

*OH+ HQ*-> products

(i4)

*OH+ S0 4 *" —> products

(is)

2 *OH—>products

(16)

2 S04*""—>products

(17)

Here, HQH, HQ*, and Q are an organic substrate (e.g. PAH), its radical, and the oxidation
product, respectively. Me (n+1)+ and Me n+ are metal ions. If the Me (n+1)+ /Me n+ redox potential is
high, the system contains mainly Me n+ metals. In that case Me (n+1)+ is rapidly reduced by the
organic substrate or its radicals. If the Me (n+I)+ /Me n+ redox potential is low, the system contains
mainly Me (n+1)+ ions. In this second case Me n+ ions are rapidly oxidized by persulfate ions. If the
Me (n+1)+ /Me n+ redox potential is low, initiation occurs by reactions 1, 2, and 4; propagation by
reactions 3, 5-8, and 11;and termination by reactions 9, 10, and 12-17.
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2.3 MaterialsandMethods
2.3.1 Soil and Sediment Characteristics. One soil sample and three sediment samples were
studied. The soil sample (Griftpark) was collected at a former gas plant site in Utrecht, The
Netherlands. The sediment samples were dredged from harbors and waterways at several
locationsinTheNetherlands.All sampleswerehomogenized,passed through a2-mm sieve,and
stored at4 °Cinthe dark until use.Properties ofthesamples arepresented inTable 1.It should
be noted that the PAH concentration in PH sediment was very high in comparison to the PAH
concentrations in the other samples. Besides, PH sediment contained a substantial amount of
mineraloil.
Table1. Characteristicsofthesoilandsedimentsamples.
Clay:Silt:Sand OM
(%)
(%)
Berkenwoude (BW)
Griftpark (GR)
Overschie (OR)
Petroleum Harbor (PH)

a

5:3:92
21:15:64

32.7
4.9
17.5
9.7

oc
(g/g OM)
0.45
0.63

PH-KCI
(-)
7.0
7.5
7.2
7.8

Oil"

(mg/kg)
880
13,600

PAHscd
(mg/kg)
130 (19%)
100 (36%)

167 (0%)
1,770 (80%)

16 EPA PAHs; i parentheses indicate PAH bioavailability (%) as
reported in Cuypers etal. (52).

2.3.2 PAH Analysis. Samples were mixed with acetone and water up to an acetone/water ratio
of4:1 (v/v) and a solid/liquid ratio of 1:10 g/mL. The resulting slurry was sonicated for 15min
(Retsch UR 2) and shaken at room temperature for 1 h (150 rpm, Gerhardt Laboshaker). A
sample of the extract (1.5 ml) was centrifuged (5 min, 13,000g) and analyzed for PAHs by
HPLC.
PAHs in the acetone/water mixture (20uL of extract) were separated on a reverse-phase CI8
column (Vydac 201TP54, 5\i) with external guard column (Vydac 102GD54T, 5u) using a
mixture of acetonitrile and water as an eluens. The separation was performed at a constant flow
of 1mL/min,varying the acetonitrile/water ratiobetween 1:1 and 99:1 (v/v) (0-5 min, 1:1; 5-20
min, linear increase from 1:1 to 99:1; 20-40 min, 99:1; 40-45 min, linear decrease from 99:1 to
1:1; 45-50 min, 1:1). PAHs (16 EPA) were detected by UV absorbance at 254, 264, 287,300,
305, and 335nm(Gynkotek UVD340S).Wemeasured phenanthrene [PHE],anthracene[ANT],
fluoranthene [FLT] (3 ring PAHs), pyrene [PYR], benz[a]anthracene [BaA], chrysene [CHR],
benzo[/>]fluoranthene [BbF],benzo[&]fluoranthene [BkF] (4 ring PAHs),benzo[a]pyrene[BaP],
dibenz[a,A]anthracene [DBA], benzo[g,/u']perylene [BPE], and indeno[l,2,3-c,of]pyrene [IPY]
(5-6 ring PAHs).Naphthalene [NAP] and fluorene [FLU] (2 ring PAHs) were only measured in
theextracts ofPH sediment. Acenaphthylene and acenaphthene werenot analyzed because their
concentrations showed largevariationswithinthebulk samples.
Following the procedure above more than 95 %of the PAHs canbe extracted in one extraction
step(53).
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2.3.3 Persulfate Oxidation. Optimizationofpersulfate oxidation: PH sediment was oxidized
under various conditions to study the effect of oxidation temperature (50, 70, 90, 121 °C),
oxidation time (1, 3,8, 24h), and persulfate to organic matter ratio (2.9, 5.8, 11.6, 28.9 g/g) on
theextentofPAHremoval. Theset-upoftheparameter studyispresented inTable 2. Sediment
samples (-2.5 g dm) were thoroughly mixed with K2S2O8 (Aldrich, analytical grade) and
demineralized water to obtain a slurry with an aqueous persulfate (S2O82") concentration of
0.0357 g/mL. This slurry was heated in a water bath shaker (50, 70, and 90 °C; 120rpm) or a
pressure cooker (121 °C). After heating, the samples were cooled under running water and the
slurrywas filtered (S&S 5891ashless).Thesolidswereextracted with acetone for PAH analysis.
Alloxidations werecarried out intriplicate.
Testing of 2 oxidationprocedures: Soil/sediment samples (BW, GR, OR; -2.5 g dm) were
oxidized at 70 °C(3h) and 95 °C(2h), applying an aqueous persulfate concentration of 0.0357
g/mL. Thepersulfate to organic matter ratio was 12.0 g/g, which isbased on the (optimal) 11.6
g/gintheparameter study.Oxidations (quadruplicate) werecarried out asdescribed above.
Table2.Set-upofthepersulfate oxidationparameterstudy.
Temperature (°C)
Time (h)
S 2 OB/OM
50
1
11.6

(g/g)

3
8
24

11.6
11.6
11.6

70

1
3
6
8
24

11.6
2.9/5.8/11.6/28.9
2xll.6 a
11.6
2.9/5.8/11.6/28.9

90

1
3
8
24

11.6
11.6
11.6
11.6

121

3

1U>

"Persulfate was added at t=0 h and t=3 h to study the effect of additional persulfate addition on
the extent of PAH oxidation.

2.3.4 Biodegradation. Biodegradation experiments (triplicate) were carried out following a
method which has been described by Bonten etal. (47).Briefly, wet soil or sediment (5 g dm)
was mixed with an aqueous mineral medium (0.3g/L NH4NO3, 0.1 g/L MgS04'7H20, 0.1 g/L
CaCl 2 2H 2 0, 40 mg/L KH2P04, 160mg/LK2HP04, 5mg/LFeCl3) up to awater content of 1.5
mL/g. The samples were inoculated with 2.5 mL of an active microbial enrichment culture,
which was pre-cultured on PH sediment. The enrichment culture contained a mixture of
microorganisms which showed a clear degradation potential for all 16 EPA PAHs except
38

PredictionofPAHBioavailability: DevelopmentPersulfateOxidationMethod
benzo[g,/u']perylene and indeno[l,2,3-c,cr|pyrene. This degradation potential was demonstrated
during growth of the enrichment and during experiments in which the inoculum was added to
sterilized contaminated soil.
Theinoculated sampleswere incubated at30 °Cand mixed on arotary tumbler at 22rpm. After
21 d, the samples were sacrificed for PAH analysis. During biodegradation, headspace oxygen
and carbon dioxide concentrations were measured regularly. An oxygen concentration >10 %
(vol.) was maintained in the headspace by regular flushing with air. Continuous mixing in the
bottlesassured thattheO2 concentration inthe slurrywassufficiently high for biodegradation.
To investigate the effect of short-term heating on PAH bioavailability biodegradation
experiments werealso carried out onsamplesthathadbeen subjected to athermal pretreatment.
Thermal pretreatment was carried out as follows: Samples (BW, GR, OR; 5g dm) were mixed
with an aqueous mineral medium to form a slurry with awater content of 1.5 mL/g. This slurry
was heated in a water bath at 70 °C for 3 h, or at 95 °C for 2 h. After heating, samples were
cooledunderrunningwater and storeduntil inoculation forbiological treatment.

2.4 Results and Discussion
2.4.1 Optimization of Persulfate Oxidation. Theeffect ofoxidation temperature and oxidation
time on the extent of PAH oxidation was investigated in an experiment in which theS2O8/OM
ratiowaskeptconstant (11.6g/g).Theresultsofthisexperiment arepresented inFigure 1.
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Figure 1. Residual PAH concentrations in PH sediment after persulfate oxidation at different
temperatures. Initial PAH concentration and concentration after biodegradation are included (dotted
lines).
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Figure 1 demonstrates that rapid PAH removal occurred in the first hours of the experiment.
After this rapid PAH removal, PAH concentrations stabilized at a more or less constant value. In
the temperature range studied, the rate of PAH oxidation increased with temperature, as is most
clearly observed between 50 and 90 °C. Stabilization of PAH concentrations occurred within 3 h
at 70 and 90 °C,while at 50 °C PAH concentrations stabilized between 8 and 24 h. The increase
of the oxidation rate with temperature is in correspondence with information in the literature. It
has been demonstrated that a temperature increase has a positive effect on the rate of persulfate
decomposition and on the rate of organic substance oxidation (16, 19, 31).
It is observed in Figure 1 that the residual PAH concentrations after stabilization were very
similar in the experiments at 50 °C and 70 °C (i.e. after 24 and 3 h, respectively). These
concentrations were not significantly different from the residual concentrations after
biodegradation (/-test, 95%). In comparison, the (stable) residual concentrations in the
experiments at 90 and 121 °C (i.e. after 3 h) were slightly lower than the residual concentrations
in the experiments at 50 and 70 °C. Besides, they were significantly lower than the residual
concentrations after biodegradation. The results demonstrate that oxidation at 50 and 70 °C may
give a good indication of the extent of PAH degradation during bioremediation, provided that
the oxidation time is sufficiently long. Oxidation at 90 and 121 °C leads to an overestimation of
PAH degradation. This overestimation might be attributed to the rearrangement of the organic
matter structure at high temperatures, leading to an enhancement of PAH bioavailability, as has
been described by Bonten et al. (47). Altogether, it seems preferable to perform persulfate
oxidation at the lowest temperature possible, within the shortest time possible. Therefore, it may
be concluded that a 3 h oxidation at 70 °C is optimal.
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Figure 2.Residual PAH concentrations inPH sediment after persulfate oxidation at different S2Og/OM
ratios.Initial PAHconcentration andconcentration after biodegradation are included (dotted lines).
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Theeffect ofthe S2CVOMratio ontheextentofPAHoxidationwasinvestigated at70°C(3and
24h).TheresultsinFigure2demonstrate thatthe S2O8/OMratiohardly influences the extent of
PAH oxidation within the range studied. Residual PAH concentrations after 3 h of oxidation
were similar for all S2O8/OM ratios and did not differ significantly from the residual
concentration after biodegradation. A slight difference between the 2.9 g/g experiment and the
5.8,11.6,and 28.9g/gexperiments wasobserved after 24h.Residual PAHconcentrations inthe
experiments with the lowest persulfate addition were slightly higher. Repeated persulfate
addition after 3h (11.6g/g att=0 andt=3h) did not result in additional PAH removal (datanot
shown). It is concluded that a S2Os/OM ratio >5.8 g/g provided a satisfactory excess for the
oxidation of all bioavailable PAHs. A S208/OM ratio of 12 g/g was selected for the optimized
oxidationprocedure.
2.4.2 Biodegradation versus Oxidation. Two oxidation procedures were selected for further
investigation: a3hoxidation at 70°Cand a2hoxidation at 95°C(S208/OMratio: 12g/g).The
former procedure was selected as the most optimal procedure in the parameter study. The latter
procedure could possibly provide a more rapid alternative. In Figure 3 residual PAH
concentrations after oxidation are compared with residual concentrations after biodegradation.
Biodegradation wasperformed with andwithout thermal pretreatment at 70 and 95 °C.Thermal
pretreatmentwasperformed to studytheeffect ofshort-termheatingonPAHbioavailability.
Biodegradation:Figure 3 demonstrates that substantial biodegradation of PAHs took place in
GRsoil,whereashardly anybiodegradation tookplace inBWand OR sediment. Biodegradation
was highest for 3 ring PAHs and decreased progressively with increasing molecular weight.
High molecular weight PAHs (5-6 ring) were hardly degraded. Most likely this was due to a
combination of strong sorption to the matrix and intrinsic recalcitrance of individual PAHs like
benzo[g,/M']perylene [BPE] andindeno[l,2,3-c,£f|pyrene.
Thermal pretreatment slightly enhanced the degradation of 3 and 4 ring PAHs, although
enhancement wasnotsignificant (Mest,95%).Theeffect ofthermalpretreatment increased with
increasing temperature, ashasbeen observed before (47).Biodegradation of 5-6 ring PAHs was
not enhanced by thermal pretreatment. Altogether, it may be concluded that a 3 h thermal
pretreatment at 70 °C and a 2 h thermal pretreatment at 95 °C did not lead to a significant
enhancement of PAH bioavailability. This conclusion seems to be in conflict with the work of
Bonten etal.(47)who observed a significant enhancement of PAH bioavailability after a short
thermalpretreatment (1h, 95°C).However, it shouldbenoted that this enhancement was found
for only one of the two samples studied. The other sample was not affected. In a later study,
Bonten etal.(54)demonstrated thatbioavailability inthis second sample could be enhanced by
applying longer treatment times or higher treatment temperatures. Obviously, the effect of
thermal treatment differs between samples with a different origin. This difference is likely to
result from a difference in organic matter structure. Such a difference affects the thermal
behavior of organic matter, as is illustrated by Leboeuf and Weber (49), who found a marked
difference inglasstransition temperature forhumicacids from adifferent origin.
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Figure 3. PAH concentrations in GR, BW, and OR samples. Bars represent initial concentrations
(initial), concentrations after biodegradation (bio), concentrations after biodegradation with thermal
pretreatment at 70and 95°C(bio 70; bio 95),and concentrations after persulfate oxidation at 70and95
°C(ox 70; ox 95).
Persulfate Oxidation: Figure 3 shows that there is a considerable difference between persulfate
oxidation at 70 °C and persulfate oxidation at 95 °C, which is in correspondence with the results
in Figure 1. PAH concentrations after oxidation at 70 °C were similar to the concentrations after
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biodegradation. The extent of PAH removal decreased with increasing molecular weight of the
PAHs.Ingeneral,theresidualPAHconcentrations remaining after oxidation at70°Cprovideda
goodestimateoftheresidual concentrations after biodegradation.
Incomparison, oxidation at 95°Coften resulted inresidual PAH concentrations thatwere lower
than the concentrations after biodegradation. The differences between residual PAH
concentrations after oxidation and biodegradation were significant in many cases (f-test 95%).
As a consequence, persulfate oxidation at 95 °C can not be applied for the prediction of the
extent ofPAH biodegradation.
The differences between oxidation at 70 °C and 95 °C can not be explained by a thermal
enhancement of PAH bioavailability. The biological experiments with thermal pretreatment
showed that the thermal effect was much too small to account for the substantial difference in
PAH removal. We assume that the difference between PAH removal at 70 and 95 °C is caused
by amore extensive oxidation of organic matter at 95°C.This assumption is supported by data
in Chapter 6. In this chapter it was demonstrated that oxidation at 70 °C (3h) hardly affected
lignin in soil organic matter. In contrast, it was shown by Saiz-Jimenez and de Leeuw (55)that
oxidation at 140 °C (2 h) drastically reduced the lignin content of soil organic matter. This
discrepancy illustrates that temperature enhancement may promote the oxidation of structures
that are originally recalcitrant. Moreover, it appears that different organic matter structures are
not equally susceptible to oxidation at acertain temperature. Such a difference in susceptibility
is reflected in the activation energy for oxidation of organic compounds (20). Kislenko et al.
(20) tabulated the activation energies of several simple organic compounds for persulfate
oxidation (e.g. ethanol, gluconic acid, benzaldehyde) and observed marked differences between
them. Altogether, we conclude that the higher temperature (95 °C) may have enabled the
oxidation of organic matter that was unaffected at 70 °C.As aresult, part of the organic matter
thatcontainedpoorlybioavailable PAHsmayhavebeenoxidized at95°C.

2.5 Conclusions
Consideringtheapplication ofpersulfate oxidation for theprediction ofPAHbioavailability, the
optimal processconditions areanoxidationtemperature of70°C,anoxidation timeof3h,anda
persulfate to organic matter ratio of approximately 12 g/g. Oxidation under these conditions
provided a good estimate of the extent of PAHbiodegradation in an optimized slurry reactor. A
2 h oxidation at 95 °C overestimated PAH biodegradation, most likely due to a more extensive
oxidation of organic matter. Validation of the 70°Coxidation procedure isdescribed in Chapter
3.
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CHAPTER 3
Rapid Persulfate Oxidation Predicts PAH Bioavailability in Soils and
Sediments*
ChielCuypers,TimGrotenhuis, JanJoziasse, WimRulkens

Abstract
Persulfate oxidation was validated as a method to predict polycyclic aromatic
hydrocarbon (PAH) bioavailability in soils and sediments. It was demonstrated for 14
historically contaminated soils and sediments that residual PAH concentrations after a
short (3 h) persulfate oxidation correspond well to residual PAH concentrations after
21 days of biodegradation. Persulfate oxidation of samples that had first been
subjected to biodegradation yielded only limited additional PAH oxidation. This
implies that oxidation and biodegradation removed approximately the same PAH
fraction. Persulfate oxidation thusprovides agood and rapid method for the prediction
ofPAHbioavailability. Thermogravimetric analysis ofoxidized and untreated samples
showed that persulfate oxidation was likely to have affected amorphous organic matter
primarily. The results indicate that this amorphous organic matter contained only
readily bioavailablePAHs.

Environmental Science & Technology 2000, 34, 2057-2063
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3.1 Introduction
Bioremediation of soils and sediments contaminated with PAHs often results in high residual
concentrations (1) which do not satisfy the standards for clean soil. In many cases these high
residual concentrations are caused by limited bioavailability of PAHs, resulting from strong
sorptiontothesoilmatrix (2).
Topredict whether PAH bioavailability is sufficient to apply bioremediation, a characterization
test is needed. Existing characterization tests are generally based on the microbiological
conversion ofPAHs.Although reliable,these tests are long and laborious.Therefore, alternative
tests have been and are being developed, most of them based on the desorption of readily
available PAHs to the water phase. In these tests desorption of PAHs is followed by
immobilization of dissolved PAHs on a solid sorbent (3-5), enclosure of dissolved PAHs in
cyclodextrins (6),ortransport ofdissolved PAHs overasemi-permeable membrane, followed by
entrapment in a hydrophobic solvent phase (4). Although these desorption tests are faster than
biological characterization tests, an accurate prediction of PAH bioavailability is expected to
take at least days to weeks, depending on the PAHs of interest and the length and type of the
bioremediation process considered.
A faster prediction of PAH bioavailability may be achieved by solvent extraction (7-10) or
supercritical C0 2 extraction (11, 12).Solvent extraction hasbeen extensively investigated bythe
group of Alexander. Their experiments show that extractability of PAHs with mild extractants
diminishes with increasing time of PAH aging, the extent of extraction largely following
bioavailability tobacteria. However, correlations between bioavailability and extractability were
reported not to be particularly strong in a study with 16 different soils (8). What is more,
experiments have always been carried out on lab contaminated (spiked) soil samples which had
aged for 200 days, maximally. For historically contaminated soil samples the applicability of
solvent extraction as a tool for the prediction of PAH bioavailability still remains to be
demonstrated.
As for supercritical C0 2 extraction, research is still in an early stage and has not yielded a
validated method yet. So far, experiments have shown that aging of an artificial PAH
contamination can significantly reduce extractability, the general trend following
biodegradability andtoxicity.
Anartifact thatmayappear during solvent extraction and supercritical C0 2 extraction is swelling
of organic matter (13, 14). Swelling of organic matter changes the structure of organic matter
and thereby the sorption properties of the material investigated (15). Consequently, swelling
may influence PAH bioavailability and has to be taken into account when applying solvent
extraction orsupercritical C0 2 extraction for theprediction ofPAH bioavailability.
Recently, we developed a fast chemical oxidation method for the prediction of PAH
bioavailability in soils and sediments (16, Chapter 2). This method is based on the partial
selectivechemical oxidation ofsoilorganicmatterbypersulfate (S2Og2). Inthepresent studywe
validated this oxidation method, comparing residual PAH concentrations after persulfate
oxidation withresidual PAH concentrations after biodegradation. Tothispurpose, oxidation and
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biodegradation experiments were performed on 14soils and sediments with awide variation in
PAH concentrations. For six of these soils and sediments persulfate oxidation was also carried
out on material that had first been subjected to biodegradation. Additionally, a solid-phase
extraction was performed on two soils in order to directly compare the extent of oxidation and
biodegradation withthe extent ofPAH desorption.

3.2 Background
3.2.1 PAH Sorption and Bioavailability. Sorption of PAHs to the soil matrix is dominated by
sorption to soil organic matter if the organic carbon content exceeds approximately 0.1 wt %
(17).Inthiscontext, soil organicmatter hasbeen described asapolymeric material consisting of
amorphous and condensed regions,which exhibit different sorption behavior for PAHs (15,18,
19).Typically, sorption of PAHs to amorphous organic matter is linear and displays a relatively
lowaffinity, whereassorptiontocondensed organicmatter isnon-linear and showshigh affinity,
especially at low concentrations. Desorption of PAHs from soil exhibits biphasic behavior: an
initial phase of rapid desorption is followed by a phase of slow desorption. This biphasic
behavior also occurs during biodegradation. In the initial phase of biodegradation desorption of
PAHsis fast andtherate ofPAHremoval isprimarily limited bymicrobial degradation kinetics.
In the second phase desorption is slow and the rate of PAH removal is limited by desorption
(20).Combining the above itmay bereasoned that poorly bioavailable PAHs desorb slowly and
are primarily sorbed to condensed organic matter, whereas readily available PAHs desorb
rapidly and areprimarily sorbed toamorphous organic matter.
3.2.2 Persulfate Oxidation. Persulfate oxidation hasbeenproposed as amethod topredict PAH
bioavailability in soils and sediments (16). Persulfate decomposes when it is heated and forms
sulfate radicals (S04'") which can react with organic substances in a complex radical-chain
mechanism (21, 22). It has been demonstrated that persulfate oxidation of soil organic matter
and dissolved organic matter is incomplete (23-27). Soil organic matter can typically be
degraded for 20-40%, leaving a recalcitrant residue (25-27).The type and relative quantities of
the oxidation products vary strongly with the source of the organic matter (26).Experiments by
Weber et al. (28) and Young and Weber (29) showed that persulfate oxidation selectively
removes soft, presumably amorphous organic matter, the residual organic matter exhibiting a
considerably higher organic carbon partitioning coefficient (Koc) for phenanthrene than the
original material.
In relation to the prediction of PAH bioavailability we hypothesize that persulfate oxidation
predominantly removes amorphous organic matter and the readily available PAHs that are
sorbed in it. Condensed organic matter is assumed not to be seriously affected. Hence, the
amount ofPAHsthat remain insoil after persulfate oxidation maybeameasure oftheamount of
PAHs that are non-available for microorganisms. If the above hypothesis is valid persulfate
oxidation can be applied as a tool for the prediction of PAH bioavailability in soils and
sediments.
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The optimal process conditions for persulfate oxidation have been assessed in Chapter 2 (16).
Theoptimal conditions were concluded tobe an oxidation time of 3h, an oxidation temperature
of 70 °C,and a persulfate to organic matter ratio of 12 g/g. The high temperature only slightly
enhanced PAHbioavailability undertheseconditions (30,Chapter2).

3.3 Experimental Section
3.3.1 Chemicals. Potassium persulfate with a purity of more than 99% was obtained from
Aldrich. All other chemicals were analytical grade and purchased from Merck. The porous
polymer sorbent Tenax TA, 20-35 mesh,was obtained from Chrompack.Before use, the Tenax
wasrinsedwith acetoneandhexaneanddried at45°C.
3.3.2 Soils and Sediments. The properties of the soil and sediment samples are presented in
Table 1.The sampleswereprovided by AB-DLO (sample 1),Bion Biological Soil Remediation
(sample 2), TNO (samples 3 and 8-14), Arcadis Heidemij (sample 4), and TOP Soil
Management (sample 5).Samples 6and 7werecollectedon-site.
The different soil samples originated from a railroad site (sample 1), a wood preservation site
(sample 6), and four former gas plant sites (samples 2-5 and 7). The sediments (samples 8-14)
weredredgedfromharbors andwaterways at severallocations inTheNetherlands.
Before use, the soil samples 4-7 were air dried and all soil and sediment samples were passed
through a 2-mm sieve. Next, the sediment samples were centrifuged to increase the dry matter
content and Kralingen hotspot soil (sample 5) was mixed with an uncontaminated sandy soil
(1/4, w/w) to increase soil homogeneity and to prevent the occurrence of extremely high PAH,
heavymetal,andcyanide concentrations. All sampleswerestored at4°C inthedarkuntiluse.
3.3.3 PAH Extraction and Analysis. Soil and sediment samples were mixed with acetone and
water up to an acetone/water ratio of 4:1 (v/v) and a solid/liquid ratio of 1:10 g/mL. The
resulting slurry was sonicated for 15minutes and shaken atroom temperature for 1h (150rpm,
Gerhardt Laboshaker). The extracts were centrifuged (5 min, 13,000g) and analyzed for PAHs
by HPLC. It has been demonstrated that over 95 % of the PAHs can be extracted in one step
usingthisprocedure (33).
PAHs (20|al of extract) were separated on a reverse-phase CI8 column (Vydac 201TP54, 5(i)
with external guard column (Vydac 102GD54T, 5\i)using amixture of acetonitrile and water as
an eluens. The separation was performed at a constant flow rate of 1 mL/min, varying the
acetonitrile/water ratio between 1:1and 99:1(v/v) (0-5 min, 1:1; 5-20 min, linear increase from
1:1 to 99:1;20-40 min, 99:1;40-45 min, linear decrease from 99:1 to 1:1; 45-50 min, 1:1).
PAHswere detected by UV absorbance at 254, 264, 287, 300, 305,or 335 nm (Gynkotek UVD
3405).
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Table 1.Dry matter content (DM),organic matter content (OM),PAHconcentrations, andpreviously
reportedbiodegradationpercentagesinthesoilandsedimentsamples.
DM
OM a
Biodegradation
PAHsb
Soils
(% m/m)
(%m/m)
(mg/kg)
PAHsc (%)
1
2
3
4
5
6
7

Railroad Maarn
Stadskanaal
Griftpark Utrecht
Kralingen Rotterdam
Kralingen hotspot
Schijndel
Sint Oedenrode

Sediments
8 Assendelft
9 Berkenwoude
10 IJsselstein
11 Lemster Rien
12 Overschie Rotterdam
13 Petroleum Harbor Amsterdam
14 Slibkoek

92
84
71
99
94
99
99

4.7
6.0
4.9
13.1
5.3
1.7
3.0

36
64
100
121
161
123
68

41
27
44
46
55
44
65

13.3
32.7
33.8
13.5
17.5
9.7
5.9

122
130
28
117
167
2036
7

10-20
50-70

61
27
0
9
70-90

*Organic matter content measured as weight loss after combustion at 550°C for 5 h. b Sum of 16 EPA PAHs, except
naphthalene, acenaphthylene, and acenaphthene. Concentrations of these PAHs regularly showed large variations within soil
samples.Naphthalene is included for Petroleum Harbor sediment asmeasurements could bewell reproduced. c Biodegradation
asmeasured byBontenetal. (31) (soils4and6)andSTOWA(32)(sediments 8,9, 11, 12,13).

3.3.4 Biodegradation. Biodegradation experiments were carried out following a method which
hasbeen described byBontenetal.(31).Briefly, soil and sediment samples (5gofdrymaterial)
were mixed with an aqueous mineral medium up to a water content of 1.5mL/g. The samples
were inoculated with 2.5 mL of an active microbial enrichment culture, which was pre-cultured
on sediment from the Amsterdam Petroleum Harbor. The enrichment culture contained a
mixture of microorganisms which showed degradation potential for all 16 EPA PAHs except
benzo[g,/z,/]perylene and indeno[123-c,cf]pyrene. This potential was demonstrated in
experiments with sterilized PAH contaminated soil and during growth of the enrichment. The
degradation potential was limited for benzo[a]pyrene and dibenz[a,/i]anthracene, which are
degraded cometabolically andneed asuitablecosubstrate (34,35).
The inoculated samples were incubated at 30 °C and mixed on arotary tumbler (22 rpm). After
21 days samples were extracted with acetone and the solvent was analyzed for PAHs by HPLC.
It was assumed that after 21 days all rapidly desorbing (readily bioavailable) PAHs had been
degraded, so that PAH biodegradation was primarily controlled by slow desorption. This is in
linewithresults ofother slurry-phasebiodegradation experiments (57,36-38,Ch.5).
During the course of biodegradation, the headspace oxygen content was monitored regularly. It
was assured that the 0 2 content was sufficiently high (>10 % vol.) by regular flushing with air.
Biodegradation experiments werecarried out inquadruplicate.
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3.3.5 Persulfate Oxidation. Persulfate oxidation was performed as previously described by
Cuypers et al.(16, Chapter 2). Soil and sediment material (5 g wet wt) were thoroughly mixed
with K2S208 and demineralized water toobtain apersulfate (S 2 0 8 2 ) to organic matter ratio of 12
g/gandanaqueouspersulfate concentration of0.0357 g/mL.Theresulting slurrywasplacedina
waterbath shaker at 70°Cand shaken end-to-end for 3hours (120rpm). After 3hoursthe slurry
was filtered (S&S 5891, ashless) and PAHs were extracted from the solids with acetone. The
extractwas analyzed for PAHsbyHPLC.Oxidationswerecarriedout inquadruplicate.
For soils 2, 4, and 6 and sediments 11-13, oxidation was also performed on material that had
first been subjected tobiodegradation. After 21daysofbiodegradation the sampleswerefiltered
andsolidswereoxidized asdescribed above.
3.3.6 Solid-phase Extraction. Solid-phase extraction was performed on two sediments:
Assendelft and Petroleum Harbor Amsterdam. The extraction method was adapted from Bonten
etal.(39)and Cornelissen etal.(40).Extractions were carried out in 50mL separatory funnels,
which were filled with sediment (Assendelft 2.5 and Petroleum Harbor Amsterdam 1.5 g dry
matter),40mLof0.01MCaCl2solution, 20mgofNaN3, and 0.5 gofTenax-TA adsorbent. The
separatory funnels were shaken end-to-end at room temperature at such a speed that the slurry
and Tenax beads were well mixed. After 1, 3, 6, 12, 24, 48, 72, 120, and 192 h, the sediment
suspension was separated from theTenax and 0.5 gof fresh Tenax was added tothe suspension.
Thecontaminated Tenax was extracted with 20mL of acetone and the acetonewas analyzed for
PAHs by HPLC. Finally, after 264 h, the soil suspension was separated from the Tenax,
centrifuged, and the solidswere extracted with 20mLofacetone,which was analyzed for PAHs
byHPLC.Thedesorption experimentswerecarriedout induplicate.
3.3.7 Thermogravimetric Analysis. The composition of soil organic matter before and after
persulfate oxidation was studied using thermogravimetric analysis (Du Pont 951
Thermogravimetric Analyzer, 10 °C/min, 20-950 °C, air flow 50 mL/min) and differential
thermal analysis (Du Pont High Temperature DTA Cell, 10 °C/min, 20-950 °C, air flow 50
mL/min).Samples 5,8,and 11-13were analyzed.

3.4 Resultsand Discussion
3.4.1 Persulfate Oxidation versus Biodegradation. The results of the oxidation and
biodegradation experiments are presented in Figure 1and Figure 2, both for the sum of the 16
EPA PAHs and for three different ring groups (2&3, 4, and 5&6 ring PAHs). In Figure 1
microbiological PAH removal is plotted against oxidative PAH removal. In Figure 2 residual
PAH concentrations after biodegradation are plotted against residual concentrations after
persulfate oxidation. Petroleum Harbor sediment has been omitted from Figure 2 as the PAH
concentrations were high and fell outside the range of the axes. Regression parameters for the
datainFigure 1 andFigure2aregiveninTable2.
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Figure 2. Residual PAH concentrations
after bioremediation versus residual PAH
concentrations after persulfate oxidation.
Numbers refer to soils and sediments in
Table 1. Solid lines represent linear
regressions and their 95% confidence
intervals.
Dotted
lines
represent
hypothesized 1:1correlations.
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Table 2.Regression parameters for data in Figures

1 and2.

Removal percentages
PAHs
16 EPA a
2&3 ringb
4 ring0
5&6 ring d

slope

intercept

0.91
0.95
0.88
0.18

2.22
0.78
3.08
5.12

R

Residijal concentrations
intercept
R2
slope

0.90
0.82
0.87
0.22

0.97
1.02
0.99
0.91

2

4.35
0.76
1.18
2.11

0.95
0.91
0.95
0.97

*Sum of 16 EPA PAHs, except naphthalene, acenaphthylene, and acenaphthene. Concentrations of these PAHs regularly
showed largevariationswithin thesamples.Naphthalene isincluded for Petroleum Harbor sediment asmeasurements couldbe
well reproduced. b Fluorene, phenanthrene, anthracene, and fluoranthene; naphthalene is included for Petroleum Harbor
sediment. c Pyrene, benz[a]anthracene, chrysene, benzo[6]fluoranthene, and benzo[4]fluoranthene. d Benzo[a]pyrene,
dibenzfa.AJanthracene,benzo[g,/>,i]perylene,andindeno[l,2,3-c,rf]pyrene.

It appears from Figure 1 that the extent of PAH removal by persulfate oxidation was in
agreement with the extent of PAH removal by biodegradation for all PAHs except the 5&6
rings.Theonly clear exception was Stadskanaal,which showed considerable PAH oxidation but
negligiblebiodegradation. However, thepoorbiodegradation in Stadskanaal soilwas likelytobe
causedby an inhibitory lowpH rather thanby limited PAHbioavailability. Stadskanaal soilhad
aninitial pH of approximately 1,which could not be sufficiently compensated by the phosphate
buffer inthe mineral medium. Theoptimum pH values for hydrocarbon degradation by bacteria
and fungi are 6-8 and 4-5, respectively. Therefore, the low pH must have inhibited the
biodegradation ofPAHs.Thiswasconfirmed bynegligible 0 2 consumption andC0 2 production.
Hence,Stadskanaal soilhasbeenomitted from theregression inFigure 1 andFigure2.
In Figure 1the 95%confidence intervals of regression enclose the 1:1correlation lines for 2&3
ring, 4 ring, and 16 EPA PAHs. This demonstrates that the relation between oxidation and
biodegradation doesnot differ significantly from thehypothesized 1:1 correlation. In contrast, it
is clear from Figure 1that 5&6 ring PAHs were better oxidized than biodegraded. A similar
difference between biodegradation of 5&6ringPAHs and thepredicted bioavailability hasbeen
found by others using solid-phase extraction (3, 4). It has been suggested that 5&6 ring PAH
biodegradation was limited by (unspecified) microbial factors rather than bioavailability (3).
According to Bonten et al. (20) these microbial factors may include: (i) an unfavorable Gibbs
free energy, (ii) a high activation energy, (iii) slow transport of 5&6 ring PAHs over the
microbial cellmembrane, and (iv)the inability of microorganisms to grow on low aqueous 5&6
ringconcentrations. However, so far, noconclusive explanation for thepoor degradation of5&6
ring PAHs has been given. For now, it is clear that microorganisms can not use these PAHs as
thesolecarbon and energy source andcanonlyconvertthem cometabolically (34).
Figure 2 shows a good correlation of the residual concentrations after biodegradation with the
residual concentrations after oxidation for all PAH ring groups, including 5&6 rings. Statistical
analysis shows that the regression lines do not differ significantly from the 1:1 correlation lines
(2-sided t-test, 95%). It appears from Table 2 that the regression lines for the residual
concentrations are closer to the hypothesized 1:1 correlation than they are for the removal
percentages. Besides that, R2 values are higher and, consequently, 95% confidence limits of
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regression are more narrow. The above suggests that residual PAH concentrations can be more
accurately predicted than removal percentages. The reason for this is that an inaccuracy in the
low concentration range will only have a minor effect on the fit of the residual concentrations,
whereas the inaccuracy in terms of removal percentages may be high. However, this can only
partly explainthedistinct differences betweenthe 5&6ring datainFigure 1and 2.For5&6ring
PAHs it should be taken into account also that both PAH removal by oxidation and PAH
removal by biodegradation were very low for the majority of the soil and sediment samples.
Obviously, this low PAH removal results in a good correlation of the residual PAH
concentrations. Yet, it has the effect that the few samples with a relatively high oxidative PAH
removal (e.g.soils6and 7)dominate linearregression.
In summary, persulfate oxidation provides a fast method for the prediction of PAH
bioavailability. It should be noted, however, that in practice the outcome ofbioremediation also
dependsonother factors thanbioavailability. Otherimportant factors aretoxicity, environmental
conditions, and the presence of suitable microorganisms. In principle, the latter two factors can
becontrolled toacertainextent;theimportance oftoxicity mustbe stressed. Although persulfate
oxidation provides specific information on PAH bioavailability, it gives no information about
toxicity. This implies that persulfate oxidation and biological experiments are best applied in
combination for the prediction of the actual bioremediation potential. First, a persulfate
oxidation shouldbecarried out,which givesarapid indication ofPAHbioavailability. Second,a
biological characterization has to be performed, but only if PAH bioavailability is significant
and bioremediation is expected to be cost-effective. This biological characterization gives an
additional indication of possible toxicity effects. The advantage of the combination is that no
time-consuming biological tests have to be carried out if persulfate oxidation has shown that
PAHbioavailability isinsufficient toallow satisfactory biodegradation.
3.4.2 Persulfate Oxidation after Biodegradation. A persulfate oxidation was performed on
materialthathad first been subjected tobiodegradation inorderto assesswhether thefraction of
PAHthat is oxidized bypersulfate isthe same fraction that isdegraded by microorganisms. The
results (Table 3) indicate that generally only a very limited amount of PAHs could be oxidized
after biodegradation. Significant oxidation of all ring groups was only observed in Stadskanaal
andSchijndel soil.InKralingen soilonly 5&6ringoxidationwas significant.
The additional oxidative PAH removal was expected for Stadskanaal soil and for the 5&6 ring
PAHs in other samples. In Stadskanaal soil microbiological PAH removal had been severely
inhibited by the low initial pH and, consequently, not all bioavailable PAHs had been
biodegraded. The biodegradation of 5&6 ring PAHs may have been seriously hampered by
microbiological factors, resulting inincompleteremovalofbioavailablePAHs.
In contrast, the additional oxidative removal of PAHs from Schijndel soil was not expected.
Although no good explanation for this result can be given, the cause should either be an
incomplete biodegradation of rapidly desorbing PAHs, or the oxidation of some slowly
desorbingPAHs inadditiontotherapidlydesorbingPAHs.
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Based on the results of all samples except Schijndel soil we conclude that the fraction of PAH
that was removed by persulfate oxidation was largely similar to the fraction that was removed by
biodegradation. This means that the organic matter that was affected by persulfate oxidation
mainly contained PAHs that could desorb rapidly. Furthermore, it indicates that PAHs that were
non-available to microorganisms were principally sorbed in organic matter that was not affected
by persulfate oxidation.
Table 3. Oxidative PAH removal after bioremediation (% of the initial PAH concentration before
bioremediation)".
Soils
Stadskanaal
Kralingen
Schijndel

16 EPA
PAHs
42 ±2 (5)b
6 ±8 (46)
19 ±4 (67)b

2&3 ring
PAHs
4 9 + 1 (0)b
3 ±8 (62)
13 ±4 (77)b

4 ring
PAHs
44 ±2 (6)b
4 ±8 (43)
20 ±5 (62)b

5&6 ring
PAHs
33 ±4 (7)b
15 ±8 (20)b

15 ±15(22)
0 ±12 (0)
0 ±6 (80)

28 ±24(39)
0 ±13 (2)
0 +5 (79)

7 ±19(16)
0 ±13 (0)
0 ±8 (72)

17 ±16(14)
0 ±14 (0)
0 ±17(14)

Sediments

LemsterRien
OverschieRotterdam"
Petroleum Harbor Amsterdamc

' Average values and standard deviations are presented; parentheses indicate percentage of PAHs removed during
bioremediation.b Residual concentrations after persulfate oxidation are significantly lower than residual concentrations after
bioremediation (t-test, 95%). " Average residual concentrations after persulfate oxidation are slightly higher than average
residualconcentrations after bioremediation.

3.4.3 Solid-phase Extraction. Besides persulfate oxidation, several alternative non-biological
characterization tests have been developed for the prediction of PAH bioavailability. Of these
tests, aqueous solid-phase extraction has been most extensively studied in relation to the
prediction of bioavailability during bioremediation (5). Here, we compared aqueous solid-phase
extraction to persulfate oxidation and biodegradation (504 h). It was assumed that after 504 h of
biodegradation all rapidly desorbing PAH had been degraded, PAH degradation being primarily
controlled by slow desorption.
In Figure 3 residual PAH fractions after oxidation, biodegradation, and solid-phase extraction
(24, 72, and 264 h) are presented. Residual fractions were also measured at intermediate
desorption times but these measurements are not included in Figure 3 as they followed a similar
trend.
It is shown in Figure 3 that after 24 h and 72 h of solid-phase extraction the residual PAH
fractions seriously overestimated the residual fractions after three weeks of biodegradation. In
comparison, the residual fractions after 264 hours of extraction approached the residual fractions
after biodegradation and thus gave a good prediction of PAH bioavailability. This prediction was
of similar quality as the prediction with persulfate oxidation.
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Figure 3.Residual PAHfractionsafter 24, 72, and 264 h of solid-phase extraction (pattern), after
persulfate oxidation(white),andafterbioremediation(black).
Altogether, it appears that a short solid-phase extraction accomplished insufficient PAH
desorption to predict PAH bioavailability in a long-term biodegradation process. A similar
observation has been reported by Cornelissen et al. (5), who observed that calculated rapidly
desorbing fractions seriously underestimated PAH bioavailability. These calculated rapidly
desorbingfractions arecomparabletofractions desorbed after 24hinthisstudy.
The discrepancy between short-term solid-phase extraction and long-term biodegradation
originates from adifference intheprogress ofPAHdesorption. Inanoptimized slurry bioreactor
PAH degradation is governed by PAH desorption shortly after startup of the reactor. Therefore,
it can be assumed that for an accurate prediction of PAH bioavailability the length of a solidphase extraction must be close to the length of biodegradation in a slurry reactor. In principle,
this applies to all characterization processes in which bioavailability is estimated by desorption
of PAHs into the water phase. Short desorption experiments can only give a rough
(underestimate of long-term PAH biodegradation. However, the desorption time becomes
considerably less important after all rapidly desorbing PAHs havebeen removed and desorption
proceedsonly slowly.
It is concluded that besides persulfate oxidation also solid-phase extraction provides a good
characterization method for the prediction of PAH bioavailability in historically contaminated
58

PredictionofPAHBioavailability:Persulfate Oxidation
soils and sediments. However, desorption times needed were considerably longer than the
oxidation time. Consequently, persulfate oxidation currently is the most rapid method for the
prediction ofPAH bioavailability.
3.4.4 PAH Bioavailability Related to Organic Matter Structure. The reluctant PAH
oxidation after biodegradation andthe goodcorrelation between PAHremovalby oxidation and
biodegradation indicate that there may be a direct relationship between PAHbioavailability and
the organic matter domain in which PAHs are sorbed. In order to study this relationship the
organic matter structure before and after persulfate oxidation was investigated by
thermogravimetric analysis(TGA).AtypicalresultofTGAispresented inFigure4.
Briefly, TGA experiments show that 10-35%of the original organic material was oxidized by
persulfate, which is in agreement with values that have been reported by others (25-27). For
untreated samples weight loss was observed up to 800 °C. Below 600 °C this weight loss was
causedbytheremoval of organicmatter. At higher temperatures theweight loss was caused by
the endothermic (DTA results) decomposition of carbonate (41, 42). In oxidized samples no
weight loss was observed above 600°C. The reason for this is that carbonate was removed by
acidification during oxidation.
It appears from Figure 4 that the organic matter that was oxidized by persulfate was typically
removedbetween 250and350°Cduring TGA.This organicmatter isgenerally consideredtobe
less resistant to microbiological decomposition and chemically less condensed than the organic
matter that is removed between 350 and 600 °C (41). In other words, the results confirm the
hypothesisthatpersulfate oxidationpreferentially removesamorphousorganicmatter.
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Figure4.Rateofweightlossduringthermogravimetric analysisofLemsterRiensediment.Untreated
sediment(gray),oxidizedsediment(black).
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Ifweconsider the limited amount of PAH that was oxidized after bioremediation it can now be
reasoned that the amorphous organic matter that was oxidized contained primarily readily
bioavailable PAHs. However, the results do not prove that all readily bioavailable PAHs were
sorbed in amorphous organic matter. If part of the readily bioavailable PAHs had been in
condensed organic matter this part would likely also have been oxidized, as the high oxidation
temperature enables (partial) desorption of readily bioavailable PAHs during oxidation. In
contrast, theresults doindicate that thepoorlybioavailable PAHs werepredominantly sorbed in
condensed organicmatter.
Sofar, the relationship between bioavailability and sorption to a specific organic matter domain
could only be indirectly deduced from sorption isotherms. These isotherms were measured for
spiked contaminants in untreated soils and in soils which had been oxidized with persulfate or
peroxide (28, 29, 43-46). To our knowledge this is the first study in which bioavailability is
related more directly tothe organic matter structure, using acombination ofbiodegradation and
oxidation experiments andavarietyoffieldagedcontaminated soilsandsediments.
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CHAPTER 4
Extraction with Hydroxypropyl-|3-cyclodextrin and Triton X-100 for the
Prediction of PAH Bioavailability in Contaminated Sediments*
ChielCuypers,Tessa Pancras,TimGrotenhuis,WimRulkens

Abstract
A study was conducted to investigate whether cyclodextrins and surfactants can be
usedtopredictpolycyclic aromatichydrocarbon (PAH)bioavailability in contaminated
sediments. Two sediment samples were extracted with aqueous solutions of
hydroxypropyl-(3-cyclodextrin (HPCD) and Triton X-100. PAH removal during
extraction was compared with PAH removal during solid-phase extraction and
biodegradation. It was demonstrated that HPCD extracted primarily readily
bioavailable PAHs,while Triton X-100 extracted both readily and poorly bioavailable
PAHs. Moreover, HPCD did not affect the degradation of PAHs in biodegradation
experiments,whileTritonX-100enhanced thebiodegradation of lowmolecular weight
PAHs. It was concluded that HPCD extraction may provide a good method for the
prediction ofPAHbioavailability. TritonX-100extraction isunfit for theprediction of
PAHbioavailability.

" Accepted for publication in Chemosphere in aslightly modified form
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4.1 Introduction
PAHs are pollutants of great environmental concern because of their toxic, mutagenic, and
carcinogenic properties (Pothuluri and Cerniglia, 1998; Van Agteren et al 1998). The
biodegradation of PAHs, particularly those of low molecular weight, has been widely
investigated. Ithasbeen shownthatPAHscanbetotallydegraded orpartially transformed either
by a community of microorganisms or by a single microorganism (Cerniglia, 1992; Mueller et
al, 1996;Pothuluri and Cerniglia, 1998;VanAgterenetal.,1998).
Microbial degradation of PAHs is thought to be the major process involved in effective
bioremediation of contaminated soils and sediments (Cerniglia, 1992). Unfortunately, PAH
removal during bioremediation is often incomplete and residual concentrations after
bioremediation are often too high to satisfy the standards for clean soil (Beck et al., 1995). In
many cases,these high residual PAH concentrations are caused by the limited bioavailability of
PAHs. In general, the rate at which microorganisms can convert chemicals during
bioremediation depends on two factors: (i) the rate of uptake and metabolism; (ii) the rate of
transfer tothe cell.The so-called bioavailability ofachemical is determined by the rate of mass
transfer relative to the intrinsic activity of the microbial cells. It is controlled by a number of
physical-chemical processes such as sorption/desorption, diffusion, and dissolution. Reduced
bioavailability ofpollutants iscausedbytheslowmasstransfer tothedegrading microorganisms
(Bosmaetal, 1997).
In soils and sediments contaminant mass transfer is often described in terms of desorption
kinetics. Generally, desorption of PAHs is biphasic, whereby a short period of rapid desorption
is followed by a longer period of slow desorption (Beck et al, 1995; Yeom et al, 1996;
Cornelissen et al, 1997; Cornelissen et al, 1998; Williamson et al, 1998). This biphasic
behavior also occurs during bioremediation. In the initial phase of bioremediation the rate of
PAH removal is high and PAH removal is primarily limited by microbial degradation kinetics.
In the second phase the rate of PAH removal is low and PAH removal is limited by slow PAH
desorption (Bonten, 2001). It is evident that thepoorly bioavailable PAH fraction is constituted
bythe slowlydesorbing fraction.
In the last decade a considerable amount of research has been devoted to the development of
methods for the measurement of PAH bioavailability. This research has yielded lab tests based
on the microbiological conversion of bioavailable PAHs, solid phase extraction (SPE) of
bioavailable PAHs (Cornelissen et al, 1998; MacRae and Hall, 1998; Tang et al, 1999), and
persulfate oxidation of bioavailable PAHs (Cuypers et al, 2000). In addition, alternative tests
have been suggested based on the removal of readily bioavailable PAHs by solvent extraction
(Kelsey et al, 1997; Chung and Alexander, 1998; Nam et al, 1998; Chung and Alexander,
1999) and supercritical CO2 extraction (Loibner et al, 1997; Loibner et al, 1998). Recently,
also cyclodextrin extraction (Reid et al, 1998; Reid et al, 1999; Reid et al, 2000) and
surfactant extraction (Volkering et al, 1998a) have been proposed for the prediction of
bioavailability ofhydrophobic organic contaminants (HOCs).
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The application of cyclodextrin extraction for the prediction of PAH bioavailability was first
studied by Reid et al. (1998; 1999; 2000), who demonstrated that PAH extractability with
hydroxypropyl-P-cyclodextrin (HPCD) was closely related to PAH mineralization by
microorganisms. It was demonstrated that extractability decreased with increased aging of
spikedPAHs.So far, only experiments withspikedPAHshavebeenreported. Consequently, the
applicability ofcyclodextrin extraction for theprediction ofPAHbioavailability inaged samples
from contaminated sitesremainstobe demonstrated.
The application of surfactant extraction for the prediction of bioavailability was studied by
Volkering et al. (1998a), who showed that mineral oil bioavailability could be successfully
predicted by an extraction with Triton X-100. Wahle and Kordel (1997) applied surfactants for
the measurement of the ecotoxicological relevance of a HOC contamination. So far, surfactant
extractionhasnotbeenused for theestimation ofPAHbioavailability.
It should be noted that both cyclodextrins and surfactants have not only been proposed for the
prediction of PAH bioavailability, they have also been reported to increase PAH bioavailability
(Volkering etal, 1998b;Wangetal, 1998;Jordanand Cunningham, 1999).Wang etal.(1998)
claimed that HPCD could significantly enhance the bioavailability of a spiked PAH
contamination, thus seriously enhancing itsbiodegradation. Volkering etal.(1998b) and Jordan
and Cunningham (1999) studied the application of surfactants for the enhancement of
bioremediation. They described several mechanisms via which surfactants can enhance HOC
bioavailability. Altogether, the application of surfactants for the increase of bioavailability
seems to be in conflict with the application for the prediction of PAH bioavailability. In the
present studyitwasaimedtoclarify thisapparent contradiction.
To this purpose, we investigated the application of cyclodextrins and surfactants for the
prediction of PAH bioavailability. Sediment samples from 2 different contaminated sites were
extracted with HPCD and Triton X-100 solutions. Besides, the samples were subjected to
biodegradation and solid-phase extraction. Biodegradation and solid-phase extraction were used
as reference methods to establish which part of the PAHs could be biodegraded and to what
extent biodegradation was governed by bioavailability. Biodegradation experiments were also
carriedoutwith samplestowhichHPCD orTritonX-100was added.

4.2 Background
Inthisstudy 3methodswereusedfor thepredictionofPAHbioavailability. Thesemethodsrely
on the aqueous extraction of bioavailable PAHs. The main driving force for extraction is the
(PAH) concentration gradient between the sediment particles and the aqueous phase. This
driving force is maintained by enhancement of the apparent solubility ofPAHsby addition ofa
solidsorbent (Tenax-TA),HPCD,orTritonX-100.
Tenax-TA is a solid porous polymer sorbent based on 2,6-diphenyl-p-phenylene oxide. It has
been applied successfully for the extraction of rapidly desorbing PAHs from contaminated
sediments. As such, it could be used for the prediction of the extent of bioremediation
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(Comelissen et al, 1998). The affinity of PAHs for Tenax is approximately similar to the
affinity for organiccarbon (Comelissenetal, 1997).
HPCDisacyclic oligosaccharide with ahydrophilic shell and atoroidal-shaped apolar cavity.It
can form water-soluble inclusion complexes by incorporating PAHs in its cavities. An obvious
prerequisite for the formation of the inclusion complexes is that the size and shape of the target
molecule (PAH) and the HPCD cavity are complementary. Although this is the case for low
molecular weight PAHs, it can be calculated that high molecular weight PAHs are too large to
fit in the HPCD cavity. Wang and Brusseau (1995) calculated the size of naphthalene (widthlength: 0.5-0.71 nm), phenanthrene (0.58-0.78 run), anthracene (0.5-0.92 run), fluoranthene
(0.71-0.92 nm), and pyrene (0.71-0.89 nm). The sizes indicate that naphthalene and
phenanthrene fit into the HPCD cavity completely (diameter-depth: 0.75-0.78 nm), whereas
anthracene, fluoranthene, and pyrene can be only partially included. However, it has been
reported by Wang and Brusseau (1995) that molecules that are too large to form 1:1 inclusion
complexeswithP-cyclodextrincanform 2:1 (cyclodextrin:PAH) inclusion complexes.
The following HPCD/water partition coefficients (KHPCD) can be calculated from data reported
inthe literature: KHPCD= 508-1470 L/kg for naphthalene (Wang and Brusseau, 1993;Brusseau
et al, 1994; McCray and Brusseau, 1998; Ko et al, 1999), KHPCD = 1230-3628 L/kg for
phenanthrene (Brusseau et al, 1997; Wang et al, 1998;Ko et al, 1999), K H P C D = 2936-2967
L/kgfor anthracene (Wang andBrusseau, 1993;Brusseau et al. 1994), and KHPCD= 11400L/kg
for pyrene (Brusseau et al, 1994). Comparison of KHPCD values with organic matter/water
partition coefficients (Kom) (Van der Meijden and Driessen, 1986) shows KHpcD/Komratios to
vary between 2 (naphthalene) and ~0.3 (phenanthrene, anthracene, pyrene). KHPCD/KOM ratios
calculated from data reported by Reid et al (2000; Fig. 2A) were 0.17 (phenanthrene), 0.024
(anthracene), and 0.0072 (benzo[a]pyrene). The data show that incompatibility of the high
molecular weight PAHs with the cyclodextrin cavity is reflected in the KHPCD values. KHPCD
values for high molecular weight PAHs do not increase with molecular weight as much asKom
and Koc values do. A similar conclusion can be drawn from the formation constants of
P-cyclodextrin inclusion complexes reportedbyBlyshak etal (1989).
Triton X-100 is a nonionic surfactant which forms micelles above its critical micelle
concentration (CMC). PAH molecules can be included in these micelles, which leads to a
dramatic increase of the apparent solubility. Comparison of Kom values (Van der Meijden and
Driessen, 1986) with (micellar) surfactant/water partition coefficients for Triton X-100 (Ksurf,
calculated from Edwards et al, 1991) learned that Ksurf/Kom ratios are slightly higher than 1
(phenanthrene,pyrene).

4.3 MaterialsandMethods
4.3.1 Chemicals. Triton X-100 (C34H620ii, 646.9 g/mol, purity 98-102%), HPCD (purity
97+%), and acetonitrile (HPLC grade) were purchased from Merck, Acros Organics, and LabScan, respectively. All other chemicals were analytical grade and obtained from Merck. The
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porous polymer sorbent Tenax-TA, 20-35 mesh, was purchased from Chrompack. Before use,
theTenaxwasrinsedwithacetoneandhexaneanddriedat45CC.
4.3.2 Sediments. The sediments used in this study were dredged from the 1stPetroleum Harbor
in Amsterdam, The Netherlands, and from a waterway near Assendelft, The Netherlands.
Dredged samples were, homogenized, passed through a 2-mm sieve, and stored at 4 °C in the
darkuntiluse.
Assendelft sediment (Ad)had drymatter (dm) content of41%(w/w), anorganicmatter content
of 13.3%(w/w),and apHof 7.1. Thedrymatterhadthefollowing composition: sand 79%,silt
11%,clay 10%.Thesediment contained 122mg/kgPAHs(16EPA).
Petroleum Harbor sediment (PH) had a dry matter content of 44 % (w/w), an organic matter
content of9.7%(w/w), and apH of 7.8. The drymatter consisted of64% sand, 15% silt, and
21 % clay. The sediment was contaminated with PAHs (16 EPA, 2036 mg/kg) and mineral oil
(13600 mg/kg). Themineral oil was (partly) present in sticky tar-like particles,which formed a
NAPLphaseinwhichPAHscouldpartition.
4.3.3 PAH Analysis. Sediment samples were mixed with acetone and water up to an
acetone/water ratio of 4:1 (v/v) and a solid/liquid ratio of 1:10 g/mL. The resulting slurry was
sonicated for 15min (RetschUR 2) and shaken atroom temperature for 1h (150rpm, Gerhardt
Laboshaker). Extracts were centrifuged (5 min, 13,000g) and analyzed for PAHs by HPLC. It
hasbeendemonstrated thatover 95%ofthePAHsinsoils and sediments canbeextracted inone
stepusingthis extraction method(Noordkampetal, 1999).
PAHs (20uL of extract) were separated on a reverse-phase C18 column (Vydac 201TP54, 5u)
with external guard column (Vydac 102GD54T,5(a)using amixture of acetonitrile andwater as
an eluens. The separation was performed at a constant flow of 1 mL/min, varying the
acetonitrile/waterratiobetween 1:1 and 99:1 (v/v) (0-5 min, 1:1; 5-20 min, linear increase from
1:1 to 99:1;20-40 min, 99:1;40-45 min, linear decrease from 99:1 to 1:1; 45-50 min, 1:1).
PAHsweredetectedbyUV absorbance at254,264, 287,300,305,and 335nm(GynkotekUVD
340S). We measured phenanthrene [PHE], anthracene [ANT], fluoranthene [FLT] (3 ring
PAHs),pyrene [PYR],benz[a]anthracene [BaA],chrysene [CHR],benzo[6]fluoranthene [BbF],
benzo[&]fluoranthene [BkF] (4 ring PAHs), benzo[a]pyrene [BaP], dibenz[a,/i]anthracene
[DBA], benzo[gAOperylene [BPE], and indeno[l,2,3-c,d]pyrene [IPY] (5-6 ring PAHs).
Naphthalene, acenaphthylene, andacenaphthenewerenotmeasuredbecause their concentrations
showed large variations within the bulk samples. Fluorene was not measured because Triton
X-100disturbeditsanalysis.
4.3.4 Biodegradation. Biodegradation experiments (triplicate) were carried out following a
method which hasbeen described byBonten etal.(1999b).Briefly, wet sediment (5 gdm)was
mixed with an aqueous mineral medium up to a water content of 1.5 mL/g. The samples were
inoculatedwith2.5mLofanactivemicrobialenrichmentculture,whichwaspre-culturedonPH
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sediment. The enrichment culture contained a mixture of microorganisms which showed clear
degradation potential for all 16 EPA PAHs except benzo[g,/j,/]perylene and
indeno[l,2,3-c,cf|pyrene. This degradation potential was demonstrated during growth of the
enrichment and during experiments in which the inoculum was added to sterilized PAH
contaminated soil. The degradation potential was slightly limited for benzo[a]pyrene and
dibenzfa,h]anthracene, which have to be degraded cometabolically and need a suitable
cosubstrate (Keck et al, 1989; Van Agteren et al, 1998). The inoculated samples were
incubated at30°Candmixed onarotary tumbler at22rpm. After 7, 14(PH only),and21days,
three samples were sacrificed for analysis. Acetone was added to the bottles, samples were
extracted, and acetonewasanalyzed for PAHsbyHPLC.
Biodegradation experiments (triplicate) were also carried out with samples to which HPCD
(0.18 and 0.89 g) or Triton X-100 (Ad: 0.113, 0.138, and 0.247 mmol; PH: 0.138, 0.162, and
0.272 mmol) was added. The Triton concentrations corresponded with aqueous surfactant
concentrations of 1,10,and50xCMC.
During the course ofbiodegradation the headspace oxygen content was measured regularly. An
oxygen content >10 %(vol.) wasmaintainedby regular flushing with air. Continuous mixingin
thebottles assuredthattheO2 content intheslurrywas sufficiently high for biodegradation.
The set-up of the biodegradation experiments was optimized in a preliminary study (data not
shown). In this study it was assured that 21 days of biodegradation was sufficient for the
removal of the rapidly desorbing (readily bioavailable) PAHs. It was observed that only 4 %
additional PAH removal occurred after 21 days of biodegradation (84 day experiment). This
limitedPAHremoval after 21daysisinlinewithresultsreported byothers (Lewis, 1993;Pinelli
etal, 1997;Rutherford etal, 1998;Bontenetal, 1999b).
A temperature of 30 °C was maintained to create optimal conditions for the degradation of the
PAHs. This temperature is higher than the temperature at which desorption experiments were
performed (20°Cand room temperature), but nevertheless the results of the biodegradation and
desorption experiments may be compared. It has been demonstrated by Bonten et al (1999a,b)
that only temperatures higher than 65-70 °Ccan significantly increase the fraction of PAHsthat
desorb rapidly. In otherwords,biodegradation at 30°Cinstead of20°Cmay increase therateat
which readily bioavailable PAHs aredegraded but it does not increase the amount of PAHsthat
arereadilybioavailable.
4.3.5 Solid-Phase Extraction. The solid-phase extraction (SPE) method was adapted from
Bonten et al. (1999a) and Cornelissen et al. (1997). Extractions were carried out in 50 mL
separatory funnels, which werefilledwith wet sediment (amount equivalent with 2.5 gdm and
1.5 gdmfor Ad andPH,respectively),40mLof0.01MCaCl2solution, 20mgofNaN3,and 0.5
g of Tenax-TA adsorbent. The separatory funnels were shaken end-to-end at room temperature
at such a speed that the slurry and Tenax beads were well mixed. After 1, 3, 6, 12,24, 48,72,
120,and 192h,the sediment suspension was separated from theTenax and 0.5 gof fresh Tenax
wasadded tothe suspension. Thecontaminated Tenax was extracted with 20mL of acetone and
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the acetone was analyzed for PAHs by HPLC. After 264 h, the soil suspension was separated
from the Tenax and centrifuged. The solids were extracted with 20 mL of acetone, which was
analyzed for PAHsbyHPLC.Theexperimentwascarried outinduplicate.
4.3.6 HPCDExtraction.Extractions werecarried out in 60mL serumbottleswhichwere filled
with wet sediment (amount equivalent with 2.5 g dm), a 0.5 g/L NaN3 solution (50 mL), and
HPCD (Ad 7.26 g, PH 5.28 g). The bottles were sealed with Teflon-lined silicone septa and
shaken end-to-end (150 rpm) at room temperature. After 2, 6, 12,24,48,72,and 120h, bottles
were centrifuged, supernatant was decanted, and fresh HPCD and NaN3 solutions were added.
After 0, 24, 72, and 172 h, bottles were sacrificed for PAH analysis (duplicate). Solids were
extractedwithacetoneafter centrifugation.
An important factor in the HPCD extraction is the HPCD concentration. For bioavailability
prediction the HPCD concentration should be high enough to enable desorption of all readily
bioavailablePAHs.Here,onaweightbasis20timesmoreHPCDthanorganicmatterwasadded
per extraction step. This is in accordance with the amount used by Reid et al. (2000).
Equilibrium calculations (using K-Hpci/Kom ratios calculated from Reid et al., 2000; see
Background Section) indicate that the following amounts of PAHs could be extracted from the
samplesin8extraction steps,assumingthatallPAHswerebioavailable:phenanthrene>99.9%,
pyrene ± 96 %, benzo[a]pyrene ± 66 %. This calculation demonstrates that HPCD provides
sufficient sorption capacity for theextraction ofbioavailablePAHswith2-4 aromaticrings.The
extraction of PAHs with 5-6 aromatic rings could have been limited by the sorption capacity of
HPCD.Nonetheless,capacity limitations werenot expected asonly 5% (Ad) and 22 % (PH)of
the 5-6ringPAHswereobservedtobebioavailable inaprevious study (Cuypersetal, 2000).
4.3.7 Triton X-100 Extraction. To optimize the Triton X-100 extraction in terms of the Triton
X-100 concentration, the following two parameters were studied: (0 Triton X-100 sorption to
thesediment, («')theeffect oftheTritonX-100concentration onthePAHextraction efficiency.
(0 Triton X-100 sorption was calculated from the amount of surfactant needed to reach the
critical micelle concentration (CMC) inthepresence and absenceof sediment material. Sorption
experiments (duplicate) were carried out in Schott bottles (300 mL), which were thoroughly
cleaned with detergent, rinsed with demineralized water, and filled with a 200 mg/L HgCk
solution, wet sediment (amount equivalent with 2.76 g dm and 3.79 g dm for Ad and PH,
respectively), and Triton X-100 (0-3.0 mmol/L), allowing for no headspace. The bottles were
equilibrated for 48 h on a rotary tumbler (16 rpm) at 20 °C. After equilibration, samples were
centrifuged and the surface tension of the supernatant was measured using the Wilhelmy plate
method (MacRitchie, 1990). The surfactant dose needed to reach the CMC was determined as
the amount of surfactant above which an increase of the surfactant concentration did not leadto
afurther decreaseofthesurface tension.
(ii)Theeffect oftheTritonX-100concentration onthePAH extraction efficiency was studiedin
a triplicate equilibrium desorption study. Schott bottles (300 mL) were filled with a 200 mg/L
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HgCb solution,wet sediment (amount equivalent with2.76 gdm and 3.79 gdm for Ad andPH,
respectively), and Triton X-100 (0-240xCMC and 0-190xCMC in the presence of Ad and PH,
respectively), allowing for noheadspace.Bottleswere equilibrated for 120hon arotary tumbler
(16 rpm) at 20 °C. After 120 h the suspensions were filtered, the solids were extracted with
acetone,andtheextractswereanalyzed forPAHs.
Based on the outcome of the study described under (i) and (»), the following optimized
extraction procedure was chosen: Schott bottles (130 mL) were filled with a 200 mg/L HgCb
solution, wet sediment (amount equivalent with 2.76 g dm and 3.08 g dm for Ad and PH,
respectively), and Triton X-100 (10.3 mmol), allowing for no headspace. The bottles were
mixedonarotarytumbler (16rpm) at20°C.After 2,6,24,48,72, 120,and 172h,bottles were
sacrificed for PAH analysis (duplicate). The sediment suspensions were centrifuged and solids
wereextractedwithacetone.

4.4Resultsand Discussion
4.4.1 Optimization Triton X-100 Extraction, (i) TritonX-100 sorption: The CMC of Triton
X-100 was measured to be 0.22 mmol/L, which is in correspondence with values reported by
others (Laha and Luthy, 1992; Fu and Alexander, 1995). The amount of surfactant added to
reach the CMC inthepresence ofAssendelft and Petroleum Harbor sediment was 0.42 mmol/L
and 0.56 mmol/L, respectively. Triton X-100 sorption was calculated to be 22.1 mmol/kg for
Assendelft and26.9mmol/kg forPetroleum Harbor sediment.
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Figure1.ResidualPAHconcentrationsinAssendelft (Ad)andPetroleumHarbor(PH)sediment after
Triton X-100 extraction (120 h) versus the amount of Triton X-100 used for extraction. Error bars
representstandarddeviations.Symbolsmaycovertheerrorbars(PHsediment).
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(ii) Triton X-100 concentration:The relationship between the Triton X-100 concentration and
the extraction efficiency is graphically represented in Figure 1. Figure 1 demonstrates that
residual PAH concentrations decreased with an increasing surfactant dose, PAH concentrations
leveling off athigh surfactant doses.Based on the results, a surfactant dose corresponding with
0.034 mol/L (Ad; 155xCMC) and 0.042 mol/L (PH; 190xCMC) was chosen for the Triton
X-100 extraction. On an organic matter basis this was 18.1 (Ad) and 22.3 (PH) g/g. These
amounts provided sufficient sorption capacity for the desorption of (almost all) bioavailable
PAHs.
4.4.2 HPCD Extraction and Triton X-100 Extraction Compared with Biodegradation and
SPE. The course of the PAH concentrations during biodegradation is presented in Table 1.
Table 1 shows that PAH degradation was considerable both in Assendelft and in Petroleum
Harbor sediment. In both sediments biodegradation was highest for 3 ring PAHs and it
decreased progressively with increasing molecular weight of the PAHs. Residual 3, 4, and 5-6
ring concentrations represented 35, 58, and 98 % of the concentrations initially present in
Assendelft sediment and 20, 40, and 100 % of the concentrations initially present in Petroleum
Harbor sediment.
Table1.ResidualPAHsafter 7,14,and21 daysof biodegradation.
Residual fraction (-)a
Sediment
Assendelft

Petroleum Harbor

PAHs
3ring
4 ring
5 and 6ring

7d
0.64 ±0.11
0.85 ±0.13
1.00 ±0.15

14 d

-

21 d
0.35±0.04
0.58±0.10
0.98±0.12

3ring
4ring
5and 6ring

0.32 ±0.09
0.77 ±0.11
0.99 ±0.10

0.23 ±0.05
0.41 ±0.03
1.00 ±0.07

0.20±0.04
0.40 ±0.03
1.00 ±0.03

"Average values and standard deviations are presented.

The course of the PAH concentrations during SPE, HPCD extraction, and Triton X-100
extraction ispresented inFigures 2and 3.Inthese figures also the residual PAH concentrations
after 21daysofbiodegradation areincluded.
Figures2and 3showthat SPEexhibitedbiphasicbehavior: PAHconcentrations dropped rapidly
inthe first 20-50h;PAHconcentrations decreased only slowlythereafter. Residual 3,4,and 5-6
ringconcentrations after SPE(264h)represented 33, 58,and97%oftheconcentrations initially
present in Assendelft sediment and 20, 34, and 78 % of the concentrations initially present in
Petroleum Harbor sediment.
Comparison oftheresidual PAHconcentrations after SPEwiththeresidual concentrations after
biodegradation shows that the extent of 3 and 4 ring biodegradation could be rather well
predicted by SPE. This indicates that (after 21 days) biodegradation of 3 and 4 ring PAHs was
primary limited by slow desorption. Residual 5-6 ring concentrations after SPE were not in
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complete agreement with the concentrations after biodegradation. Although correspondence was
good for Assendelft sediment, SPE overestimated 5-6 ring biodegradation in Petroleum Harbor
sediment. Most likely 5-6 ring biodegradation in Petroleum Harbor sediment was limited by
microbial factors rather than slow desorption. Such a limitation of 5-6 ring biodegradation by
microbial factors has been reported by others (Cornelissen et al, 1998; Van Agteren et al,
1998). Microbial factors may include an unfavorable Gibbs free energy, a high activation
energy, slow transport over the cell membrane, and the inability of microorganisms to grow on
lowaqueous 5-6 ringconcentrations (Bonten,2001).
Figures 2and 3showthat HPCD extraction largely followed SPE.After arapid initial decrease,
PAH concentrations slowly approached the residual concentrations after biodegradation.
Residual PAH concentrations after 172 h of HPCD extraction were almost similar to the
concentrations after biodegradation.
Extraction of PAHs with Triton X-100 was biphasic: residual PAH concentrations leveled off
after a rapid initial decrease. In comparison with SPE (and HPCD extraction), Triton X-100
extraction was rapid and residual PAH concentrations were low. A similar difference between
surfactant extraction and SPE has been reported by Yeom et al. (1996). Residual PAH
concentrations after 172h of Triton X-100 extraction were considerably lower than the residual
PAH concentrations after biodegradation. This was most evident for PAHs with a high
molecular weight. Figures 2 and 3show that the percentage of PAHs removed by TritonX-100
was almost equal for allring groups (approx. 70-80 %). In comparison, thepercentage ofPAHs
removed by SPE, HPCD extraction, and biodegradation decreased with increasing molecular
weight ofthePAHs.
Thedifference between SPE and HPCD extraction onthe onehand and Triton X-100 extraction
ontheother indicatesthat thereisaprinciple difference inthemechanism which underlies these
extraction methods. In all three methods PAHs were removed from the aqueous phase by
sorption toorinclusion inaspecific sink (Tenax-TA,HPCD,TritonX-100micelles).Byregular
refreshment ofthesink (orby addition of an overdose), aqueous PAH concentrations were kept
lowand amaximum concentration gradient wasmaintained between the solids and the aqueous
phase. This concentration ensured that desorption took place at the highest possible rate. The
principle difference between the methods lies in the way Tenax-TA, HPCD, and Triton X-100
interactwiththesediment matrix.
Visual observation of the SPE experiments learned that the solid sorbent Tenax-TA did not
interact with the sediment matrix. Literature information learned that HPCD does not interact
with the sediment matrix. It has been shown by Brusseau et al. (1994) and McCray and
Brusseau (1998)that HPCD doesnot sorb to soils and sediments. Furthermore, HPCD does not
partition appreciably to NAPL phases (McCray and Brusseau, 1998). Therefore, it may be
reasonedthatHPCDchangesthe system onlyby anincrease ofthe apparent solubility, a(slight)
reduction ofthesurface tension (Wang andBrusseau, 1993;McCray and Brusseau, 1998),anda
reduction of the NAPL/water interfacial tension (Boving et al., 1999). Contrary to Tenax-TA
andHPCD,TritonX-100showed considerable interaction withthe solidmatrix.This interaction
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was demonstrated in the sorption experiments and is likely to have changed the desorption
behaviorofPAHs,resulting inenhanced PAH bioavailability.
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In the literature several mechanisms havebeen described via which surfactants can enhance the
bioavailability ofHOCs.ThesemechanismshavebeenreviewedbyVolkering etal.(1998b)and
Jordan and Cunningham (1999).They can be divided in three main categories: (i) enhancement
of the apparent solubility, (ii) facilitated transport, and (iii) emulsification of NAPLs. The
relative contribution of the mechanisms is dependent on the system characteristics and on the
physical stateofthecontaminants.
Evaluating theresults ofour experiments it may be concluded that enhancement of the apparent
PAH solubility is not the mechanism which enhanced PAH bioavailability in the Triton X-100
extraction. The results of SPE and HPCD extraction demonstrated that a sole enhancement of
the apparent solubility did not result in the extraction of more PAHs than were removed by
biodegradation. Asimilar conclusionwasdrawnbyYeometal.(1996).
Facilitated transport of PAHs covers several different processes. These processes include the
interaction of surfactant monomers with PAHs, the interaction of surfactant with sorbed PAHs,
the interaction of surfactant with the surface, mobilization of PAHs trapped in ganglia by
lowering the surface tension of porewater, mobilization ofNAPLs inpores by reduction ofthe
interfacial tension,andmobilization ofthePAHsbyswellingoftheorganicmatrix (Volkeringet
al, 1998b; Jordan and Cunningham, 1999). Altogether, these processes either change the
sorption properties of the matrix itself or increase transport through the (un)changed matrix. In
our experiments facilitated transport is the only mechanism which can explain bioavailability
enhancement in Assendelft sediment. In Petroleum Harbor sediment, which contains a NAPL
phase(tar-likeparticles),enhanced PAH availabilitymayalsobecaused by emulsification ofthe
NAPL. At this point, it is not possible to distinguish between the contribution of emulsification
andfacilitated transport andbetween thedifferent processeswhich causefacilitated transport.
Altogether, the results in Figures 2 and 3 demonstrated that HPCD extracted primarily readily
bioavailable PAHs,whereas Triton X-100 extracted both readily andpoorly bioavailablePAHs.
Itmaybeconcluded that extractionwithHPCDwasasuitablemethod for theprediction ofPAH
bioavailability in contaminated sediments. Extraction with Triton X-100 enhanced PAH
bioavailability.
4.4.3 Effect of HPCD and Triton X-100 on Biodegradation of PAHs. The residual PAH
concentrations after biodegradation are presented in Figures 4 and 5. It should be noted that
these PAH concentrations are the sum of the concentrations in the solid phase and the
concentrations in the liquid phase of the slurry. Residual concentrations are expressed in mg/kg
solidmaterial.
Figures 4 and 5show that HPCD addition hardly enhanced PAH degradation inAssendelft and
Petroleum Harbor sediment. In Assendelft sediment biodegradation enhancement was
significant only for chrysene at the highest HPCD concentration (Mest, 95%). In Petroleum
Harbor sediment biodegradation enhancement was significant for phenanthrene, fluoranthene,
benz[a]anthracene, chrysene, and indeno[l,2,3-c,cf]pyrene at the lowest HPCD concentration
and for benzo[£,/M']perylene and indeno[l,2,3-c,<i]pyrene at the highest HPCD concentration.
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However, despite the significance of the differences for some PAHs, it is clear that the general
effect ofHPCD addition was small.Thus,itisconcluded that HPCD addition neither stimulated
nor inhibited PAH biodegradation. This implies that, besides its negligible effect on PAH
bioavailability, HPCD did not stimulate the cometabolic degradation of poorly degradable 5-6
ring PAHs. Cometabolic degradation could have been stimulated by conversion of HPCD,
which was observed as an increased O2 consumption and CO2 production during the whole
experiment. Furthermore, HPCD addition did not inhibit PAH degradation. PAH degradation
could have been inhibited as a result of a decreased free aqueous PAH concentration or as a
resultofHPCDbiodegradation, which couldhavecausednutrient deficiency orthe development
ofamicrobial community unfit forthedegradation ofPAHs.
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Conversely to HPCD addition, Triton X-100 addition did enhance PAH biodegradation in
Assendelft and Petroleum Harbor sediment. Biodegradation enhancement was evident for the
low molecular weight PAHs and increased with increasing Triton X-100 concentration.
Significant biodegradation enhancement primarily occurred for PAHs with a molecular weight
lower than benzo[Z>]fluoranthene. For PAHs with a molecular weight similar to or higher than
benzo[6]fluoranthenebiodegradationwashardlyenhanced andinsomecaseseveninhibited.
The limited enhancement ofbiodegradation of high molecular weight PAHsby Triton X-100 is
incontrast with the results of the extraction experiments which demonstrated that especially the
bioavailability of high molecular weight PAHs was enhanced. This discrepancy between the
extraction experiments and biodegradation experiments can be explained by a limited capacity
ofthe microbial community for 5-6 ring degradation. Besides this limited degradation capacity,
also limitation by a Triton X-100 induced inhibition effect may have occurred. Research has
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shownthatTritonX-100andothernonionic surfactants canbothpositively andnegatively affect
biodegradation of PAHs and other hydrophobic organic contaminants (Rouse et al, 1994;
Volkering et al, 1998b; Jordan and Cunningham, 1999). Positive effects have been attributed
mainly to increased bioavailability; negative effects have been attributed to several inhibitory
factors, including surfactant toxicity, poor bioavailability of micellar PAHs, inhibition of
bacterial attachment, increased PAH sorption as a result of surfactant sorption, nutrient
deficiency resulting from surfactant biodegradation, and the development of a microbial
community unfit for PAHbiodegradation. Ithasoften been stated that TritonX-100is inhibitory
at concentrations above the CMC, inhibition being reversible if concentrations are reduced to
below CMC concentrations (Laha and Luthy, 1991; Laha and Luthy, 1992; Volkering et al,
1998b; Jordan and Cunningham, 1999). Our experiments demonstrated that supra-CMC
concentrations were inhibitory for the biodegradation of some PAHs, whereas they stimulated
thebiodegradation ofotherPAHs.

4.5 Conclusions
The present study demonstrated that HPCD solutions extracted primarily readily bioavailable
PAHs from sediment samples containing an aged PAH contamination. This result confirms the
workofReid etal (1998; 1999;2000)who suggested that HPCD extraction maybe applied for
the prediction of PAH bioavailability. It seems to be in conflict with the work of Wang et al.
(1998)whoreported thatHPCD enhanced thebioavailability of spiked PAHs.It isapparent that
experimental results obtained with spiked PAHs could not be automatically extrapolated to
systems containing strongly sorbed (aged) PAHs. Altogether, HPCD may accelerate the
desorption of readily bioavailable PAHs, but it does not increase the amount of PAHs that are
readily bioavailable. This conclusion was supported by biodegradation experiments which
showedthatHPCD additionhad anegligible effect ontheextent ofPAH degradation.
Conversely to HPCD, Triton X-100 enhanced PAH bioavailability. This bioavailability
enhancement was likely to be caused by the interaction of Triton X-100 with the sediment
matrix. Obviously, Triton X-100 extraction can not be applied for the prediction of PAH
bioavailability, whichisincontrast withtheresultsofVolkeringetal (1998a),who successfully
predicted mineral oil bioavailability using Triton X-100. Enhancement of PAH bioavailability
by Triton X-100 was in line with the work of others (Jordan and Cunningham, 1999).
Biodegradation experiments showed that bioavailability enhancement by Triton X-100 may
stimulate the biodegradation of poorly bioavailable PAHs, provided that these PAHs are
biodegradable (3and4rings).
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CHAPTER 5
Prediction of Petroleum Hydrocarbon Bioavailability in Contaminated
Soils and Sediments*
ChielCuypers, Rina Clemens,TimGrotenhuis,WimRulkens

Abstract
Recently, several laboratory methods have been developed for the prediction of
contaminant bioavailability. So far, none of these methods has been extensively tested
forpetroleum hydrocarbons. Inthepresent studyweinvestigated solid-phase extraction
and persulfate oxidation for the prediction of total petroleum hydrocarbon (TPH)
bioavailability. One sediment and two soil samples were subjected to solid-phase
extraction, persulfate oxidation, and biodegradation, after which hydrocarbon removal
wascompared. Itwas demonstrated that ashort solid-phase extraction (168h)provided
a good method for the prediction of the extent of TPH degradation in an optimized
slurryreactor (84d). Solid-phase extraction slightly underestimated the degradation of
readily biodegradable hydrocarbons, whereas it slightly overestimated the degradation
ofpoorlybiodegradable hydrocarbons.Persulfate oxidation appeared tobeunfit for the
prediction of TPH bioavailability as persulfate was unable to oxidize hydrocarbons
with a high ionization potential. Hydrocarbons that were affected were likely to be
transformed rather than completely oxidized. Nevertheless, persulfate oxidation
provided a good method for the prediction of polycyclic aromatic hydrocarbon (PAH)
bioavailability.
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5.1Introduction
In the last decade, bioremediation has been frequently used to treat soils and sediments
contaminated with petroleum hydrocarbons. However, despite the common use and costeffectiveness ofbioremediation, ithasbeenobserved that aresidual fraction remains undegraded
even when optimal biodegradation conditions have been provided (Huesemann, 1997). The
extent of hydrocarbon degradation is critically dependent upon four factors: (z)the presence of
hydrocarbon degrading bacteria, (ii) environmental conditions (temperature, electron acceptors,
nutrients, pH), (Hi) the recalcitrance of individual compounds in the hydrocarbon mixture, and
(J'V)bioavailability (Huesemann, 1995;De Jonge et al, 1997).Inprinciple, the first two factors
can be controlled to a certain extent. The latter two factors reflect intrinsic properties of the
individual samplesandhydrocarbon contaminants.
Therate atwhichhydrocarbon degradingmicroorganisms can convert chemicals dependsonthe
rateoftransfer tothecell andtherateofuptakeandmetabolism bythemicroorganisms. Thesocalledbioavailability isdeterminedbytherateofmasstransfer relative tothe intrinsic activityof
the microbial cells. It is controlled by a number of physical-chemical processes such as
sorption/desorption,diffusion, anddissolution (Bosmaetal.,1997).
Contaminant mass transfer in soils and sediments is often described in terms of desorption
kinetics. Generally, desorption of hydrocarbons is biphasic, whereby a short period of rapid
desorption is followed by a longer period of slow desorption (Beck et al., 1995; Yeom et al.,
1996; Cornelissen et al., 1998; Williamson et al., 1998). This biphasic behavior also occurs
during thebioremediation ofpetroleum hydrocarbons (Huesemann and Moore, 1993; Chaineau
etal., 1995;DeJongeetal., 1997;Huesemann, 1997;Salanitro etal., 1997).Inthe initial phase
of bioremediation the rate of hydrocarbon removal is high and removal is primarily limited by
microbial degradation kinetics. In the second phase the rate of hydrocarbon removal is low and
removalisgenerally limitedby slowdesorption. Altogether,thepoorlybioavailablefractionofa
hydrocarbon contamination is formed by the hydrocarbons that desorb slowly in the second
phaseofbioremediation.
In recent years, a considerable amount of research has been devoted to the development of
laboratory methods for the prediction of hydrocarbon bioavailability. This research has resulted
in several characterization methods,based on the removal of readily bioavailable hydrocarbons
by solid phase extraction (SPE) (Cornelissen et al., 1998;MacRae and Hall, 1998;Tang et al.,
1999; Morrison et al., 2000), persulfate oxidation (Cuypers et al., 2000), solvent extraction
(Kelsey et al., 1997; Chung and Alexander, 1998; Nam et al., 1998; Chung and Alexander,
1999),supercritical CO2extraction (Loibner etal., 1997;Hawthorne and Grabanski, 2000),and
cyclodextrin extraction (Reid etal.,2000).Ofthesemethods, only SPE and persulfate oxidation
havebeen extensively validated with historically contaminated (aged) samples. In such samples
thecontacttimebetween thecontaminants andthe solidmatrix may havebeen months,years,or
even decades. So far, none of the methods has been tested for a complex mixture of organic
compounds like total petroleum hydrocarbons (TPH). They have only been applied for the
predictionofPAH,PCB(polychlorinated biphenyl),andpesticide bioavailability.
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In the present study SPE and persulfate oxidation were investigated for the prediction of TPH
bioavailability in contaminated soils and sediments. SPE is based on the extraction of readily
bioavailable hydrocarbons withwater. Themain driving force for extraction isthe concentration
gradient between the soil and sediment particles and the aqueous phase. This driving force is
maintained by enhancing the apparent solubility with the addition of the solid sorbent TenaxTA. Tenax-TA is a porous polymer based on 2,6-diphenyl-p-phenylene oxide. It has been
applied successfully for the extraction of rapidly desorbing PAHs from contaminated sediments
(Cornelissen et al, 1998; MacRae and Hall, 1998) and for the extraction of rapidly desorbing
DDT
(l,l,l-trichloro-2,2-bis[p-chlorophenyl]ethane),
DDE
(l,l-dichloro-2,2-bis[pchlorophenyl]ethane), DDD (l,l-dichloro-2,2-bis[p-chlorophenyl]ethylene), and dieldrin from
contaminated soils (Morrison etal, 2000). As such, it could be used for the prediction of PAH
biodegradation and for the estimation of DDT, DDE, DDD, and dieldrin availability to
earthworms. The affinity of organic contaminants for Tenax is approximately similar to the
affinity for organiccarbon (Cornelissen etal, 1997).
The persulfate oxidation method is based on the removal of readily bioavailable hydrocarbons
bymeansofoxidation.Persulfate decomposeswhenitisheated and forms sulfate radicalswhich
canreactwith organicsubstancesinacomplex radical chainmechanism (House, 1962;Kislenko
et al, 1996). In soil and sediment samples, typically 20-40 % of the organic material can be
degraded by persulfate oxidation (Martin et al, 1981; Martin and Gonzalez-Vila, 1984;Powell
et al, 1989). It has been shown that persulfate selectively oxidizes bioavailable PAHs in
contaminated field samples. PAHs remaining after oxidation are a measure of the amount of
PAHsthat arepoorlybioavailable (Cuypersetal, 2000).
We studied TPHbioavailability in one sediment sample and two soil samples collected at TPH
contaminated field sites. These samples were subjected to SPE, persulfate oxidation, and
biodegradation. The removal of TPH by SPE and persulfate oxidation was compared to the
removal of TPH by biodegradation. Compositional changes resulting from SPE and
biodegradation were also investigated. Furthermore, SPEwas applied to sampleswhichhadfirst
been subjected tobiodegradation.

5.2 MaterialsandMethods
5.2.1 Chemicals. Acetonitrile (HPLC grade) and petroleum ether (analytical grade) were
purchased from Lab-Scan Analytical Sciences (Dublin, Ireland); hexane (HPLC grade) was
purchased from Rathburn (Walkerburn, Scotland); and potassium persulfate (analytical grade)
was purchased from Sigma-Aldrich (Steinheim, Germany). All other chemicals were analytical
grade and obtained from Merck (Darmstadt, Germany). Theporous polymer sorbent Tenax-TA
(20-35 mesh) waspurchased from Chrompack(Bergen opZoom, TheNetherlands).Before use,
itwasrinsedwithwater, acetone,andhexane(3x10mL/geach)anddried over-night at45°C.
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5.2.2 Soil and Sediment Characteristics. Onesediment and two soil samples were studied. All
sampleswerehomogenized, passed through a2-mm sieve,and stored inthe dark under nitrogen
at4°Cuntiluse.
The sediment sample was dredged from the 1st Petroleum Harbor (PH) in Amsterdam. PH
sediment had adrymatter (dm)content of44 %(w/w), anorganic matter content of 9%(w/w),
andapH of 7.1. Thedrymatter consisted of64%sand, 15%silt, and 21 %clay. The sediment
sample as well as the two soil samples were analyzed as described in the Extraction and
Analysis section. The sediment contained 13,640 mg/kg petroleum hydrocarbons and 2,036
mg/kgPAHs (sum of 16PAHs listedby theU.S.Environmental Protection Agency in Consent
Decree Priority Pollutant list). The TPH extract was dominated by a wide variety of PAHs and
alkyl PAHs. In addition, small amounts of hopanes and recalcitrant branched alkanes (e.g.
pristane andphytane)wereidentified. N-alkaneswerenot detected.
Arcadis Petroleum (AP) soil had a dry matter content of 89.1 % (w/w), an organic matter
content of3.5%(w/w),and apHof 7.2.AP soilwas contaminated with 8,420mg/kg petroleum
hydrocarbons. The TPH extract was dominated by branched alkanes/alkenes and alkyl PAHs.
Besides,itcontained alkylbenzenes, light alcohols,andtracesofn-alkanes.
Van Velde Buren (VVB) soil had a dry matter content of 75.9 % (w/w), an organic matter
content of 9.5 % (w/w), and a pH of 7.3. VVB soil contained 34,100 mg/kg petroleum
hydrocarbons and 40 mg/kg PAHs. The TPH extract of VVB soil was dominated by linear and
branched alkanes.Hopanes and(alkyl-)PAHsweredetected.
5.2.3 Extraction and Analysis. Sediment/soil samplesweremixedwith acetone andwaterupto
anacetone/water ratio of4:1(v/v)and asolid/liquidratio of 1:10g/mL. Theresulting slurrywas
sonicated for 15min (RetschUR 2) and shaken atroom temperature for 1h (150 rpm, Gerhardt
Laboshaker). Aliquots of 1.5 mL were then taken, centrifuged (5 min, 13,000g), and analyzed
for PAHs by high pressure/performance liquid chromatography (HPLC) as described below.
Petroleum ether (6 mL/g dm) was added to the rest of the slurry, which then was mixed on a
rotary tumbler for 30 min (16 rpm). The slurry was allowed to settle for 5 min and the liquid
phase was decanted over a vacuum filter (glass filter, Schleicher & Schuell GF 50). Petroleum
ether (4mL/g) was added to the (non-decanted) residue, the slurry was mixed for 30 min (16
rpm) and decanted over the glass filter. The combined filtrates were transferred to a separatory
funnel and shaken twicewith tapwater (watensolvent 20:3 mL/mL). Thepetroleum ether phase
was transferred into a 250 mL Schott bottle to which dried Na 2 S0 4 (16 h, 550 °C, 1:10 g/mL)
and florisil (16h, 110°C,0.85:1 g/gdm)was added. Thebottlewasmixed for 30min (16rpm).
Finally, petroleum ether was filtered (Schleicher & Schuell, GF 50),weighed, and analyzed for
TPHbygaschromatography (GC).
PAHs in the acetone/water mixture (20uL of extract) were separated on a reverse-phase C18
column (Vydac 201TP54, 5u) with external guard column (Vydac 102GD54T, 5^i) using a
mixtureofacetonitrile andwater. Theseparation wasperformed at aconstant flow of 1 mL/min,
varying the acetonitrile/water ratio between 1:1 and 99:1 (v/v) (0-5 min, 1:1; 5-20 min, linear
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increase from 1:1 to 99:1;20-40 min, 99:1;40-45 min, linear decrease from 99:1 to 1:1; 45-50
min, 1:1). PAHs were detected by UV absorbance at 254, 264, 287, 300, 305, and 335 nm
(Gynkotek UVD 340S). The following PAHs were measured: (a) 3rings: phenanthrene [PHE],
anthracene [ANT], fluoranthene [FLT]; (b) 4 rings: pyrene [PYR], benz[a]anthracene [BaA],
chrysene [CHR], benzo[b]fluoranthene [BbF], benzo[A:]fluoranthene [BkF]; and (c) 5-6 rings:
benzo[a]pyrene [BaP], dibenz[a,/!]anthracene [DBA], benzo[g,/i,/]perylene [BPE], and
indeno[l,2,3-c,cT|pyrene [IPY]. Naphthalene, acenaphthylene, acenaphthene, and fluorene were
notanalyzed becausetheirconcentrations showed largevariationswithin thebulksamples.
TPH analysis was performed on a Hewlett-Packard gas chromatograph (5890 Series II). The
hydrocarbons (3(aL of extract) were separated on a WCOT fused silica column (ChrompackVarian, 10m, 0.32 mm i.d.) coated with CP SimDist (film thickness 0.1 mm).Helium was used
as acarrier gas (3.1 mL/min). The initial oven temperature of 40 °Cwas maintained for 5min,
after which the oven was heated at 10°C/min, up to 300 °C. This temperature was maintained
for 10min.TheGCwasequippedwithanFID detector.
Detailed analysis of petroleum hydrocarbons (l(j.L of extract) was performed on a GC-MS
system (gas chromatograph + mass spectrometer). Hydrocarbons were separated on a HewlettPackard 6890 GC equipped with aJ&W DB 5ms column (30m x 250 um x 0.25 nm). Helium
wasused asacarrier gas(1.2mL/min).Theinjector temperaturewas 250°Candtheinitial oven
temperature was 50 °C. After 5 min the oven was heated at 4 °C/min up to 300 °C. This
temperature was maintained for 10min. The GC was coupled to a Hewlett-Packard 5973 MSD
(m/z50-800,2scans/s,ion sourcetemperature 250°C).The extractwas analyzed inthe selected
ionmode for alkanes(m/z=57,71),hopanes(m/z=191),and steranes(m/z=217).
Chromatograms of the TPH extracts of PH, AP, and VVB samples are presented in Figure 1.
This figure demonstrates that PH sediment and AP soil contained a weathered petroleum
contamination (storagetanksinthe Amsterdam Petroleum Harborwere destroyed during World
WarII),whereasVVBsoilcontained afreshcontamination.
5.2.4 Biodegradation. Biodegradation experiments were carried out following amethod which
has been described by Bonten et al.(1999a). Briefly, wet soil/sediment (5 g dm) was weighted
into 80 mL glass serum bottles and mixed with an aqueous mineral medium (0.3g/LNH4NO3,
0.1 g/L MgS04-7H20, 0.1 g/L CaCl2-2H20, 40 mg/L KH2P04, 160 mg/L K2HP04, 5 mg/L
FeCU) up to awater content of 2mL/g. The samples were inoculated with 2.5 mL of an active
microbial enrichment culture, which was pre-cultured on PH sediment. The enrichment culture
contained amixture ofmicroorganisms which showed clear degradation potential for petroleum
hydrocarbons and all 16 EPA PAHs except benzofgA/Jperylene and indeno[l,2,3-c,</]pyrene.
This- degradation potential was demonstrated during growth of the enrichment and during
experimentsinwhichtheinoculumwasaddedtosterilizedcontaminated soil.
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After inoculation bottles were capped and incubated at 30 °C. Samples were mixed on arotary
tumbler at 22 rpm. After 7, 14, 21,35,49, 63, and 84 days, samples were analyzed for TPHs.
GC-MS analysiswasperformed on samples obtained on days 0and 84.The PAH concentration
wasmonitored intheextractsofPHsediment.
Biodegradation experiments were also conducted with samples towhich Triton X-100 (0.1mL)
or a concentrated nutrient solution (doubling original nutrient concentrations) was added at day
49 in order to investigate whether biodegradation (at thatpoint) was limited by slow desorption
ornutrient deficiency, respectively.
During biodegradation, oxygen and carbon dioxide concentrations were measured regularly. An
oxygenconcentration >10%(vol.)wasmaintained intheheadspacebyregular flushing withair.
Continuous mixing inthebottles assured that the O2concentration in the slurry was sufficiently
high for biodegradation.
A temperature of 30 °C was maintained to create optimal conditions for biodegradation. This
temperature is higher than the temperature at which solid phase extraction experiments were
performed (room temperature), but, nevertheless, the results of the biodegradation and
desorption experiments may be compared. It has been demonstrated for PAHs (Bonten et al,
1999a,b) that only temperatures higher than 65-70 °C can significantly increase the fraction of
the contaminants that desorb rapidly. In other words, biodegradation at 30 °C instead of room
temperature may increase the rate at which readily bioavailable petroleum hydrocarbons are
degraded but it does not increase the amount of petroleum hydrocarbons that are readily
bioavailable.
5.2.5 Solid-Phase Extraction. The SPE method was adapted from Bonten et al. (1999b) and
Cornelissen etal.(1997).Extractions werecarried outin 50mL separatory funnels, which were
filled withwet soil/sediment (amount equivalent to 3gdm for PH and VVB,2gdm for AP),40
mL of 0.01 M CaCb solution, 1g of HgCl2, and 2 g of Tenax-TA adsorbent. The separatory
funnels were shaken end-to-end at room temperature at such a speed that the slurry and Tenax
beads were well mixed. After 8, 24, 48, 72, 96, 168, 192, 216, and 240 h, the sediment
suspension was separated from the Tenax and 2 gof fresh Tenax was added to the suspension.
After 4,8,24,48,96, 168,and 264h,sampleswere analyzed. The soil suspension was separated
from the Tenax, the suspension was centrifuged, and the solidswere extracted with acetone and
petroleum ether. Extracts were analyzed for TPHs (all extracts), PAHs (all extracts of PH
sediment), and petroleum hydrocarbon composition (168 h extracts). Hydrocarbon composition
was analyzed in the 168h extracts as TPH removal was observed to be limited after this point.
Accordingly, compositional changeswereexpected tobeminor after 168h.
SPE (168 h) was also performed on material that had first been subjected to 49 days of
biodegradation.
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5.2.6 Persulfate Oxidation. The persulfate oxidation method was adapted from Cuypers etal.
(2000).Soil/sediment (3.5 gdm)wasthoroughly mixedwithK2S2O8and demineralized waterto
obtain a persulfate (S2O82") to organic matter ratio of 12 g/g and an aqueous persulfate
concentration of 0.0357 g/mL. The resulting slurry was placed in a water bath shaker at 70°C
andshaken end-to-end for 3hours(120rpm).After 3hourstheslurrywas filtered (Schleicher&
Schuell 5891,ashless)and solidswere extracted.
The effect of the oxidation temperature, oxidation time, persulfate to organic matter ratio, and
aqueouspersulfate concentration onthe extent of TPH oxidation was investigated. An overview
oftheparameters studied ispresentedwiththeresultsinTable4.

5.3 Results and Discussion
5.3.1 Biodegradation. The course of TPH degradation is presented in Figure 2. This figure
shows that considerable TPH degradation occurred in all samples, with biodegradation
exhibiting biphasic behavior. TPH concentrations dropped rapidly in the first period of
biodegradation, after which concentrations leveled off. Rapid TPH degradation lasted 2-3 weeks
inPH sediment andAP soil,and 7-9weeks inVVB soil,which contained aconsiderably higher
amount ofTPHs.After 84days,TPH concentrations inPH,AP, and W B had decreased to49,
16,and 18%oftheirinitial values,respectively. CO2production duringthe experiments (Figure
3)followed thedegradation patterns inFigure 2.C0 2 production was high inthefirstweeksbut
leveledoff asTPHremoval plateaued.
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Figure 2.TPH concentration during biodegradation of petroleum hydrocarbons in PH sediment,AP
soil,andW B soil.Datapointsrepresent meanvalues ofthree samples;errorbarsrepresent standard
deviations(day49:twosamples,averageandrange).
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Figure3. C02 production duringbiodegradation ofpetroleumhydrocarbons inPHsediment,APsoil,
andW B soil.
In Figure 4 the degradation of specific hydrocarbon fractions is presented. These fractions
represent thehydrocarbons with aresidence timebetween then-alkanesindicated by the carbon
numbers. Figure 4 demonstrates that low molecular weight hydrocarbons were degraded faster
and to a larger extent than high molecular weight hydrocarbons. Figure 4 shows that Q0-C12
hydrocarbons were almost completely degraded within 35 days, whereas a large portion of the
C24-C40hydrocarbons was recalcitrant throughout the experiment. The relative contribution of
low molecular weight hydrocarbons to the TPH concentration decreased during the experiment,
while the relative contribution of high molecular weight hydrocarbons increased. This relative
enrichment in high molecular weight hydrocarbons was most evident for the samples which
contained a weathered TPH contamination (PH, AP). A similar enrichment in high molecular
weight hydrocarbons during biodegradation has been reported in the literature for TPHs
(Salanitro etal., 1997),normal and branched alkanes (Kennicutt, 1988;Huesemann, 1995),and
aromatic compounds (Huesemann, 1995;Cuypersetal.,2000).
GC-MS analysis revealed several compositional changes upon biodegradation. It was
demonstrated that alkanes were virtually absent after degradation. In PH sediment no alkanes
couldbedetected after 84days andinAPsoilonlytracesofrecalcitrant compounds likephytane
and pristane were preserved. In VVB soil traces of alkanes/alkenes were recovered after
degradation, but even higher n-alkanes, like nonacosane, and relatively recalcitrant compounds,
like pristane and phytane, were degraded by more than 95 %. Besides the alkanes, alkyl
benzenes and low molecular weight PAHs were also degraded to a large extent. In contrast,
hopanes, steranes, and high molecular weight PAHs were well-preserved in all samples. The
compositional changes upon TPH degradation corresponded well with changes reported in the
literature. Several researchers observed extensive degradation of n-alkanes and isoprenoids
(Fedorak and Westlake, 1981; Ballerini andVandecasteele, 1982;Kennicutt, 1988;Butler etal.,
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1991; Chaineau et ai, 1995), whereas steranes (Kennicutt, 1988), hopanes (Kennicutt, 1988;
Butler et ai, 1991; Prince et ai, 1994), and high molecular weight PAHs (Cuypers et ai, 2000)
were reported to be highly recalcitrant.
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Figure 4. Relative concentration (Ct/C0) of hydrocarbon fractions during biodegradation of petroleum
hydrocarbons in PH sediment, AP soil, and W B soil. Data points represent mean values of three
samples;errorbarsrepresent standarddeviations (day49:two samples,average andrange).
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PAH degradation was monitored inPH sediment. Theresults in Table 1show that considerable
PAH degradation occurred, degradation being significant for all PAHs except
benzo[g,/!,/]perylene and indeno[l,2,3-cd]pyrene. The bulk of the PAH degradation took place
inthefirst3weeks ofthe experiment. After that, degradation proceeded only slowly.The extent
of PAH removal after 84 d was highest for 3 ring PAHs and it decreased progressively with
increasing molecular weight. A similar decrease in PAH degradation with increasing molecular
weight has been reported before (Ballerini and Vandecasteele, 1982; Kennicutt, 1988;
Huesemann, 1995;Cuypersetal, 2000).
In order to investigate whether biodegradation after 49 days was limited by nutrient deficiency
or slow desorption, batches were amended with a concentrated nutrient solution or a Triton X100 solution. Nutrient addition slightly enhanced CO2production in all samples, but it did not
result in a significant (Mest, 95%) decrease of residual TPH concentrations after 84 days (data
not shown). In comparison, Triton X-100 addition dramatically enhanced both CO2 production
and TPH degradation. This resulted in significantly lower TPH concentrations after 84 days
(Table 2). In the batches to which Triton X-100 was added, additional TPH degradation was
approximately one thousand mg/kg in all samples. TPH concentrations decreased to 43, 3,and
16%of their initial values (PH, AP, and VVB,respectively). The above indicates that after 49
daysbiodegradation waslimitedbyslow desorption ratherthannutrient deficiency.
Table2.Biodegradation ofTPHsinoriginal samplesandin samplestowhich TritonX-100 wasadded
after 49 days.
TPHconcentration (mg/kg)a
Time(d)
0

49
84
84

TritonX-100added

PH
13,637 ±134
6,922 ±304

AP

WB

8,416 ±503
1,218 ±72

34,096 ±2,682
8,556 ±274

no
^es

1,307 ±63
6,182 ±88
6,719 ±56i
5,813*±85
287* ±29
5,337* ±177
"Mean± standard deviation ofthree samples(t=0andt=84d),mean± range oftwosamples (t=49 d). *TPHconcentrations
after 84dsignificantly lowerthanconcentrations insampleswithoutTritonX-100addition(/-test,95%).

5.3.2 Solid-Phase Extraction. The course of TPH concentrations during SPE is presented in
Figure 5. This figure shows that SPE exhibited biphasic behavior: TPH concentrations dropped
rapidly in the first 24-100 h, after which they decreased only slowly. Residual TPH
concentrations after 168h represented 46, 15, and 12%ofthe concentrations initially present in
PH, AP, and VVB samples, respectively. Comparison of the residual concentrations after SPE
with theresidual concentrations after biodegradation showed that the extent ofTPH degradation
could be rather well predicted by a short (-168 h) solid-phase extraction. This indicates that
biodegradation was primarily limited by slow desorption at the end of the experiment. The
above was confirmed by SPE of bioremediated samples. After bioremediation (49 days), no
TPH removal by SPE occurred in PH and VVB samples. AP samples exhibited only 8 %
additional TPHremoval.
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Figure 5. TPH concentration during solid-phase extraction of PH sediment, AP soil, and W B soil.
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The decrease of TPH fractions during SPE ispresented in Figure 6. This figure shows that low
molecular weight hydrocarbons were extracted more rapidly than high molecular weight
hydrocarbons. Also, a larger fraction of the low molecular weight TPHs was extracted after
168/264 h. This difference between high and low molecular weight hydrocarbons is most
expressed in samples containing a weathered TPH contamination. The weathered contaminants
in PH sediment and AP soil desorbed more slowly than the fresh contaminants in VVB soil. It
canbe seeninFigure 6that especiallyhighmolecularweight components wererelatively poorly
bioavailable inthe sampleswithaweathered TPHcontamination. This decreased bioavailability
of weathered contaminants is likely to be caused by progressive sequestration during aging.
Such a decreased bioavailability of hydrophobic organic contaminants due to aging has been
extensively described in the literature (Pignatello and Xing, 1996;Kelsey et al, 1997;Luthyet
ai, 1997; Chung and Alexander, 1998; Tang et al, 1998; Alexander, 2000; Morrison et al,
2000)
Comparison of desorption in Figure 6 with biodegradation in Figure 4 learns that the
hydrocarbon patterns after SPE (168/264 h) were largely similar to the patterns after
biodegradation (84 d). Nevertheless, two differences were observed (see Table 3). First, SPE
removed slightly less low molecular weight hydrocarbons than biodegradation. This difference
is likely to result from the difference in extraction/biodegradation time. Second, high molecular
weight compounds were slightly better desorbed than they were degraded. This difference is
likely to be caused by the recalcitrance of certain (bioavailable) high molecular weight
hydrocarbons against microbial degradation. This recalcitrance resulted in the persistence of
bioavailable hydrocarbons during biodegradation, a phenomenon which has been discussed in
theliteraturebefore (Huesemann, 1997;Cornelissen etal, 1998;Cuypersetal, 2000).
Inthepresent study recalcitrance ofcertainhydrocarbons against biodegradation was confirmed
by GC-MS analysis. Comparison of the TPH extracts after SPE (168h) with the TPH extracts
after biodegradation (84 d) showed that the hydrocarbons which were recalcitrant against
biodegradation (steranes,hopanes,highmolecularweight PAHs)wereremoved (partly)bySPE.
Incontrast, sometraces ofreadily biodegradable components (n-alkanes)had not been removed
completely after 168 h of SPE. These components had disappeared completely after 84 d of
biodegradation.
Table 3. Relative concentration (Ct/C0) of hydrocarbon fractions after SPE (168/264 h)a and
biodegradation(84d).

PH
C10-C12
C12-C16
C16-C20
C20-C24
C24-C40
a

SPE
0.19
0.25
0.30
0.37
0.53

WB

AP
Bio
0.06
0.12
0.26
0.38
0.62

SPE
0.03
0.06
0.10
0.14
0.29

Bio
0.01
0.05
0.17
0.29
0.43

SPE
0.02
0.07
0.12
0.15
0.15

Bio
0.01
0.07
0.16
0.20
0.20

PH, 168h: AP and VVB, 264 h.
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Figure 7. PAH concentrations during solid-phase extraction of PH sediment. Values presented for 3
ring,4ring,and5-6ringPAHs.
A similar observation was made for PAHs in PH sediment (Figure 7, Table 1). For readily
biodegradable PAHs, SPE slightly underestimated biodegradation, because the extraction time
was relatively short compared to the biodegradation time. For poorly biodegradable PAHs,
degradationwasnegligible, althoughthesePAHswerepartlydesorbed inthe SPE experiment.
Altogether, it canbe concluded that SPE provides arapid method for the prediction of residual
TPH concentrations after biodegradation. This method slightly underestimates the degradation
ofreadilybioavailable hydrocarbons, whereas it slightly overestimates thedegradation ofpoorly
biodegradable hydrocarbons. This agrees with data for PAH contaminated soils and sediments
(Cornelissen etal, 1998;Cuypersetal, 2000).
The results further indicate that the extent of TPH biodegradation was primarily governed by
TPH bioavailability. The good correspondence between the residual concentrations after SPE
and the residual concentrations after biodegradation indicates that only a minor fraction of the
bioavailable hydrocarbonswasrecalcitrant againstbiodegradation inthe samples studied.
5.3.3 Persulfate Oxidation. The residual TPH concentrations after persulfate oxidation are
presented inTable4.This table showsthat oxidation under standard conditions removed far less
petroleum hydrocarbons than were removed bybiodegradation. TPH removal was significant in
PH sediment and AP soil (Mest, 95 %), but oxidation was insufficient to affect all bioavailable
hydrocarbons.
Table 4 further demonstrates that a change of one of the individual oxidation parameters
(temperature, time, persulfate/OM ratio, aqueous persulfate concentration) did not lead to an
enhancement of TPH oxidation in PH sediment. On the other hand, the adjustment of all four
oxidation parameters at the sametime seriously enhanced TPHremoval. This enhancement was
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significant in all samples, although oxidation was still insufficient to remove all bioavailable
hydrocarbons.
In contrast to the results for petroleum hydrocarbons, oxidation of PAHs (in the same samples)
led to the removal of all PAHs that were bioavailable. Results presented in Table 4 show that
residual PAH concentrations after persulfate oxidation were similar to residual concentrations
after biodegradation. Residual PAH concentrations after persulfate oxidation were not
significantly affected bychanges oftheoxidationparameters (Mest,95%).Nevertheless, aclear
decreasewas observed in the experiments inwhich ahigh aqueouspersulfate concentration was
applied.
The difference inbehavior between PAHs and TPHs canbe explained by a combination oftwo
factors: (i) a difference in ionization potential between individual hydrocarbons, (Ji)incomplete
oxidation of target compounds. The ionization potential of PAHs is lower than the ionization
potential ofmanyotherhydrocarbons (James andLord, 1992;Lide, 1995).Thereason for thisis
that the pi electrons of aromatic molecules are held more loosely than the electrons of carboncarbon or carbon-hydrogen sigma bonds (Solomons, 1980). As a consequence, molecules
without pi electrons (like alkanes) are much less susceptible to oxidation than aromatic
molecules. This is reflected in the recalcitrance of aliphatic compounds in the oxidation of soil
organic matter with mild oxidants like persulfate (Saiz-Jimenez and De Leeuw, 1987; SaizJimenez, 1992).
Inaddition,hydrocarbons werelikely tobetransformed rather than completely oxidized (toCO2
and H2O). As a consequence, oxidation products still contributed to the TPH concentration. In
comparison, the oxidation products of PAHs did not contribute to the residual PAH
concentration, astheywerenot identified asoneofthetargetPAHsduring HPLCanalysis.
Altogether it canbe concluded thatthepersulfate oxidation method which hasbeen successfully
applied for the prediction of PAH bioavailability (Cuypers et al, 2000) was unfit for the
prediction TPHbioavailability. Persulfate oxidation was confirmed to be a good method for the
prediction ofPAHbioavailability, alsointhepresenceofhighTPH concentrations.
Table4.TPHandPAHconcentrationsafterpersulfate oxidationundervariousconditions.
Oxidation parametersa
TPH(mg/kg) b
PAH(mg/kg)a
T

t

SiOa'VOM

fC)

(h)

(g/g)

water/SjO,2(ml/g)

70
95

3
3

12

28

12

70
70

24
3

12

28
28
28
14

13,667+881
12,808±1077

14

10,060±298

2,456 ±267

23,645 ±2193

130±65

13,637±134

8,416±503

34,096±2682

1,294 ±82

70

3

36
12

95

24

36

Initial

concentration

PH

12,380+961
12,671 t u n
12,489+567

AP

WB

PH

5,940±346

34,232±2633

285 ±145

-

-

217 ±110
310 ±158
304 ±153
169±86

6,182 ±88
289±17
After biodegradation (84 d)
6,719±561
1,307±63
' Standardconditions:70°C,3 h, 12g/gS2082VOM,28mL/gwater/S2Os .bMean± standarddeviation ofthreesamples.
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5.4 Conclusions
The present study demonstrated that an estimation of TPH bioavailability by SPE provides a
good measure of the extent of TPH degradation in an optimized slurry experiment. Although it
wasobserved that TPH degradation wasboth affected by bioavailability and biodegradability, it
was concluded that bioavailability was the principal factor governing the extent of
biodegradation intheaged soil and sediment samples.Ashort (-168 h) SPE experiment slightly
underestimated the degradation of readily biodegradable TPHs, whereas it overestimated the
degradation of poorly biodegradable TPHs. We expect that SPE can be successfully applied to
predict TPH bioavailability in a wide range of soils and sediments with various compositional
properties.
Persulfate oxidation wasunfit for theprediction ofTPHbioavailability. Persulfate was unableto
oxidize hydrocarbons with a high ionization potential (alkanes, alkyl structures), which,
therefore, were recalcitrant against oxidation. Moreover, most hydrocarbons were likelyto have
been transformed rather than completely oxidized. This may also have contributed to the
incomplete removal ofbioavailablepetroleum hydrocarbons. Still,persulfate oxidation provided
a good method for the prediction of PAH bioavailability. This implies that persulfate oxidation
may be applied for the prediction of bioavailability of all sorts of components with a low
ionizationpotential.

Acknowledgments
The authors thank Kathrin Reimer (TNO-NITG) for her assistance with the GC-MS analysis.
The soil and sediment samples were kindly provided by Arcadis Heidemij (AP) and TNO (PH
andVVB).

5.5 References
Alexander, M., 2000. Aging, bioavailability, and overestimation of risk from environmental
pollutants. Environ. Sci.Technol.34,4259-4265
Ballerini,D.andVandecasteele, J.P., 1982.Biodegradation ofcrudeoil inamarine environment
- general methodology. In: Energy and Environmental Chemistry,pp. 185-197. (Keith, L.H.,
Ed.)AnnArborMI,AnnArbor Science.
Beck,A.J., Wilson, S.C.,Alcock, R.E., and Jones,K.C., 1995.Kinetic constraints onthe lossof
organic chemicals from contaminated soils: Implications for soil-quality limits. Crit. Rev.
Environ. Sci.Technol.25. 1-43.
Bonten, L.T.C., Grotenhuis, T.C., and Rulkens, W.H., 1999a. Enhancement of PAH
biodegradation insoilbyphysical/chemical pretreatments.Chemosphere38,3627-3636.
Bonten, L.T.C., Grotenhuis, T.C., and Rulkens, W.H., 1999b. Enhanced biodegradation ofPAH
contaminants by thermal pretreatment. In: Bioremediation Technologies for Polvcvclic
Aromatic Hydrocarbon Compounds. Proceedings 5' In Situ and On Site Bioremediation

100

PredictionofPetroleumHydrocarbonBioavailability
Symposium. Vol. 5 (8).pp. 265-270. (Leeson, A. and Alleman, B.C., Eds.) Columbus OH,
BattellePress.
Bosma, T.N.P., Middeldorp, P.J.M., Schraa, G., and Zehnder, A.J.B., 1997. Mass transfer
limitations of biotransformation: quantifying bioavailability. Environ. Sci. Technol. 31,248252.
Butler, E.L., Douglas, G.S., Steinhauer, W.G., Prince, R.C., Aczel, T., Hsu, C.S., Bronson,
M.T., Clark, J.R., and Lindstrom, J.E., 1991.Hopane, a new chemical tool for measuring oil
biodegradation. In:On-siteReclamation.Processes for xenobiotic andhydrocarbon treatment.
pp. 515-521. (Hinchee, R.E. and Olfenbuttel, R.F., Eds.) Boston MA, ButterworthHeinemann.
Chaineau, C.-H., Morel, J.-L., and Oudot, J., 1995.Microbial degradation in soil microcosms of
fuel oilhydrocarbons from drillingcuttings.Environ. Sci.Technol. 29,1615-1621.
Chung,N. and Alexander, M., 1998.Differences in sequestration and bioavailability of organic
compounds agedindissimilar soils.Environ. Sci.Technol.32,855-860.
Chung,N.and Alexander, M., 1999.Effect ofconcentration on sequestration and bioavailability
oftwopolycyclic aromatichydrocarbons.Environ. Sci.Technol.33,3605-3608.
Cornelissen, G., Van Noort, P.C.M., and Govers, H.A.J., 1997. Desorption kinetics of
chlorobenzenes,PAHs andPCBs:sediment extraction withTenax and effects ofcontact time
andsolutehydrophobicity. Environ.Tox.Chem.16,1351-1357.
Cornelissen, G., Rigterink, H., Ferdinandy, M.M.A., and Van Noort, P.C.M., 1998. Rapidly
desorbing fractions of PAHs in contaminated sediments as a predictor of the extent of
bioremediation. Environ. Sci.Technol.32.966-970.
Cuypers, C , Grotenhuis, T., Joziasse, J., and Rulkens, W., 2000. Rapid persulfate oxidation
predicts PAH bioavailability in soils and sediments. Environ. Sci. Technol. 34, 2057-2063
(Chapter3).
DeJonge,H.,Freijer, J.I.,Verstraten, J.M., Westerveld, J., and Van der Wielen, F.W.M., 1997.
Relation between bioavailability and fuel hydrocarbon composition in contaminated soils.
Environ. Sci.Technol.31. 771-775.
Fedorak, P.M. and Westlake, D.W.S., 1981.Degradation of aromatics and saturates in crude oil
bysoilenrichments.Wat.AirSoilPollut. 16,367-375.
Hawthorne, S.B. and Grabanski, C.B., 2000. Correlating selective supercritical fluid extraction
with bioremediation behavior of PAHs in a field treatment plot. Environ. Sci. Technol. 34,
4103-4110.
House, D. A., 1962.Kinetics and mechanism of oxidations byperoxydisulfate. Chem. Rev.62,
185-203.
Huesemann, M.H., 1995.Predictive model for estimating the extent of petroleum hydrocarbon
biodegradation incontaminated soils.Environ. Sci.Technol.29,7-18.
Huesemann, M.H., 1997. Incomplete hydrocarbon biodegradation in contaminated soils:
limitations inbioavailability orinherentrecalcitrance.Bioremediation J. 1,27-39.

101

Chapter5
Huesemann, M.H. and Moore, K.O., 1993. Compositional changes during landfarming of
weatheredMichigan crudeoil-contaminated soil.J.Soil.Contain. 2,245-264.
James,A.M.andLord,M.P., 1992.Macmillan's Chemical andPhysical Data. London, England,
TheMacmillanPressLtd.
Kelsey, J.W., Kottler, B.D., and Alexander, M., 1997. Selective chemical extractants to predict
bioavailabilityofsoil-aged organicchemicals.Environ. Sci.Technol.31,214-217.
Kennicutt, M.C., II, 1988. The effect of biodegradation on crude oil bulk and molecular
composition.OilChem.Pollut.4,89-112.
Kislenko,V.N., Berlin,A.A., andLitovchenko,N.V., 1996.Kinetics of the oxidation of organic
substances by persulfate in the presence of variable-valence metal ions. Kin. Cat. 37, 767774.
Lide,D.R., 1995.Handbook ofOrganicSolvents.BocaRatonFL,CRCPress.
Loibner, A.P., Gartner, M., Schlegl, M., Hautzenberger, I., and Braun, R., 1997. PAHs: rapid
estimation of their bioavailability in soil. In: In Situ and On Site Bioremediation. Vol. 4 (5).
pp.617-622.(Leeson,A.andAlleman,B.C.,Eds.)Columbus OH,BattellePress.
Luthy,R.G., Aiken, G.R., Brusseau, M.L., Cunningham, S.D., Gschwend, P.M., Pignatello, J.J.,
Reinhard, M., Traina, S.J., Weber, W.J., Jr., and Westall, J.C., 1997. Sequestration of
hydrophobic organic contaminantsbygeosorbents.Environ. Sci.Technol.31,3341-3347.
MacRae,J.D.andHall,K.J., 1998.Comparison ofmethodsusedto determine the availability of
polycyclic aromatichydrocarbons inmarinesediment. Environ. Sci.Technol.32,3809-3815.
Martin, F. and Gonzalez-Vila, F.J., 1984. Persulfate oxidation of humic acids extracted from
threedifferent soils.SoilBiol.Biochem. 16,207-210.
Martin, F., Saiz-Jimenez, C , and Gonzalez-Vila, F.J., 1981.The persulfate oxidation of a soil
humicacid. SoilSci. 132, 200-203.
Morrison, D.E., Robertson, B.K., and Alexander, M., 2000. Bioavailability to earthworms of
agedDDT,DDE,DDD,anddieldrininsoil.Environ. Sci.Technol.34,709-713.
Nam, K., Chung, N., and Alexander, M., 1998.Relationship between organic matter content of
soilandthesequestration ofphenanthrene. Environ. Sci.Technol.32,3785-3788.
Pignatello,J.J. andXing,B., 1996.Mechanisms ofslow sorption oforganic chemicals tonatural
particles.Environ. Sci.Technol.30.1-11.
Powell, R.M., Bledsoe, B.E., Curtis, G.P., and Johnson, R.L., 1989. Interlaboratory methods
comparison for the total organic carbon analysis of aquifer materials. Environ. Sci. Technol.
23,1246-1249.
Prince, R.C., Elmendorf, D.L., Lute, J.R., Hsu, C.S., Haith, C.E., Senius, J.D., Dechert, G.J.,
Douglas,G.S.,andButler, E.L., 1994. 17cc(H),2ip(H)-Hopaneasaconserved internal marker
for estimating thebiodegradation ofcrudeoil.Environ. Sci.Technol.28, 142-145.
Reid,B.J., Stokes,J.D.,Jones,K.C.,and Semple,K.T.,2000.Nonexhaustive cyclodextrin-based
extraction technique for the evaluation of PAH bioavailability. Environ. Sci. Technol. 34,
3174-3179.

102

PredictionofPetroleumHydrocarbon Bioavailability
Saiz-Jimenez,C.andDeLeeuw,J.W., 1987.Chemical structureofasoilhumicacid asrevealed
byanalyticalpyrolysis.J,Anal.Appl.Pvrolvsis 11,367-376.
Saiz-Jimenez, C , 1992.Application ofpyrolysis-gas chromatography/mass spectrometry to the
study of humic substances: evidence of aliphatic biopolymers in sedimentary and terrestrial
humicacids.Sci.TotalEnviron. 117/118,13-25.
Salanitro, J.P., Dorn, P.B.,Huesemann, M.H., Moore, K.O., Rhodes, I.A., Rice Jackson, L.M.,
Vipond, T.E., Western, M.M., and Wisniewski, H.L., 1997. Crude oil hydrocarbon
bioremediation and soilecotoxicity assessment.Environ. Sci.Technol.31,1769-1776.
Solomons,T.W.G, 1980.Organic Chemistry.NewYork,JohnWiley &Sons.
Tang, J., Carroquino, M.J., Robertson, B.K., and Alexander, M., 1998. Combined effect of
sequestration and bioremediation in reducing the bioavailability of polycyclic aromatic
hydrocarbons insoil.Environ. Sci.Technol.32,3586-3590.
Tang, J., Robertson, B.K., and Alexander, M., 1999. Chemical-extraction methods to estimate
bioavailability ofDDT,DDE,andDDDinsoil.Environ. Sci.Technol.33,4346-4351.
Williamson, D.G., Loehr, R.C., andKimura,Y., 1998.Release of chemicals from contaminated
soils.J. SoilContam.7,543-558.
Yeom,I.-T.,Ghosh,M.M., Cox,CD., andAnn,K.-H., 1996.Dissolution ofpolycyclic aromatic
hydrocarbons from weatheredcontaminated soil.Wat. Sci.Technol.34,335-342.

103

CHAPTER 6
Amorphous and Condensed Soil/Sediment Organic Matter Domains:
1. The Effect of Persulfate Oxidation on the Composition of
Soil/Sediment Organic Matter*
ChielCuypers,Tim Grotenhuis, Klaas G J. Nierop,Elena Maneiro Franco,Adrie de
Jager, Wim Rulkens

Abstract
The composition of amorphous and condensed soil/sediment organic matter (SOM)
domains was investigated for 1 soil sample and 4 sediment samples. These samples
were oxidized with persulfate to remove amorphous SOM, before and after which the
composition of SOM was studied by thermogravimetric analysis, pyrolysis-GC/MS,
and CPMAS 13C-NMR. Comparison of the SOM composition before and after
oxidation showed that condensed SOM was more thermostable and less polar than
amorphous SOM. Condensed SOM was relatively low in O-alkyl C and carboxyl C
and it was likely to contain only small amounts of labile organic components
(carbohydrates, peptides, fatty acids). Apart from these general characteristics, the
composition of the condensed and amorphous domains appeared to be highly
dependent on the origin and nature of the SOM investigated. Condensed domains in
relatively undecomposed SOM were enriched in aliphatic C, whereas condensed
domains in relatively weathered SOM were enriched in aromatic C. Altogether, the
compositional changes upon persulfate oxidation were similar to the compositional
changes upon humification, which supports the idea that weathered SOM is more
condensed thantheoriginal material.
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6.1 Introduction
SOMhas been described as the whole of the organic material in soils and sediments, including
litter, microbial biomass, water-soluble organics, stabilized organic matter (humus), and plant
residues in varying stages of decomposition (1). Except in the litter zone, the bulk of SOM is
thoughttoconsist ofhumicsubstances thatbearlittlephysical and chemical resemblance totheir
precursorbiopolymers (1, 2).
The prevailing physical concept of SOM is one of a polymer-mesh phase, which can be
visualized as a three-dimensional entanglement of macromolecules that is perfused with water
(2). Recently, a conceptual model has been proposed in which SOM is described as being
comprised byhighly amorphous (soft, rubbery) and relatively condensed (hard, glassy) domains
(3-7). Evidence for the existence of such domains has been provided by spectroscopic analysis
(8-12)and by the discovery of a glass transition in humic acid and soil samples (13-16).Up to
now,theknowledge onthe(chemical) composition ofthe SOMdomainsisrather limited.
In the present study we investigated the composition of amorphous and condensed SOM
domains.Tothispurpose,westudiedthe SOMcompositionin5soil and sediment samples,both
before and after removal of (part of the) amorphous SOM by persulfate oxidation. Persulfate
oxidation has been shown tobe arelatively mild oxidation method which decomposes typically
20-40% of the SOM (17-19). After oxidation, a recalcitrant residue remains which has a high
affinity for hydrophobic organic contaminants (HOCs) (3, 20). It has been demonstrated that
persulfate oxidation removes readily bioavailable PAHs from PAH contaminated soils and
sediments, while poorly bioavailable PAHs are unaffected (20).This indicates that amorphous
SOMisoxidizedbypersulfate, whilecondensed SOMremainsunchanged. Uptonow,ithasnot
been verified whether all amorphous SOM is removed by persulfate oxidation. Nonetheless, it
may be stated that the organic matter remaining after oxidation is "more condensed" than the
originalmaterial.
In this study SOM composition was investigated by thermogravimetric analysis (TGA),
pyrolysis-GC/MS, and CPMAS ,3C-NMR. Compositional characteristics of the amorphous and
condensed domainswerederived from changesin SOMcomposition uponpersulfate oxidation.

6.2 Background
6.2.1 Amorphous and Condensed SOM Domains. In soils and sediments contaminated with
HOCs SOM is the principal HOC sorbent if it ispresent above trace levels (i.e. organic carbon
content>0.02-0.1 %)(21, 22).Fortheinterpretation of sorption data specific conceptual models
of SOM have been introduced (4-7). In literature two models have received much attention:
Weber et al. (4, 5) hypothesized SOM as being comprised by highly amorphous and relatively
condensed domains,whereas Xingetal.(6)conceptualized SOM asan amalgam of rubbery and
glassyphases.Inpractice, thesetwo conceptual models correspond to a large extent. Ithasbeen
hypothesized (and verified) that sorption ofHOCs in amorphous/rubbery domains is linear, fast,
and completely reversible, whereas sorption in condensed/glassy domains is nonlinear, slow,
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and hysteretic (2, 4, 6, 7,). In accordance, it can be reasoned that HOCs sorbed in
amorphous/rubbery SOM are readily bioavailable, whereas HOCs sorbed in condensed/glassy
SOMarepoorlybioavailable (atleastpartly).
6.2.2 Composition of Amorphous and Condensed Domains. Some compositional
characteristics of the amorphous and condensed SOM domains have been reported in the
literature. These compositional characteristics have been derived from correlations between the
affinity of SOM for HOCs (expressed as KoC, the organic carbon normalized sorption
coefficient) and descriptors of the SOM composition. It was assumed that the degree of SOM
condensation ishigherifKoCvaluesarehigher.
Following this lineofreasoning,the following composition related characteristics of amorphous
andcondensed SOMcanbederivedfromthedatareported inliterature:
(i)
Condensed SOM is less polar than amorphous SOM; polarity expressed as O/C,
(0+N)/C,orO/Hatomicratios(23-31).
(ii) Condensed SOM is more aromatic than amorphous SOM (23, 26, 32-35). This is
typically observed for humic acids, fulvic acids, and dissolved organic matter. SOM asa
wholeexhibited apoor correlationbetweenKoCandaromaticity (31).
(Hi) SOMthat hasbeen subjected tomore extensive diagenetic alterations ismore condensed
than the original material (3, 27, 29, 30). The structure of the macromolecules ranges
from completely amorphous in relatively young SOM to one that is increasingly
condensed as diagenetic alteration occurs (3).Variations in origin and maturity of SOM
mayyield spectacular differences inKoCvaluesfor different organic facies (36,37).
(iv) SOMwhich hasbeen subjected toNaOH extraction (27),peroxide oxidation (28,38),or
persulfate oxidation (3)ismorecondensed thantheoriginalmaterial.
(v)
Humic acids are more condensed than fulvic acids and less condensed than humin (25,
26,28,32-34,39,40).
(vi) Coal and soot are specific condensed facies which exhibit an extremely high affinity for
(planar) HOCs(36, 37,40-43).

6.3 Experimental Section
6.3.1 Soil and Sediment Samples. Experiments were carried out on 1 soil sample and 4
sediment samples. The soil sample (Kralingen) originated from a former gas plant site in
Rotterdam, The Netherlands. The sediment samples were dredged from harbors and waterways
at several locations in The Netherlands. Properties of the samples are presented in Table 1.
Besides these properties, Assendelft and Lemster Rien sediment showed traces of poorly
decomposed plant material, Overschie sediment contained woody and coal-like particles, and
Petroleum Harbor sediment contained sticky tar-like aggregates, probably resulting from a
weathered oil contamination. Theoil andPAHs inPetroleum Harbor sediment contributed 14%
and 2 % to the total organic material, respectively. In the other samples the contribution of oil
and PAHs was much lower (oil < 4 %, PAHs < 0.1 %). It is expected that oxidation of
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contaminants will hardly contribute to the removal of organic matter by persulfate oxidation.
PAHs form a relatively small part of the organic material, while oil is poorly oxidized by
persulfate (Chapter5).
Before analysis, samples were homogenized, passed through a 2 mm sieve, and split in two
parts. One part was oxidized by persulfate, the other part was stored for direct analysis of the
SOM composition. Persulfate oxidation was carried out as described previously (20). In brief,
soil and sediment samples were mixed with K2S2O8and demineralized water to obtain a slurry
with a persulfate (S2O82) to organic matter ratio of 12 g/g and an aqueous persulfate
concentration of 0.0357 g/mL. The slurry was shaken for 3 h at 70 °C (Julabo SW-20C water
bath shaker, 120 mpm) and filtered afterwards. Solids were rinsed with ample demineralized
water and dried at 104°C.Dried samples (original and oxidized) were ground with amortar and
pestlebefore further analysis.
Table1.Characteristicsofsoilandsedimentsamples.

Assendelft
Kralingen
Lemster Rien
Overschie
Petroleum Harbor

clay:silt:sand

OM

(%)
10:11:79
20:34:46
14:21:65
5:3:92
21:15:64

(%)
13.3
13.1
13.5
17.5
9.7

OC
(g/gOM)
0.53
0.68
0.60
0.45
0.63

PH-KCI
(-)
7.1
7.5
7.3
7.2
7.8

Oil
(mg/kg)
350
5800
1900
880
13600

PAHs"
(mg/kg)
122 (57%)
121 (46%)
117 (22%)
167 (0%)
2036 (80%)

"Parentheses indicate PAH bioavailability (%) asreported in Cuypersel al. (20).

6.3.2 Thermogravimetric Analysis (TGA). TGA was carried out on a Du Pont 951
Thermogravimetric Analyzer. Weight loss of the samples (25-35 mg) was recorded while
sampleswereheatedfrom20to950°Cat 10°C/minunderanairflow of 50mL/min.
In order to determine whether weight loss during TGA was due to exothermic or endothermic
transitions, differential thermal analysis (DTA) was performed. During DTA differences in
temperature between samples and an inert reference material wererecorded while sampleswere
heated at a constant rate. The decrease or increase of the sample temperature in comparison to
thetemperature ofthereference material wasattributed toendothermic orexothermic transitions
occurring in the sample. DTA was carried out on a Du Pont High-Temperature DTA Cell (20950°C, 10°C/min, 50mL/min).
6.3.3 Pyrolysis-GC/MS. Pyrolysis was carried out on a Horizon Instruments Curie-Point
pyrolyser. Samples were pressed onto a flattened ferromagnetic wire and heated inductively for
5 s (610 °C). The pyrolysis unit was connected to a Carlo Erba gas chromatograph in which
pyrolysis products were separated on a fused silica column (Chrompack, 25 m, 0.25 mm i.d.)
coated with CP-Sil 5 (film thickness 0.40 urn). Helium was used as a carrier gas. The initial
oven temperature of the GC was 40 °C and after pyrolysis the oven was heated at 7°C/min, up
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to 320°C.Thistemperature wasmaintained for 20min.The end oftheGCcolumn was coupled
toaFisonsMD800mass spectrometer (m/z45-650,ionization energy 70eV,cycletime 1 s).
For Assendelft and Kralingen pyrolysis was also carried out after thermally assisted hydrolysis
and methylation (THM). THM was performed by adding a droplet of an aqueous
tetramethylammonium hydroxide solution (25 %) to samples that were pressed onto a
ferromagnetic wire. After addition of the solution the samples were slightly dried, inserted into
thepyrolysisprobe,and analyzed. Theconditions for pyrolysis-GC/MSanalysis were similar to
theconditions described above.
6.3.4 CPMAS 13C-NMR Prior to NMR measurements, soil and sediment samples were
extracted with hydrofluoric acid in order to remove paramagnetic metals. HF extraction was
carried out as described by Schmidt et al. (44). Samples (5g) were weighed into 50 mL
polyethylene bottles to which 40 mL of a 10% (v/v) HF solution was added. The bottles were
closed andvigorously shaken for 30s.After shaking,the suspensionwas allowed to settlefor 12
h, after which the supernatant was removed. The complete extraction procedure was repeated
twiceandafter thethird extraction the solidresiduewaswashedwithdistilled water and filtered.
The solid residue was freeze-dried and ground for NMR analysis. HF extraction as described
above has been reported to enhance the signal-to-noise ratio of NMR spectra, causing minimal
changeoftheSOMcomposition, except for apossible lossofcarbohydrates (44).
The solid state 13C-NMR spectra were acquired on aBruker AMX 300 spectrometer, operating
at 300 MHz proton frequency (13C, 75 MHz), applying the cross polarization magic angle
spinning technique. The rotor spin rate was set at 5000 Hz and a recycle time of 1 s, an
acquisition time of 13ms, and a contact time of 1mswere applied. For each spectrum 10,00030,000 scans were recorded, the exact number of scans depending on the sensitivity of the
sample.
The relative abundance of functional groups was calculated for the following chemical shift
regions: 0-50 (alkyl), 50-110 (O-alkyl), 110-160 (aromatic), and 160-220 (carboxyl). For an
accurate assessment of the relative abundance of the functional groups the integrated signal of
each chemical shift region was corrected for the signal decay during the time of contact.
Correctionwas carriedout asdescribedbyKincheshetal. (45):
A,
1

\pH

1

T

\ \pH

—T

e

A*

_eAa

1

CH )

Here,A0is ameasureofthesignalwhen carbon relaxation is absent,At isthesignal intensity at
1 ms (resultant of signal decrease due to relaxation and signal increase due to crosspolarization),tisthecontacttime(1ms),TipH istheprotonrelaxationtimeintherotating frame,
and TCHisthecross-polarization time.
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Correction asdescribed aboveisimportant for solidsthat areheterogeneous atamolecular level.
These solids consist of domains of different structures, each type of domain having a different
TipHvalue (46).For SOM, TipH values have been reported to vary widely for different carbon
types (47). Accordingly, optimal contact times for the measurement of different carbon types
may not be similar (48). It has been reported that even samples from the same origin can yield
different TipH values for a certain carbon type (49). Therefore, correction factors have to be
determined for everysinglesample.
In this study the TI P H and TCH values for the chemical shift regions were obtained from an
experiment in which the contact time was varied from 0.10 to 10 ms (3600 scans per contact
time). The magnitude of TIPH and TCHwas determined by fitting the equation to the
experimental data(minimizingthesumofsquarederrors).

6.4 Resultsand Discussion
6.4.1 Thermogravimetric Analysis. In Figure 1 the rate of weight loss during TGA is
presented, which is the derivative of the original weight data collected. Data for temperatures
below 180 °C were discarded because weight loss below 180 °C was primarily due to the
(endothermic)loss ofwater. Such alossofwater upto200°Cwithout significant loss ofcarbon
has been reported by others (50, 51) and can be attributed to dehydration of organic and
inorganiccompounds (52).
The thermograms in Figure 1are dominated by 4 peaks, which had a maximum value in the
temperatures ranges 290-310 °C (peak 1), 370-390 °C (peak 2), 530-540 °C (peak 3), and 680730 °C (peak 4). These temperature ranges largely correspond with the ranges reported by
Turner and Schnitzer (53)and Schnitzer andHoffman (54).The exact position and height ofthe
peaks differed for each individual sample. In some cases peak 2 was present as a shoulder on
peak 1.
Comparison of the thermograms of the original (non-oxidized) samples demonstrates that
Assendelft and Lemster Rien exhibited a highly similar TGA pattern. Thermograms of these
samples were dominated by peak 1, while peak 3 was almost absent. The thermograms of
Kralingen and Overschie were also very similar. Figure 1shows that peak 3was well-expressed
in these samples. Moreover, Kralingen and Overschie were the only samples that showed
exothermic decomposition at temperatures higher than 600 °C (DTA, data not shown). In
Assendelft, LemsterRien, and Petroleum Harbor decomposition attemperatureshigher than 600
°Cwas endothermic.Petroleum Harbor differed from all other samples. Its TGA pattern wasan
averageofthetwoextremecasesdescribed above.
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Persulfate oxidation clearly changed the TGA pattern of all samples. Typically, peaks 1and 4
werereduced byoxidation,whereaspeaks 2and 3wereunaffected. Based ontheweight lossup
to650°C,itwas calculated that approximately 10-35 %oftheSOMwasoxidized by persulfate,
which isin agreement with values reported by others (17-19).Oxidative removal was relatively
high inAssendelft and Lemster Rien and relatively low in Kralingen and Overschie (30, 33,12,
and 13%,respectively).Petroleum Harbordisplayed 23%oxidative SOMremoval.
To be able to draw conclusions on the compositional characteristics of amorphous and
condensed SOM domains the TGA patterns in Figure 1 were interpreted in terms of SOM
composition.Thefollowing composition related characteristicsofpeaks 1-4 havebeen reported:
Peak 1 isgenerally assigned to labile structures andrelatively simpleorganicmatter components
(54-57). These components include fatty acids, peptides, and carbohydrates such as
monosaccharides, cellulose, and hemicellulose (55-57).They are readily biodegradable and can
be easily extracted by (mild) solvents. Schnitzer and Hoffman (54) reported that the height of
peak 1is inversely proportional to the degree of humification. The peak becomes broader and
smaller as organic matter becomes more humified. Experiments with cellulose have shown that
peak 1 shifts toahighertemperatureifthecrystallinity ofcellulose increases (57).
Peaks 2 and 3 are generally assigned to more humified organic substances. Both humic acids
and fulvic acids yielded peaks in atemperature range corresponding with peaks 2 and 3,humic
acids being more thermostable than fulvic acids (58). Organic matter which was resistant to
NaOHdissolutionwas found toproduce arelatively high signal intherangeofpeak 3(59).This
indicates that the humin fraction of SOM is highly thermostable. Besides humified materials,
alsonon-humified materials may contribute topeaks 2 and 3.It has been shown that lignin and
wood can produce peaks up to 520 °C (55, 57). For lignin and wood the relative abundance of
peaks 1-3 dependsontheir sourceand age.Altogether, peaks 2and 3arereported toorigin from
SOMwith arelatively high C/Hratio (50,55).Peak 3has been addressed to the decomposition
of aromatic nuclei (53, 58) and calcium-OM complexes (54). However, also aliphatic
compounds may seriously contribute to peak 3, as follows from the high thermostability of
humin fractions.
Peak 4 has almost exclusively been attributed to the endothermic decomposition of carbonate
(54,55,58).Nonetheless, peak 4 can also (partially) result from the exothermic decomposition
ofverycondensed graphite-like substances likecoalandsoot (55).
Altogether, literature information indicates that substances that are humified or diagenetically
altered aremorethermostable than the original plant compounds (50,55,59).Ithasbeen shown
that lowtemperaturepeaksdecrease andhightemperaturepeaksincreaseuponhumification (51,
53, 54). This increased thermostability corresponds with recalcitrance against microbial
degradation and extraction (50,51,57).
Evaluating Figure 1 in view of the literature information above, it may be concluded that
Kralingen and Overschie contained a certain amount of coal- or soot-like material, which
decomposed exothermally atveryhigh temperatures. SOM inAssendelft and Lemster Rienwas
likely to be less humified than SOM in Petroleum Harbor, Kralingen, and Overschie. This is
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supported by visual inspection of the samples, revealing the presence of poorly decomposed
organic material in Assendelft and Lemster Rien samples. Changes in the TGA patterns after
oxidation lead to the following indications on the compositional characteristics of the
amorphous and condensed SOM domains: (i) Fatty acids, peptides, and carbohydrates
(monosaccharides, cellulose, hemicellulose) are likely to be associated with amorphous SOM
domains. This follows from the decrease of peak 1 upon oxidation. (11) Humified plant
compounds, lignin, and wood may be part of the condensed domain. This follows from the
recalcitrance ofpeaks 2and 3.(in) Coal and soot are likely tobepart of the condensed domain.
This follows from the fact that the decrease of peak 4 was caused by the decomposition of
carbonate and not by the decomposition of organic material (DTA, data not shown). All in all,
condensed SOMappearstobemorethermostablethanamorphous SOM.
6.4.2 Pyrolysis-GC/MS. Theresultsofthepyrolysis-GC/MSanalysis arepresented inFigure2.
In this figure Kralingen and Lemster Rien were not included asthese samples were observed to
be highly similar to Overschie and Assendelft, respectively. This similarity was also observed
duringTGA(Figure 1).
Figure 2 demonstrates that the pyrolysate of Assendelft (untreated) was dominated by the
homologous series ofw-alkenes/w-alkanes (T, C9-C32).These straight-chain alkenes/alkanes are
considered to be pyrolysis products of non-hydrolyzable aliphatic macromolecules such as
cutan, suberan, and microbial polymers. H-Alkenes/w-alkanes are common in the pyrolysates of
plant tissues and soil samples (60-63). The presence of non-hydrolyzable aliphatic
macomoleculeswasconfirmed bypyrolysis ofthemethylated samples (datanot shown).Methyl
esters and/or methyl esters of fatty acids were observed to be present in the pyrolysates of the
methylated samples, which demonstrates the presence of suberin-derived moieties (C16-C32
mono-,di-, and trihydroxy fatty acids and alkanols,predominant chain length C22,C24,andC26)
(64).Besidesthealkenes/alkanes, alsophenol,(2,3,4-)methylphenols, C2-phenols,4-vinylphenol
(•), guaiacols (2-methoxyphenols, (O), and pristane (Pr) could be distinguished in the
pyrolysate of Assendelft sediment. Of these products guaiacol can be regarded as a clear
indicator ofthepresence of lignin (65).The otherphenols may origin from lignin,but also from
polyphenols or proteins (66, 67). The pyrolysate contained hardly any polysaccharide-derived
products.
The oxidized Assendelft sample differed from the original sample. After oxidation the relative
intensity of all aromatic and phenolic compounds decreased. Moreover, the relative abundance
of the short-chain aliphatic products decreased in comparison with the abundance of the longchain aliphatic products. The longer alkanes, especially C29 and C31, were relatively well
preserved. In addition, lignin became more oxidized. This was observed as an increase of 4acetylguaiacol (not annotated) incomparison tonon-oxidized isoeugenol. Overall, the guaiacols
showedonly asmalldecrease in intensity.
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Figure 2. Pyrolysis-GC traces of untreated and oxidized samples. O: (alkyl-)guaiacol or (alkyl
)syringol, T : n-alkene/n-alkane (doublet), • : (alkyl-)phenol, • : branched alkane, S: sulfur, Pr:
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anthracene, 4: phenanthrene, 5: pyrene, 6: fluoranthene, 7: dibenzofuran, 8: benz[a]anthracene, 9
chrysene, 10: benzo[a]pyrene.
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The pyrolysate of Overschie had clear signals derived from toluene, styrene (•), phenol,
methylphenol(•), guaiacols (O),pristane (Pr),several PAHs (•), and thehomologous seriesof
n-alkenes/w-alkanes ( • , C9-C31). In general, the composition of the oxidized sample was very
similar to the composition of the untreated sample. The minor differences included a relative
increase of guaiacol in comparison with (alkyl)phenols and a relative increase of
benz[a]anthracene, chrysene, and benzo[a]pyrene. Also, the lignin-derived fraction became
more oxidized.
Thepyrolysate of Petroleum Harbor was dominated by polyaromaticcompounds (•). Themost
distinct were acenaphthene, fluorene, anthracene, phenanthrene, pyrene, fluoranthene, and
dibenzofuran. Other clear signals were derived from toluene, styrene, naphthalene,
methylnaphthalene, benz[a]anthracene, chrysene, benzo[a]pyrene (•), sulfur (S), a few
branched alkanes (•), and a series of n-alkenes/w-alkanes (T). Of these components the
branched alkanes were likely to be derived from mineral oil, whereas the alkenes/alkanes were
thought to be pyrolysis products of aliphatic biopolymers (confirmed by GC/MS analysis of
extracted oil). It should be noted that most PAHs were evaporation products rather than
pyrolysis products (68). They were not an integral part of the organic matter structure but an
adsorbed contamination ofthesample(Table 1).
Thepyrolysate oftheoxidized Petroleum Harbor sample showed arelative decrease of aromatic
compounds and sulfur. The smaller aromatic compounds (toluene, styrene, naphthalene,
methylnaphthalene), but also the larger ones (benz[a]anthracene, chrysene, benzo[a]pyrene)
were less affected by oxidation than acenaphthene, dibenzofuran, fluorene, anthracene,
phenanthrene, pyrene, and fluoranthene. Thepreservation ofthelarger aromatic compounds can
be explained bytheirrelatively strong sorption to SOM incomparison with the smaller aromatic
compounds(20).
Insummary,persulfate oxidation led toareduction of aromatics in all samples,it affected lignin
without really reducing its total amount, and it affected short-chain aliphatics in samples with
relatively fresh organic material (Assendelft, Lemster Rien). Long chain aliphatics were wellpreserved. In samples with more weathered organic material (Overschie, Kralingen) all nalkenes/n-alkaneswere well-preserved. Our findings correspond partly with the results of SaizJimenez (69, 70), who, upon persulfate oxidation, observed a disappearance of proteins and
polysaccharides, recalcitrance of the homologous series of aliphatic hydrocarbons, and a drastic
reduction of lignin. Clearly, the major difference with our results is the removal of lignin. This
removal of lignin maybe explained bythe extreme conditions applied by Saiz-Jimenez (140°C,
2h)incomparison withtheconditions applied inthis study(70°C,3h).
For the further interpretation of the results, it should be noted that the pyrolysates in Figure 2
represent only a fraction of the SOM in the samples. Therefore, the results can not be used to
obtain quantitative information on the structure of SOM as a whole and they do not allow a
direct comparison with the results of TGA and NMR. Nevertheless, the changes in the
pyrolysates upon persulfate oxidation provide new information on the composition of the
amorphous and condensed SOM domains. It can be concluded that recalcitrant aliphatic
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biopolymers are likely to be a part of the condensed SOM domain. These biopolymers can
originfromplant and microbial biomass and are very stable inweathered organic material. For
lignin it is not clear whether it is part of the amorphous or condensed domain. Although lignin
was hardly removed by persulfate oxidation, it became progressively oxidized. Based on this
and onthe results of others (69, 70) the contribution of lignin to condensed SOM domains may
be questioned.
6.4.3 CPMAS "C-NMR. The results of NMR analysis are presented in Figure 3 and Table 2.
Figure 3 shows the basic NMR spectra (fingerprints) which were uncorrected for signal decay
duringmeasurement. Inthis figure the spectraofKralingen and LemsterRien werenot included
as they were highly similar to the spectra of Overschie and Assendelft, respectively. Table 2
gives the relative contribution of the chemical shift regions to the total NMR signal. Data in
Table2werecorrected for signaldecay.
Table2.Contribution ofchemicalshift regionstothetotalNMRsignal.Datacorrected for signaldecay
duringthetimeofcontact(1 ms).
Relative contribution to NMRsignal (%)b

Chemical shift
range (ppm) a

0-50:alkylC
50-110:O-alkylC
110-160:aromaticC
160-220:carboxyl C

Assendelft

Kralingen

Lemster Rien

Overschie

Petroleum H.

Orig. Ox.

Orig. Ox.

Orig. Ox.

Orig. Ox.

Orig. Ox.

32
36
18
14

37
32
18
13

26
29
27
18

27
25
30
18

28
31
22
20

38
27
19
16

21
30
32
17

20
28
36
17

34
26
25
15

39
21
25
15

"0-50ppmincludesterminalmethvl groupsandmethylenegroups
insaturated ringsandchains:50-110ppm includesmethoxv
groups,carbohydrate C,C-Nofaminoacid,higheralcohols,C-6ofsyringylunitsoflignin; 110-160ppmincludesaromaticCH,C-C, COR, and CNR (R: non-specified structure),guaiacyl C-2, lignin C-6, olefinic C; 160-220 ppm includes carboxyl C,
carbonylC,andamideC.bOrig.:original(non-oxidized)sample;Ox.:sampleoxidizedwithpersulfate.

The spectra in Figure 3 exhibit a range of peaks and shoulders which are usually derived from
aliphatic C (30, 33 ppm), methoxyl and amino acid C (55 ppm), O-alkyl C (62, 72, 105ppm),
aromatic C(130ppm),phenolic C(150ppm),carboxyl and amideC(173ppm),and carbonylC
(195 ppm) (77, 72).In Figure 3 the assignment of the peaks to the different carbon forms is
slightly complicated by the occurrence of spinning side bands. Spinning side bands are
secondary peaks that occur on both sides of the mother peak and contain part of the signal
intensity. In our spectra, spinning sidebands of aromatic Cwere of particular importance. They
were likely to be responsible for the peaks at 195 ppm (carboxyl region) and 55 ppm (O-alkyl
region).These spinningsidebandshavetobetaken into accountwheninterpreting thespectra.
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Comparison of the spectra of the untreated samples shows that Assendelft and Lemster Rien
differed dramatically from Kralingen and Overschie. The spectra of Assendelft and Lemster
Rien were dominated by signals derived from aliphatic C, O-alkyl C, and carboxyl C, while
Kralingen and Overschie samplesalso exhibited relatively high signals derived from aromaticC.
The relatively high amount of aromatic C in Kralingen and Overschie was accompanied with a
relatively low amount of aliphatic C. The spectra of Petroleum Harbor showed properties ofthe
twoextremes.
Persulfate oxidation lead to changes intheNMR spectra. Inthe O-alkylregion the 72ppmpeak
decreased compared to the 55 ppm peak and the 62 ppm peak. In the carboxyl region the
carboxyl (173 ppm) peak decreased compared to the carbonyl peak (195 ppm). Table 2 shows
that the amount ofO-alkylCdecreased in all samples,whereas the amount of alkyl C increased
in all samples except Overschie. The amount of aromatic C decreased in Lemster Rien,
increased in Kralingen and Overschie, and remained constant in Assendelft and Petroleum
Harbor. The amount of carboxyl C decreased in Assendelft and Lemster Rien and remained
constant in all other samples. Discussing the data in Table 2 it should be kept in mind that the
peaks at 55 ppm and 195 ppm were derived from aromatic C. Therefore, part of the signal
intensity in the O-alkyl and carboxyl regions has to be attributed to aromatic C. Correcting the
data by addition of the intensity of the spinning side bands to the intensity of the mother signal
of aromatic C (110-160 ppm) an attempt was made to obtain a more realistic indication of the
distribution of carbon over its chemical forms. Correction was performed for Overschie and
Petroleum Harbor andtheresultsarepresented inTable3.
Table3.Contribution ofchemical shift regionstothetotalNMRsignal.Datacorrected for
spinningsidebandsofaromatic C.
Chemical shift range (ppm)a

0-50: alkyl C
50-110: O-alkylC
110-160:aromaticC
160-220:carboxylC

Relative contribution to NMR signal (%)
Petroleum H.
Overschie
Orig." Ox."
Orig. Ox.
34 39
21 20
19 15
18 12
54 62
41 43
6
4
7
6

"0-50 ppm includes terminal methyl groups and methylene groups in saturated rings and chains: 50-110 DDm
includes methoxyl groups,carbohydrate C,C-N ofaminoacid, higher alcohols, C-6 of syringyl units of lignin;
110-160ppmincludesaromaticC-H,C-C,COR,andCNR(R:non-specified structure),guaiacylC-2,ligninC-6,
olefinic C; 160-220ppm includes carboxyl C,carbonyl C,andamide C.bOrig.:original (non-oxidized)sample;
Ox.:sampleoxidizedwithpersulfate.

Combining all information in Figure 3, Table 2, and Table 3,two general characteristics of the
amorphous and condensed SOM domains may be formulated: (i) condensed domains contain
less O-alkyl C than amorphous domains, and (ii) condensed domains contain less carboxyl C
than amorphous domains. These characteristics imply that condensed domains are less polar
than amorphous domains (polarity expressed asthe sum of O-alkyl and carboxyl C).Apart from
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the general characteristics,thecomposition oftheamorphous and condensed domains appearsto
be sample specific. Condensed domains in samples with relatively undecomposed SOM
(Assendelft, Lemster Rien) were enriched in aliphatic C. Condensed domains in samples with
relatively weathered andpartly coal likeorganic matter (Kralingen, Overschie) were enriched in
aromaticC.
All in all, the compositional changes upon persulfate oxidation, as measured by CPMAS 13CNMR, were in accordance with compositional changes upon humification. Humification
generally leadsto adecrease ofO-alkylCthat is attended with anincrease of aliphatic Cand an
increase/decrease ofaromaticC,depending ontheoriginand ageoftheorganicmatter (73,74).
6.4.4 Amorphous and Condensed Organic Matter Domains. The results of TGA,pyrolysisGC/MS,andCPMAS 13C-NMRrevealedthat somegeneral characteristicsoftheamorphous and
condensed SOMdomains canbederived from changes inthe SOMcomposition upon persulfate
oxidation. Apart from these general characteristics, the composition of the domains appeared to
be sample specific.
In general, it may be concluded that condensed SOM domains are more thermostable than
amorphous domains. They are relatively low in O-alkyl and carboxyl C and they are likely to
contain only small amounts of labile components like carbohydrates, peptides, and fatty acids.
As aresult, condensed SOM domains are lesspolar than amorphous domains. This low polarity
isin accordance with several investigations whichreported anegative correlation between SOM
polarity andtheaffinity of SOMfor HOCs(K^)(23-31).
Condensed SOMwasenriched inaromaticCinsome samples,butnot enriched inaromatic Cin
others. This observation is in accordance with the results of Kile et al. (31) who found a poor
correlation between aromaticity and the affinity of SOM for HOCs. This poor correlation
indicates that there is a poor correlation between aromaticity and the degree of SOM
condensation. The above seems to be in conflict with the excellent correlation between
aromaticity and KoC values reported for sorption of HOCs to humic acids, fulvic acids, and
dissolved organic matter (23, 26, 32-35). However, it should be noted that humic and fulvic
acids are operationally defined SOM fractions which are not necessarily similar to SOM as a
whole.Ingeneral,humicand fulvic acidsarelessaliphatic andmorearomaticthanbulk samples
(75,76).
For the individual samples, major differences were observed between Assendelft and Lemster
Rien onthe onehand andKralingen and Overschie onthe other. Experiments demonstrated that
the relatively undecomposed SOM in Assendelft and Lemster Rien was highly aliphatic,
relatively susceptible topersulfate oxidation, and lessthermostable than SOMin other samples.
Condensed domains inthe undecomposed SOM were enriched in aliphatic C, which originated
from aliphatic biopolymers. This finding is in accordance with the recalcitrance of aliphats
reported byothers(69, 70,77)andwiththehigh aliphatic content that canbe observed inhumin
fractions (77,78).
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Therelatively weathered SOM in Kralingen and Overschie was more aromatic than the organic
matter in Assendelft and Lemster Rien. It was relatively thermostable, resistant to persulfate
oxidation, and it contained coal-like material which decomposed at very high temperatures.
Condensed domains in the weathered SOM were enriched in aromatic C, which may have
originatedfrom(weathered) lignin andcoal-like material.
Altogether, thecompositional changes of SOMuponpersulfate oxidation appeared tobe similar
to the compositional changes upon humification, which supports the conclusion that humified
SOMismorecondensed thantheoriginal material (3,27,29,30).
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CHAPTER 7
Amorphous and Condensed Soil/Sediment Organic Matter Domains:
2. The Effect of Extraction, Hydrolysis, and Oxidation on PAH
Concentrations and PAH Bioavailability
ChielCuypers, Jasperiende Weert, TimGrotenhuis,WimRulkens

Abstract
In a recent conceptual model soil/sediment organic matter (SOM) has been described
as a polymeric material consisting of amorphous and condensed domains. It has been
suggested that readily bioavailable PAHs are sorbed in amorphous domains, while
poorly bioavailable PAHs are sorbed in condensed domains. In the present study, the
composition oftheamorphous andcondensed domainswas investigated for 2 sediment
samples.Thesamplesweresplitintwoparts,onepartwasbioremediated, andboththe
bioremediated and the non-bioremediated parts were subjected to 9 different chemical
treatments (extraction, hydrolysis, oxidation). After chemical treatment, PAH
concentrations were measured and the bioavailability of the residual PAHs was
determined using solid-phase extraction. To obtain information on the composition of
the amorphous and condensed domains, experimental results on the effect of the
chemical treatments on PAH concentrations and PAH bioavailability were combined
with literature information on the effect of the chemical treatments on the SOM
structure.Itappeared thatcondensed SOMdomains areprimarily situated inthehumin
fraction of SOM. This indicates that they have arelatively high C content, a relatively
low O content, a relatively high degree of condensation, and a relatively low acidity.
Accordingly, they are likely to be less polar than amorphous domains. Carbohydrates,
proteins, fatty acids, free alkanes, fulvic acids, and humic acids are likely to be
associated with theamorphous SOMdomains.Apart from thesegeneral characteristics,
thecompositionoftheSOMdomainsappearedtobehighly sample specific.
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7.1 Introduction
InPAHcontaminated soilsandsediments,organicmatteristheprincipal sorbent ofPAHsifitis
present above trace levels (organic carbon content > 0.02-0.1 %) (5, 6). Soil/sediment organic
matter (SOM) has been described as the whole of the organic material in soils and sediments,
including litter, microbial biomass, water-soluble organics, stabilized organic matter (humus),
and plant residues in varying stages of decomposition (7). Except in the litter zone, the bulk of
SOM is believed to consist of humic substances that bear little physical and chemical
resemblancetotheirprecursorbiopolymers (7,2).
To be able to study the structure and properties of SOM a lot of effort has been put into the
development ofwet-chemical methods for the extraction and degradation of SOM (7, 3,4).The
general purpose of thesemethods is eitherto separate organic matter from inorganic material or
to degrade organic matter into structural sub-units. Separation of organic matter is normally
applied as a first step in the investigation of SOM properties. Alkali (0.1-0.5 N NaOH) is a
popular extractant, although milder extractants like sodium pyrophosphate, organic complexing
agents, dilute acids, and organic solvents have been used also (7). Degradation of SOM by
hydrolysis, oxidation, or reduction has been applied to characterize the chemical structure of
humic substances. The primary objective of the degradation methods is to produce simple
components,representative ofthemain structural unitsinthehumicmacromolecule. Ideally,the
products obtained would provide information allowing the reconstruction of the chemical
structure ofSOM(7).
For the interpretation of sorption data, a conceptual model has been put forward inwhich SOM
is represented as athree-dimensional entanglement ofmacromoleculeswhich consists of highly
amorphous (soft, rubbery) andrelatively condensed (hard, glassy) domains (2, 7-77). Ithasbeen
hypothesized (and verified) that sorption of hydrophobic organic contaminants in amorphous
domains is linear, fast, and completely reversible, whereas sorption in condensed domains is
non-linear, slow, and hysteretic (2, 8, 10, 77). In accordance, it may be reasoned that PAHs
sorbed in amorphous organic matter are readily bioavailable, whereas PAHs sorbed in
condensed organic matter are poorly bioavailable. Here,bioavailability is defined as the ability
to desorb from the solid phase into the aqueous phase, within the time-frame of an experiment.
Evidence for the existence of amorphous and condensed SOM domains has been published
recently (72-77), but little information has been reported on the chemical composition of SOM
domains,so far.
The aim of the present study was to elucidate some chemical characteristics of the SOM
domains. To this purpose we investigated the effect of nine different wet-chemical extraction,
hydrolysis, and oxidation methods on the concentration and bioavailability of PAHs in two
sediments.The experimental datawere combined with literature information onthe effect ofthe
wet-chemical methods on the SOM structure. The methods applied have been extensively
described in soil science literature and are known to extract/degrade specific SOM structures.
Using this literature information in combination with the experimental data, information was
obtained onthestructure of amorphous andcondensed SOMdomains.Ifwet-chemical treatment
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affected poorlybioavailablePAHsthisgaveinformation onthestructure ofthecondensed SOM
domains. If it affected only readily bioavailable PAHs this gave information on the structure of
theamorphousdomains.
To be able to distinguish between readily and poorly bioavailable PAHs the sediment samples
were split intwoparts: onepartwas subjected towet-chemical treatment directly, the otherpart
was subjected towet-chemical treatment after removal ofbioavailable PAHsby bioremediation.
Samples, both original and bioremediated, were subjected to the following wet-chemical
treatments: extraction with 0.1 N HC1, 0.025 M H 2 S0 4 , 0.1 N NaOH, and 0.5 N NaOH;
hydrolysiswithhotwater, 6NHC1,and5NNaOH;oxidationwith2NHN0 3 and4%KMn04.
After treatment, PAH concentrations were measured in all samples; the bioavailability ofPAHs
was measured in the bioremediated samples, using a solid-phase extraction technique which
removesthebioavailablePAHswithTenax-TA. Solid-phase extraction was ableto demonstrate
whether PAHs that were poorly bioavailable in the bioremediated samples had become more
readily bioavailable after chemical treatment. A schematic outline of the experiments is
presented inFigure 1.
This study was intended as a first screening ofthewet-chemical methods. It was chosen not to
investigatemethodsthatinvolved extractionwithorganic solvents.
SAMPLES

T
Bioremediation

ChemicalTreatment*

ChemicalTreatment*

Solid-phase extraction
(bioavailable PAHs)

Figure1.Schematicoutlineoftheexperiments;residualPAHconcentrationsweremeasuredaftereach
treatment step in the diagram. 'Chemical treatment refers to extraction with 0.1 N HC1,0.025M
H2S04,0.1NNaOH,and0.5NNaOH;hydrolysiswithhotwater,6NHC1,and5 NNaOH;oxidation
with2NHNO3 and4%KMnO„.

7.2 Background
Inthis section, the effect ofthedifferent wet-chemical treatments onthe composition of SOMis
discussed. Moreover, the effect ofwet-chemical treatment onthe sorption and bioavailability of
.hydrophobic organic contaminants (HOCs) is addressed. Literature information on this second
topic is largely limited to data on the sorption of spiked HOCs to isolated organic matter
fractions (humic and fulvic acids) and data on the sorption of HOCs to chemically treated
(extracted,hydrolyzed, oxidized) soiland sediment samples.
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7.2.1 Acid and Alkaline Extraction. We studied the extraction of samples with alkaline
solutions(0.1 and0.5NNaOH) andacidic solutions(0.1NHC1 and0.025 MH2S04).
NaOHextraction hasbeenwidely used asamethod for therecovery oforganicmatterfromsoils
and sediments. The solubility of humic substances in alkali is believed to be caused by the
disruption ofbondsholdingorganicmaterial toinorganic soilcomponents andbythe conversion
ofacidiccomponentstotheir solublesalt forms (7).Effectively, alkaline extractionprovokes the
dissociation of acid groups with solubilization of small organic molecules. At the same time,an
increase of the surface charge of the organic colloids modifies the macromolecular structure in
such a way that colloids become distended with an opening of internal voids (18).It should be
noted that under alkaline conditions autoxidation of organic constituents may occur in contact
with air.Besides,otherchemical changesmayoccur inalkaline solution, including condensation
between amino acids and the C=0 groups of reducing sugars or quinones (7). Schnitzer and
Skinner (79) stated that dilute solutions of alkalis may hydrolyze polysaccharides and
nitrogenous compounds.As ageneral rule,extraction with 0.1-0.5 NNaOH leads torecovery of
approximately two-thirds ofthesoilorganicmatter(7).
Theorganic matter that is extracted with alkali is operationally defined as the humic and fulvic
acid fraction; the residue is generally referred to as the humin fraction (7). This humin fraction
containsmacromolecules with ahigh molecular weight, ahighCcontent, alow Ocontent, anda
low acidity in comparison with the humic and fulvic acid fraction. The humin fraction consists
of(/')humic acids intimately bound to mineral matter, (if)highly condensed (humified) material
with ahigh Ccontent, (Hi) fungal melanins, or(iv)parafinic substances (7).Thehumin fraction
can be divided into three subtractions by the so-called MIBK fractionation method: a bound
humic acid fraction, a bound lipid fraction, and an inorganic residue (20, 21). Hydrophobic
organic contaminants tend to sorb stronger to the humin than to humic and fulvic acidfraction,
which is reflected in their organic carbon-water distribution coefficients (KoC) (2, 22-25). In
accordance, it has been demonstrated by Schlebaum (67) that desorption of HOCs
(pentachlorobenzene) from humin is much slower than desorption from humic acid.
Furthermore,huminhasbeen observedtobe animportant sink for organic contaminants(18,26,
27).Xieetal.(21)showed thatthebound residuesofpesticides weremainly associated withthe
bound-humic acid and the lipid fraction in the humin samples they investigated. The actual
distribution among the three humin sub-fractions appeared to be related to the nature of the
contaminant.
Incomparison with NaOH extraction, extraction with mineral acids has received little attention.
Stevenson (7) stated that very littleorganic matter canbe extracted from soilwith dilutemineral
acids,exceptfor acidmixturescontainingHF.Nonetheless,Schnitzerand Skinner (79)observed
that chemical characteristics of a 0.1 N HC1 extract were practically identical to the
characteristics of a 0.5 N NaOH extract. Beyer and coworkers (28-30) applied extraction with
0.025 M H2SO4within the framework of a sequential extraction procedure. They reported that
H2SO4 extracted a so-called mobile fulvic acid fraction, consisting of sugar and starch.
According to Schnitzer and Khan (3), treatment with dilute mineral acids dissolves metals,
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hydrous oxides, and hydrated silicate minerals associated with humic substances, leading to the
dissolution of fulvic acids. Extraction with dilute mineral acids has been applied as a
pretreatment before the extraction of humic materials with NaOH. This pretreatment is thought
to lead to the desorption of humic substances fixed on sesquioxides, free silicic acid, and clay
minerals,andtotheremoval ofcarbonates andexchangeablebases (4).
7.2.2 Hydrolysis. Hydrolytic procedures are effective in removing proteins, carbohydrates, and
other aliphatic constituents from crude humic preparations. They have been used primarily to
"purify" humic acids prior to chemical and physical characterization. The residue from
hydrolysis is sometimes termed the backbone or core of the humic macromolecule (1). We
studied three types of hydrolytic procedures: hydrolysis with hot water, acid hydrolysis (6 N
HC1),and alkaline hydrolysis (5NNaOH).It shouldbe noted that the HC1 andNaOH solutions
used for hydrolysis are more concentrated than the solutions used for acid and alkaline
extraction.
Hydrolysis with hot water has been studied by several researchers (31-34).It has been reported
to extract polysaccharides, polypeptides, and small amounts of relatively simple phenolic acids
and aldehydes (32-33).Furthermore, hot water has been observed to set free alkanes and fatty
acids, which were adsorbed on humic materials (33). Some ether soluble materials, like phydroxybenzoic acid, protocatchuic acid, vanillic acid, and vanilin can also be extracted (3).In
general, hydrolysis with hot water is less drastic than acid hydrolysis and extracts less amino
acids and phenols (3). Shin et al. (31) observed that hot water extraction resulted in a slight
increase of the KoCvalues of DDT in amuck soil and a sandy loam; extraction of a clayey soil
decreased KoC values.
Acid hydrolysis has been extensively studied and is by far the most popular hydrolysis method
(1, 18,32,34-42).Acidhydrolysis allowstherupture ofheteroatomicbonds (ester, ether, amide)
and gives anindication ofthechemical stability ofthehumic compounds, of their structure,and
of their degree of condensation. The hydrolyzable fraction corresponds with the most labile
fraction, the non-hydrolyzable fraction represents the nucleus (35).Acid hydrolysis is believed
toremove protein derivatives, carbohydrates, and adsorbed materials (1,36, 37).Besides, ithas
beendemonstrated toreducethelignincontent ofhumicmaterials (37).The solubilized products
includeproteins,peptides,amino acids,sugars,uronic acids,phenols,pigmented substances,and
metals (3, 36). Acid hydrolysis can be used to quantify labile and recalcitrant pools of organic
matter andthusprovides arapidmethod to estimate short-term CandN mineralization (39,42).
In accordance, acid hydrolysis hasbeen found toreducethe susceptibility of organicmaterial to
mineralization (40). It may increase the affinity of organic matter for pesticides, leading to an
increased KoCvalueinhydrolyzed organicmatter incomparison totheoriginal material (34).
Alkalinehydrolysis hasbeen appliedbyseveral groups (1, 33,40,43).Itisknown tocleave C-0
bonds andwas found tobe relatively specific, although not very efficient, for the degradation of
structural phenolic components (33). Alkaline hydrolysis liberates a variety of phenolic
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substances, presumably without degrading the central core of the molecule. In addition, it
removesadsorbed aliphatics andN-compounds, e.g.proteinaceous constituents (7,33).
7.2.3 Oxidation. We investigated permanganate (4 % KMn04) and nitric acid (2 N HNO3)
oxidation. Permanganate oxidation of humic materials has been observed to produce small
amounts of aliphatic mono-carboxylic and di-carboxylic acids, as well as benzenecarboxylic
acids.Thebenzenecarboxylic acids originatefromringsunsubstituted byoxygen, but repeatedly
substituted by carbon atoms (3). Permanganate oxidation of methylated substances has been
used to elucidate the main structural features of complex materials like coal, lignin, and wood.
Permanganate oxidation ofmethylated SOMproduces phenolic acids,benzenecarbolxylic acids,
and aliphatic dicarboxylic acids (44). The benzenecarboxylic acids are generally thought to be
formed from oxidation of aliphatic side chains, some of which might be involved in linking
together aromatic units, and/or from the destruction of aromatic rings containing oxygen. The
aliphatic carboxylic acids may arise from oxidation of straight-chain compounds or labile ring
systems(1).
HNO3 oxidation was studied by Hansen and Schnitzer (45). They applied HNO3 oxidation to
find identifiable products that could not be obtained byKMnCuoxidation. Theresistantfraction
after oxidation with HN0 3 or KMnC"4can be related to high contents of compact polyaromatic
rings,aswasrevealed instudiesontheoxidation ofcoal(46).

7.3 MaterialsandMethods
7.3.1 Samples. The sediment samples used in this study were dredged from the 1stPetroleum
HarborinAmsterdam andfromawaterwaynearAssendelft, TheNetherlands.
Assendelft sediment (AD) had a dry matter (dm) content of 41 % (w/w), an organic matter
content of 13.3%(w/w),and apHof 7.1. Thedrymatter consisted of79%sand, 11%silt, and
10%clay.Thesediment contained 122mg/kgPAHs(16EPA).
Petroleum Harbor sediment (PH) had a dry matter content of 44 % (w/w), an organic matter
contentof9.7%(w/w),and apH of 7.8.Thedrymatter hadthe following composition: sand64
%,silt 15%,andclay 21%.The sediment was contaminated withPAHs (2036 mg/kg, 16EPA)
and mineral oil (13,600 mg/kg). Thermogravimetric analysis in Chapter 6 demonstrated that
both AD and PH sediment hardly contained any high surface area carbonaceous material
(soot/coal).
Dredged samples were homogenized, passed through a 2-mm sieve, and stored at 4 °C in the
dark until use. A fraction of the samples was bioremediated to remove bioavailable PAHs (see
Figure 1). To that aim, wet sediment (750 g dm) was mixed with 5 L of an aqueous mineral
medium (0.3g/L NH4NO3, 0.1 g/L MgS04-7H20, 0.1 g/L CaCl2-2H20, 40 mg/L KH2P04, 160
mg/L K2HP04, 5 mg/L FeCb) and transferred into 10 L containers at room temperature. The
slurry was aerated and continuously stirred to keep particles in suspension. After 25 days of
intensive treatment the slurry was transferred into 1L Schott bottles (600 mL/L). The bottles
wereplaced in arotary tumbler at 30 °C and mixed at 50 rpm. The oxygen concentration in the
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headspace was measured regularly and maintained at a level >10 % (vol.) by flushing with air.
When the oxygen consumption became negligible (1-2 weeks) bioremediation was terminated.
Slurrieswerecentrifuged, decanted, and storedat4°Cinthedark.
Biodegradation reduced the amount of 3-4 ringPAHs (target compounds in this study) from 70
to 51 mg/kg in AD sediment and from 1238 to 307 mg/kg in PH sediment (amounts represent
the sum concentrations of 8 individual PAHs). It was assumed that the residual 3-4 ring PAHs
werepoorlybioavailable.
7.3.2 PAH Analysis. Samples were mixed with acetone and water up to an acetone/water ratio
of4:1(v/v) and a solid/liquidratio of 1:10 g/mL.Theresulting slurry was sonicated for 15min
(RetschUR2)andshaken atroomtemperature for 1 h(150rpm, Gerhardt Laboshaker).Extracts
were centrifuged (5 min, 13,000g) and analyzed for PAHs by HPLC. It has been demonstrated
that over 95% of a PAH contamination can be extracted from soils and sediments with the
method described above (47).This was verified for AD and PH samples. The amount of PAHs
(3-4 rings) removed by acetone extraction was similar to the amount of PAHs removed by
microwave extraction (N-methyl-2-pyrrolidinone, 1 h, 130 °C) and soxhlet extraction
(dichloromethane,8 h).
PAHs (20uL of extract) were separated on a reverse-phase CI8 column (Vydac 201TP54, 5(i)
withexternal guardcolumn(Vydac 102GD54T, 5(j.)using amixture ofacetonitrileandwateras
an eluens. The separation was performed at a constant flow of 1 mL/min, varying the
acetonitrile/waterratiobetween 1:1 and 99:1 (v/v) (0-5min, 1:1; 5-20 min, linear increasefrom
1:1 to 99:1; 20-40 min, 99:1; 40-45 min, linear decrease from 99:1 to 1:1; 45-50 min, 1:1).
PAHsweredetectedbyUV absorbance at254,264, 287,300,305,and335nm(GynkotekUVD
340S). We analyzed the following 3 and 4ring PAHs: phenanthrene [PHE],anthracene [ANT],
fluoranthene [FLT] (3 ring PAHs), pyrene [PYR],benz[a]anthracene [BaA], chrysene [CHR],
benzo[6]fluoranthene [BbF],andbenzo[k]fluoranthene [BkF](4ringPAHs).
7.3.3 Chemical Treatment. Samples (original and bioremediated) were subjected to the
following wet-chemical treatments: extraction with 0.1 N HC1,0.025 M H 2 S0 4 , 0.1 N NaOH,
and0.5NNaOH;hydrolysiswithhotwater, 6N HC1,and 5NNaOH;oxidationwith2N HN0 3
and 4 %KMn04. After chemical treatment, the solids were separated from the liquidphase and
extracted with acetone (acetone/water) to determine the residual PAH concentrations. Apart of
the solids of thebioremediated samples was subjected to solid-phase extraction (with Tenax) to
determine the bioavailability of the residual PAHs. Chemical treatment was carried out in
duplicate for theoriginal samplesandintriplicate for thebioremediated samples.
0.1NHC1 extraction: Method adaptedfromSchnitzer and Skinner (19).Wet sediment (9gdm)
,was weighed into a 250 mL Schott bottle which contained 80ml of a 0.1 N HC1solution. The
bottle was closed and shaken end-to-end for 18 h (225 mpm). After 18 h the slurry was
centrifuged and solidswere extractedwith acetoneandTenax.The experiment wasperformed at
roomtemperature.
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0.025 M H?SOd extraction: Method based on the 2nd step of a sequential extraction procedure
proposed by Beyer (29). Wet sediment (16 g dm) was weighed into a 250 mL Schott bottle
which contained a0.025 MH 2 S0 4 solution (AD:96mL,PH:48mL). Thebottle wasclosedand
placed in arotary tumbler at20°C.After 6hofmixing (50rpm)the slurry was centrifuged and
solidswereextracted with acetone andTenax.
0.1 N NaOH extraction: Method based on the 3rd step of a sequential extraction procedure
proposed by Beyer (29).Sediment sampleswere first subjected to 0.025 M H2SO4extraction as
described above. After H2SO4extraction, samples were washed with demineralized water (12.5
mL/g),centrifuged, andwashed withdemineralized water again. Washed samples (8gdm)were
weighed into 250mL Schott bottles which contained a 0.1 N NaOH solution (AD:48 mL, PH:
32mL).Bottleswereplaced inarotarytumbler at20°Candmixed for 24h(50rpm).After 24h
samples were centrifuged and the alkaline extraction was repeated. After the second alkaline
extractionthesolidswere extracted with acetone andTenax.
0.5NNaOH extraction: Method adapted from RiceandMacCarthy (20).Wet sediment (7gdm)
and a 0.5 N NaOH solution (700 mL) were weighed into a 1L Schott bottle. The headspace of
the bottle was filled with N2 gas. The bottle was closed and shaken end-to-end for 24 h (225
mpm).After 24hsampleswerecentrifuged and solidswereextracted with acetone andTenax.
Hydrolysis with hot water: Method adapted from Neyroud and Schnitzer (33). Wet sediment (3
g dm) and demineralized water (AD: 4.7 mL/g, PH: 5 mL/g) were weighed into a Teflon
microwave tube. The headspace was filled with N2gas, the tube was closed, and it was heated
for 3h(170°C)inamicrowave oven (CEM,MDS-2100).After 3hthetubewas allowedtocool
down for 30 min. Then, the slurry was centrifuged and solids were extracted with acetone and
Tenax.
6 N HC1 hydrolysis: Method adapted from Jahnel etal.(41).Wet sediment (8 g dm) and a 6N
HC1 solution (AD: 656 mL, PH: 480 mL) were weighed into 1.5 L glass containers. The
containers were covered with a glass lid (to prevent excessive evaporation but allowing the
release of overpressure) and placed in a ventilated oven at 110 °C. After 15 h the slurry was
allowed to cool down for 30 min. The slurry was centrifuged and solids were extracted with
acetone andTenax.
5NNaOHhydrolysis:Method adapted from Jakab etal.(43).Wet sediment (4gdm) and a5N
NaOH solution (AD:4.2 mL/g, PH: 3mL/g) were weighed into a Teflon microwave tube. The
headspace was filled with N2 gas, the tube was closed, and it was heated for 3h (170 °C) in a
microwave oven (CEM, MDS-2100). After 3 h the tube was taken from the microwave and
allowed to cool down for 30 min. Then, the slurry was centrifuged and solids were extracted
with acetoneandTenax.
2N HNOT oxidation: Method adapted from Hansen and Schnitzer (45). Wet sediment (8 g dm)
wasweighed into aglassdestruction tube.A2NHNO3solution (40mL)was added slowly and
themixture wasrefluxed gently for 30h. After 30hthe slurry was allowed to cool down for 30
min.Then,theslurrywascentrifuged andsolidswereextracted with acetone andTenax.
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4 %KMnOa oxidation: Method adapted from Ortiz de Serra and Schnitzer (44).Wet sediment
(4 g dm) and a 4 % KMn0 4 solution (AD: 140 mL, PH: 100 mL) were weighed into a glass
destruction tube.Themixturewasrefluxed for 8h, after which the slurrywas centrifuged, solids
wererinsedwithdemineralized water (80mL), and the slurry was centrifuged again. The solids
wereextractedwith acetoneandTenax.
7.3.4 Solid-Phase Extraction. Solid-phase extraction (SPE) was applied to remove readily
bioavailable PAHs from the bioremediated samples which had been subjected to chemical
treatment. Residual concentrations after SPE were ameasure of the amount of PAHs that were
poorlybioavailable.The SPEmethodwas adaptedfromBonten etal.(48)and Cornelissen etal.
(49). Extractions were carried out in 50 mL separatory funnels, which were filled with wet
sediment (2-3 g dm), 40 mL of a 0.01 M CaCl2 solution, 20 mg HgCl2, and 2 g of Tenax-TA
adsorbent. The separatory funnels were shaken end-to-end at room temperature at such a speed
that the slurry and Tenax beads werewell mixed. Theslurrywas shaken for 72h, during which
the Tenax was refreshed 4 times to keep the aqueous phase free of PAHs. After 72 h the soil
suspension was separated from the Tenax, the suspension was centrifuged, and the solids were
extractedwithacetone.Intotal,9gofTenax-TAwasusedfor extraction (3 x2gand2x 1.5 g).
On aweight basis, this was 23-46 times the amount of organic matter in the sediment samples.
Given the fact that the affinity of PAHs for Tenax is approximately similar to the affinity for
organic carbon (49)this excess shouldbe sufficient for the desorption of (practically) allreadily
bioavailablePAHs.

7.4 Results
The effect of chemical treatment onPAH concentrations and PAHbioavailability is graphically
represented inFigures2-5.Wedistinguishthreepossible effects:
(i)

A decrease of PAH concentrations in non-bioremediated samples. Such a decrease is
observed as a difference between bars 1 and 2 (bar 2 < bar 1). PAHs involved are
expected tobereadilybioavailable,primarily.

(ii) A decrease of PAH concentrations in bioremediated samples. Such a decrease is
observed asadifference betweenbars 3and4(bar4<bar 3).Adecrease indicatesthat
chemicaltreatment affected thepoorlybioavailablePAHs.
(Hi) An increase of PAH bioavailability. This is observed as a difference between bars 3
and 5 (bar 5<bar 3). If bar 5is lower than bar 3 it indicates that chemical treatment
changed the structure of the organic matter in such a way that a fraction of the poorly
bioavailable PAHs became more readily bioavailable. This fraction could be removed
by SPEwithTenax.
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7.4.1 Acid Extraction. The results of acid extraction are presented in Figure 2. This figure
shows that the effect of acid extraction on PAH concentrations and PAH bioavailability was
similar in the experiments with 0.1N HC1and 0.025 M H2SO4.Both extraction methods were
capableofremoving acertain amountofPAHsfrom thenon-bioremediated AD andPH samples
(bar2<bar 1).PAHconcentrations inthebioremediated sampleswerenot affected (bar 3* bar
4). To determine the effect of acid extraction on PAH bioavailability, residual PAH
concentrations after SPE were compared with residual concentrations after biodegradation.
Comparison shows that acid extraction slightly increased PAH bioavailability in AD samples
(bar5<bar 3),whereasbioavailability inPHsampleswasunaffected (bar5»bar3).
•

initial
acidextracted
bio
bio+acidextracted
bio+acidextracted -i

SPE

D)

E

0.1NHCI

0.1NHCI

0.025M H2SO„

0.025M H2S04

Extraction
Figure2.PAHconcentrationsinADandPHsediment,before andafter extractionwith0.1NHC1 and
0.025 M H2S04. Bars represent PAH concentrations in non-bioremediated samples {initial), nonbioremediated samples after acid extraction {acid extracted), bioremediated samples {bio),
bioremediated samples after acid extraction {bio +acidextracted), and bioremediated samples after
successiveacidandsolid-phaseextraction {bio + acidextracted + SPE). Errorbarsrepresentstandard
deviations, except for "acidextracted" samples (non-bioremediated) where they represent duplicate
measurements.
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7.4.2 Alkaline Extraction. Figure 3 shows that the effect of alkaline extraction on PAH
concentrations and PAH bioavailability was almost similar in the experiments with 0.1 N and
0.5 NNaOH. Alkaline extraction lead totheremoval of acertain amount of PAHs in thenonbioremediated samples,whilePAHsinthebioremediated sampleswereunaffected by alkaline
extraction. Alkaline extraction of AD sediment enhanced PAH bioavailability, while PAH
bioavailability in PH sediment was not affected. It should be noted that the results of alkaline
extraction in Figure 3 are rather similar to the results of acid extraction in Figure 2, although
the effect of alkaline extraction on PAH concentrations and PAH bioavailability was
somewhat morepronounced.
- • initial
- • alkalineextracted
• bio
- • bio+alkalineextracted
- • bio+alkalineextracted+SPE

0.1 N NaOH

0.5 N NaOH

Extraction
Figure3.PAHconcentrations inADandPHsediment,before andafter extractionwith0.1NNaOH
and 0.5 N NaOH. Bars represent PAH concentrations in non-bioremediated samples {initial), nonbioremediated samples after alkaline extraction {alkaline extracted), bioremediated samples{bio),
bioremediated samplesafter alkalineextraction {bio + alkaline extracted), andbioremediated samples
after successive alkaline and solid-phase extraction {bio+ alkaline extracted+ SPIZ). Error bars
represent standarddeviations,exceptfor "alkaline extracted' samples(non-bioremediated)wherethey
representduplicatemeasurements.
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7.4.3 Hydrolysis. Theresults of the hydrolysis experiments arepresented in Figure 4. This
figure shows that PAH concentrations innon-bioremediated samples were significantly reduced
byhydrolysis,except inthehotwater hydrolysis ofAD sediment. Clearly, thereduction ofPAH
concentrations was strongest inthe experiments with 5NNaOH. This alkaline hydrolysis also
reduced PAH concentrations in bioremediated samples, while hot water hydrolysis andacid
hydrolysis wereunable toreduce PAH concentrations inbioremediated samples. Bioavailability
ofPAHswas seriously enhancedinallhydrolysis experiments. Thebioavailability enhancement
was highest intheexperiments with hot water and 5NNaOH, which were both performed at
170°C(acidhydrolysis: 110 °C).
>• initial
hydrolyzed
• bio
• bio+hydrolyzed
• bio+hydrolyzed+SPE

hotwater

6NHCI

5NNaOH

Hydrolysis
Figure4.PAHconcentrationsinADandPHsediment,before andafter hydrolysiswithhotwater,6N
HC1,and5NNaOH.Barsrepresent PAHconcentrations innon-bioremediated samples {initial), nonbioremediated samples after hydrolysis {hydrolyzed), bioremediated samples {bio),bioremediated
samplesafter hydrolysis{bio + hydrolyzed),andbioremediatedsamplesafter successivehydrolysisand
solid-phase extraction {bio +hydrolyzed + SPE). Errorbarsrepresent standard deviations,except for
"hydrolyzed"samples(non-bioremediated)wheretheyrepresentduplicatemeasurements.
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1AA Oxidation. Theresultsof the oxidation experiments inFigure 5 show thatoxidation with 2
N HN0 3 and 4 %Kmn04 strongly reduced PAH concentrations, both in non-bioremediated and
bioremediated AD and PH samples. Residual PAHs after 2 N HNO3 oxidation of AD sediment
were partly bioavailable, indicating that oxidation resulted inbioavailability enhancement. Inthe
other experiments, PAH removal was so high that conclusions with respect to the effect of
oxidation on PAH bioavailability could notbe drawn.

•

original
oxidized
•
•

2 N HNO3

bio
bio+oxidized
bio+oxidized+SPE

4 % KMn0 4

Oxidation
Figure 5. PAH concentrations in AD and PH sediment, before and after oxidation with 2N HN0 3 and
4% KMn0 4 . Bars represent PAH concentrations in non-bioremediated samples {initial), nonbioremediated samples after oxidation {oxidized),bioremediated samples {bio),bioremediated samples
after oxidation {bio+oxidized), and bioremediated samples after successive oxidation and solid-phase
extraction {bio + oxidized + SPE). Error bars represent standard deviations, except for "oxidized'
samples (non-bioremediated) wheretheyrepresent duplicate measurements.
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7.5 Discussion
Table 1 summarizes the effect of chemical treatment on PAH concentrations and PAH
bioavailability. The effect of treatment on readily bioavailable PAHs was derived from the
experiments with non-bioremediated samples, the effect on poorly bioavailable PAHs from the
experimentswithbioremediated samples.
Table 1. Effect ofextraction,hydrolysis,andoxidationonPAHconcentrationsandPAHbioavailability.
Decrease
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0
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0

0

0
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0

0

0
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+

+
+
+

0

0

0

0

+

+

++
++
++

++
++
++

+
+

+
+

+
+

+

++

+

(++)

(++)
(++)

Extraction
HC1(IN)
H2S04(0.025M)
NaOH(O.lN)
NaOH(0.5N)
Hydrolysis
Hotwater
HC1(6N)
NaOH(5N)

0
0
0

Oxidation
HN0 3 (2N)
KM11O4 (4%)

0: PAH concentration/bioavailability not affected; +: decrease PAH concentration or increase PAH bioavailability <30%;
++: increase PAH bioavailability >30%; (++): almost all PAHs oxidized, obscures conclusion on PAH bioavailability.

Table 1shows that chemical treatment reduced the amount of readily bioavailable PAHs in all
experiments, except inthe experiment inwhich AD sediment was hydrolyzed with hot water. In
comparison, the amount of poorly bioavailable PAHs was reduced only by alkaline hydrolysis
and by oxidation. This illustrates that poorly bioavailable PAHs could only be extracted by
rather drastic treatments, while readily bioavailable PAHs could be extracted with relatively
mildmethods.
Incontrast totheeffect ofwet-chemical treatment onPAH concentrations,which appeared tobe
practically similar in AD and PH sediment, the effect of wet-chemical treatment on PAH
bioavailability was clearly different for the two sediments. Table 1 demonstrates that PAH
bioavailability inADsedimentwas enhancedby alltreatments,whilePAHbioavailability inPH
sediment was only affected by hydrolysis and oxidation. This difference between AD and PH
sediment islikelytoresultfromadifference inorganic matter composition. Thecomposition of
ADandPH sediment hasbeen extensively described in Chapter 6.Roughly, it canbe stated that
organic matter inAD sediment was younger, more aliphatic, less resistant to thermal treatment,
and less resistant to persulfate oxidation than organic matter in PH sediment. Moreover, PH
sediment contained a considerable amount of oil. We observed that this oil was (partly) present
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in a separate phase (NAPL) which formed sticky particles. We expect that the PAHs in these
particles were readily bioavailable and that the differences between AD and PH sediment were
notcausedbythepresenceofoil.However, theexactroleoftheoilremains unclear.
In the Background section we discussed the different wet-chemical methods, addressing their
effect on the composition of soil/sediment organic matter. Here, we combine this information
withtheresultspresented inFigures2-5 andTable 1.
It appears from the extraction experiments that the mobile fulvic acids which were extracted
with dilute mineral acids and the humic and fulvic acids which were extracted with alkaline
solutions allcontained acertain amount ofreadilybioavailablePAHs.Poorlybioavailable PAHs
werenot extracted withdilutemineral acids and alkalinesolutions.Theyremained inthe residue
after extraction. The above illustrates that the poorly bioavailable PAHs were primarily
associated with the humin fraction. This humin fraction has a higher C content and a lower O
content than humic and fulvic acids and is less polar (7). The preference of the poorly
bioavailable PAHs for the humin fraction is in correspondence with the work of others (2, 2225), who demonstrated that sorption of hydrophobic organic contaminants to humin is much
strongerthansorptiontohumicandfulvic acids.
Despite the fact that acid and alkaline extraction did not lead to the removal of poorly
bioavailable PAHs, extractions did result in an enhancement of PAH bioavailability in AD
sediment. Apparently, the removal of fulvic and humic acids modified the residual organic
matter in such a way that the PAHs which were originally poorly bioavailable became more
readily bioavailable after extraction. This increase of bioavailability could be caused by the
opening of internal voids. Opening of voids may be due to the removal of metals by acid
extraction or due to the increase of surface charge by alkaline extraction. Both modifications
leadtoadistension oftheorganicmatter structure.Ingeneral,theeffect ofalkaline extraction on
PAH bioavailability in AD sediment was stronger than the effect of acid extraction. This is in
correspondence withthemore extensive removal ofhumicmaterialby alkaline extraction (/, 4).
PAH bioavailability in PH sediment was not affected by acid and alkaline extraction. This
indicates either that the residual organic matter was not seriously affected by the removal of
humic and fulvic acids, or that the poorly bioavailable PAHs in PH sediment were sorbed in a
principally different manner than in AD sediment. The absence of an effect of alkaline
extraction on the bioavailability in PH sediment is in correspondence with the data of Carrollet
al. (50), who observed no effect of a caustic extraction on the bioavailability of PCBs in a
sediment sample. An important conclusion that may be drawn from the above is that a wetchemical treatment canhave adifferent effect onsamplestaken from adifferent origin.
The hydrolysis experiments demonstrated that there is a marked difference between hot water
hydrolysis, acid hydrolysis, and alkaline hydrolysis. Hot water hydrolysis is generally
considered the milder of the three methods (3), which is reflected in the inability to extract
readily bioavailable PAHs from AD sediment. Hot water can extract polysaccharides,
polypeptides, and small amounts of relatively simple phenolic acids and aldehydes. Acid
hydrolysis is more drastic and has been reported to extract more amino acids and phenols than
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hotwater (3).Acidhydrolysis wascapableofremovingreadilybioavailable PAHs from ADand
PH sediment, but it was unable to remove poorly bioavailable PAHs. Apparently, the nucleus
that remains after acid hydrolysis presented an important structure for the binding of organic
contaminants. This finding is supported by thework of Gerstl and Kliger (34),who observed an
increase of pesticide KoCvalues after acid hydrolysis. The nucleus that remains after hydrolysis
isbelieved tohave ahigher degree of condensation than the labile organic matter. Saiz Jimenez
anddeLeeuw (37)showed thattheorganicmatter that isresistant toacidhydrolysis issimilarto
the organic matter that is resistant to persulfate oxidation. Taking in mind that persulfate
oxidation is capable of removing readily bioavailable PAHs, while leaving poorly bioavailable
PAHs unaffected (57), this confirms the importance of the condensed nucleus for sorption of
poorly bioavailable PAHs. The exact composition of the nucleus is expected to vary with the
sourceand ageoftheorganicmaterial (53).
Alkaline hydrolysis was shown to remove both readily and poorly bioavailable PAHs. It is
known to cleave C-0 bonds,but isrelatively ineffective for degrading aromatic structures (33).
Apparently, the C-0 bonds form an important link in the recalcitrant nucleus that remains after
acid hydrolysis. The central (aromatic) core that is unaffected by alkaline hydrolysis still
containspoorlybioavailablePAHs.
Table 1and Figure 4 show that hydrolysis seriously enhanced PAH bioavailability in AD and
PHsediment. Although bioavailability enhancement mayhavebeen causedbythebreakdown of
organic matter, an important factor must have been the high temperature at which hydrolysis
wasperformed. Comparing residual concentrations in Figure 4, it appears that the enhancement
of bioavailability by acid hydrolysis was relatively low compared to the enhancement of
bioavailability by hot water hydrolysis and alkaline hydrolysis. Acid hydrolysis was performed
at 110°C,whilehot water hydrolysis and alkaline hydrolysis wereboth performed at 170°C.If
itiskept inmindthathotwaterhydrolysis yielded alessextensive degradation oforganicmatter
than alkaline hydrolysis it may be reasoned that the high temperature was the main reason for
theenhancement ofPAHbioavailability byhydrolysis.This suggestion issupportedbythework
of Carroll et al. (50), who observed that heat treatment resulted in a similar enhancement of
bioavailability as was achieved by a combination of heat treatment and the application of a
caustic solution. Moreover, Bonten and coworkers (48, 52) demonstrated that PAH
bioavailability couldbe seriously enhancedbyhigh-temperature treatment.
Oxidation with HNO3 and KMn04 led to an extensive degradation of the organic material,
includingpartsofthecondensed nucleus.Asaresult, bothreadily and poorlybioavailable PAHs
wereoxidized. Interpretation of the results interms ofbioavailability enhancement was difficult
as the residual organic matter contained only small amounts of PAHs which were generally
poorly bioavailable. This residual organic material is believed to consist of material that has a
highcontent ofcompactpolyaromaticrings(46).
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7.6 Conclusions
The results of the extraction, hydrolysis, and oxidation experiments allow some general
conclusions onthecharacteristics oftheamorphous andcondensed SOMdomains.
Extractionsdemonstrated thatthecondensed SOMdomains aresituated inthehuminfraction of
SOM. This is in correspondence with the strong sorption of organic contaminants to humin, in
comparison with sorption to humic and fulvic acids (2, 22-25). Given the characteristics of
humin (1),it may be reasoned that condensed organic matter has a relatively high C content, a
relatively lowOcontent, arelatively high degreeofpolymerization, and arelatively low acidity.
Condensed organic matter thus is less polar than expanded organic matter, which is in
accordance with aprevious study (53)andwith several investigations which reported anegative
correlation between SOM polarity and the affinity of SOM for hydrophobic organic
contaminants (22, 23,54-60). Acid hydrolysis demonstrated that condensed SOM domains are
situated in a so-called nucleus, which is chemically stable and resistant to bacterial
mineralization. The changes in SOM caused by acid extraction, alkaline extraction, and acid
hydrolysis are generally considered to be analogous to those caused by natural diagenesis
processes. This corresponds with the idea that diagenetically altered SOM is more condensed
thantheoriginalorganicmaterial(7, 23,53,58,59).
Our experiments further demonstrated that carbohydrates, proteins, fatty acids, free alkanes,
fulvic acids, and humic acids, which can be removed by extraction and hydrolysis, do not
contain poorly bioavailable PAHs. As a consequence, it seems likely that these substances are
primarily associated with amorphous SOM domains. Still, it was shown for AD sediment that
removal of the above mentioned substances could lead to an enhancement of PAH
bioavailability. This indicates that, although the extracted substances do not contain poorly
bioavailablePAHs,they cancontributetothestabilityofthecondensed SOMdomains.
Extrapolating the experimental resultsto situations inthe field wemay formulate an hypothesis
on the possibility that PAHs, in practice, are mobilized by the dissolution of humic and fulvic
acids. Based on our data, it may be reasoned that the dissolution of humic and fulvic acids is
likely to mobilize some readily bioavailable PAHs. However, mobilization of poorly
bioavailable PAHs seems to be highly unlikely, especially if it is considered that conditions in
the field are much less drastic than the conditions applied in our experiments. Therefore, we
hypothesize that poorly bioavailable PAHs, which remain in soil or sediment after
bioremediation, are unlikely tobe mobilized by the dissolution of humic material. This implies
that the risk of spreading of PAHs by the dissolution and transport of humic material becomes
limited after bioremediation.
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8.1 Introduction
The study presented in this thesis had two main objectives: (1) the development of rapid
laboratory methods for theprediction ofPAHbioavailability in soils and sediments; and (2) the
investigation of the composition of amorphous and condensed soil/sediment organic matter
(SOM) domains.Thefirsttopic isaddressed inChapters 2-5,the second topic in Chapters 6and
7.
Threemethodswereinvestigated for theprediction ofPAHbioavailability: persulfate oxidation,
cyclodextrin extraction, and surfactant extraction. These methods were compared with solidphase extraction (SPE) and biodegradation, which were used as reference methods for the
estimation of bioavailability and the potential for bioremediation, respectively. It was
demonstrated that persulfate oxidation and cyclodextrin extraction are good methods for the
prediction of PAH bioavailability; surfactant extraction seriously overestimates bioavailability.
When compared to SPE,persulfate oxidation appears to be relatively rapid (3 h). Cyclodextrin
extraction exhibits rather similar extraction kinetics as SPE, extraction taking one day up to
several days for an accurate prediction of PAH bioavailability. Altogether, it can be concluded
thatpersulfate oxidation currently providesthemostrapidvalidated method for theprediction of
PAH bioavailability in soils and sediments. The discussion in the second paragraph of this
chapterwill focus onthepractical application ofpersulfate oxidation.
The composition of the amorphous and condensed SOM domains will be discussed in the third
paragraph ofthischapter. Toelucidate thecompositional characteristics, we studied the effect of
persulfate oxidation onthe composition of SOM.Besides,we studied the effect of wet-chemical
extraction, hydrolysis, and oxidation on the concentration and bioavailability of PAHs. Some
general characteristics of the amorphous and condensed SOM domains could be derived,
althoughthecomposition appeared tobehighly samplespecific. Implications are discussed.

8.2 PracticalApplication ofBioavailability Prediction Methods
InChapter 1ofthisthesis itwas suggested that amethod that canmeasure thebioavailability of
PAHsin soils and sediments canbeused for theprediction oftheextent ofPAHremoval during
bioremediation and for the prediction of the exposure of animals and plants to PAHs. In the
present chapter,theseapplicationswillbediscussed
8.2.1 Prediction of Bioremediation Potential. Bioavailability is often considered to be the
most important factor affecting the outcome ofabioremediation operation (1). This implies that
a characterization method that can predict PAH bioavailability can often be used to predict the
extent of PAH degradation during bioremediation. An important advantage of the
(physical/chemical) bioavailability prediction methods is that they are considerably more rapid
thantheconventional biodegradation methods for theprediction ofthebioremediation potential.
Accordingly,theymay serve asarapid alternative. Inthepresentparagraph wewill focus onthe
practical application ofpersulfate oxidation.
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Considering the application of persulfate oxidation for the prediction of the bioremediation
potential of PAH contaminated soils and sediments, it should be kept in mind that the outcome
of abioremediation operation does not only depend on the bioavailability of PAHs but also on
factors like toxicity, environmental conditions, and the presence of a microbial community
capableof PAH degradation (2).Inpractice, the latter two factors can be controlled to a certain
extent, leavingbioavailability andtoxicity asthekeyparameters influencing bioremediation. All
in all,this implies that persulfate oxidation alone, can not always give an accurateprediction of
the success of a bioremediation operation. Therefore, it is suggested that persulfate oxidation
andbiodegradation experiments are combined in an integrated characterization strategy. Such a
strategy should enable a rapid and reliable prediction of the bioremediation potential. An
exampleofanintegrated characterization strategyispresented inFigure 1.

Soil/Sediment
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oxidation

potentialfor
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biodegradation
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Alternative
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Figure 1.Characterization strategy toassess thebioremediation potential of PAH contaminated soils
andsediments.
Persulfate oxidation has a central role in the characterization scheme in Figure 1. Oxidation is
applied in all situations in which PAH concentrations exceed the legal standards for PAHs in
soils or sediments. If persulfate oxidation indicates that bioavailability is too low to allow
satisfactory bioremediation, no further characterization tests have to be performed and
alternative remediation strategies must be considered (see Chapter 1). If persulfate oxidation
indicates that bioavailability allows satisfactory PAH degradation, an additional biological
characterization test has to be applied to rule out other inhibitory factors like toxicity. The
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advantage ofthestrategy proposed isthat notime-consuming biological tests have tobe carried
outifpersulfate oxidation demonstrates thatbioavailability is insufficient to allow cost-effective
bioremediation. Moreover, the biological tests may be considerably shorter than conventional
biodegradation tests if toxicity has to be established only. Toxicity limitations may be assessed
in relatively short biological tests in which the conditions for biodegradation are optimized and
an active microbial enrichment culture is added. However, if the biological test should give an
indication of the bioremediation potential in unchanged samples, for example to assess the
potential for natural attenuation, no nutrients or inocula may be added and the biological tests
are likely to be as lengthy as the conventional biological tests in which bioavailability
limitations havenotbeenruledout.
Characterization is complete after finishing the biological tests. If the biological tests indicate
that bioremediation is limited by other factors than bioavailability, alternative remediation
options have to be considered. If the biological tests indicate that bioremediation is feasible, a
specific bioremediation set-up can be chosen. In practice, this choice for a specific
bioremediation set-up is dictated by several location-specific conditions. These conditions will
notbediscussed inthischapter asthis falls outsidethescopeofthisthesis.
It should be noted that characterization protocols as proposed in Figure 1 have not been the
standard in The Netherlands so far. However, we think that such protocols will become
increasingly important in the near future, asthe Dutch soil and sediment remediation policy has
recently undergone some significant changes. In the new policy risk reduction has become a
central issue (Chapter 1,3).This means that bioremediation is likely tobecome an increasingly
attractive alternative for theclean-up ofPAHcontaminated soils and sediments.Moreover, there
is a serious need for simple and rapid protocols for the assessment of ecotoxicological risks. In
suchprotocolsbioavailability prediction canplayanimportant role,asisillustratedbelow.
8.2.2 Assessment of Ecotoxicological Risks. If we consider the application of persulfate
oxidation for theassessment oftherisks ofaPAH contamination, a similar strategy asinFigure
1 can be followed. In such a strategy, persulfate oxidation can serve as a rapid method for the
determination ofPAHbioavailability, which indicateswhether PAHs form apotential risktothe
environment. If a considerable amount of PAHs are readily bioavailable, PAHs do form a
potential risk and persulfate oxidation canbe followed by abiological experiment (bioassay) to
further substantiate the risk. These bioassays are of crucial importance because the actual risk
that isposed by aPAH contamination does not only depend on the bioavailability of PAHs but
alsoonfactors likeuptakeandbiotransformation (4).
Theapplication ofpersulfate oxidation asafirstscreening method inrisk assessment impliesthe
assumption that only readily bioavailable PAHs can form a risk. Accordingly, it suggests that
poorly bioavailable PAHs do not form a risk, even if soil or sediment is taken up by ingestion.
This assumption is supported by experimental data in the literature, demonstrating that the
uptake of PAHs by earthworms is strongly reduced if PAHs become less bioavailable (5-7).
Besides, the results in Chapter 7 demonstrated that poorly bioavailable PAHs remain strongly
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bound to the solid matrix, even when samples are subjected to extreme pH conditions. This
observation indicates that it is unlikely that poorly bioavailable PAHs are mobilized in the
digestivetract ofanimals.Therefore, weconcludethatprimarily readilybioavailablePAHs form
arisk tothe environment, which impliesthatbioavailability prediction methods canbe used asa
firstand rapid screening step of an integrated risk assessment framework. To be able to decide
whether thebioavailability measurements shouldbe followed bybiological tests, bioavailability
hastobe translated torisks.Target levels have tobe formulated to indicate what concentrations
of(bioavailable) PAHs areacceptable.
Of course, the application of bioavailability prediction methods is not restricted to soils and
sediments contaminated with PAHs. For soils and sediments contaminated with other organic
pollutants, a similar approach can be followed. In many cases solid-phase extraction may serve
asabioavailability prediction method (Chapter 5,8). Solid-phase extraction canbe integrated in
acharacterization schemethatissimilartotheonepresentedinFigure1.

8.3 Composition of Amorphous and Condensed Soil/Sediment
Organic Matter Domains
In Chapter 1 it was stated that the current information on the composition of amorphous and
condensed SOM domains is rather scarce. The main sources of information are studies
describing the correlation between the affinity of SOM for hydrophobic organic contaminants
(KQC, organic carbon normalized linear sorption coefficient) and properties describing the SOM
composition. For interpretation, ithastobe assumed that KoCvalues express the degree of SOM
condensation. High KoC values are believed to indicate a high degree of condensation.
Obviously, this is a rather indirect way of studying the composition of the amorphous and
condensed SOM domains. Therefore, two different approaches were followed in the present
thesis: (/') In Chapter 6 the composition of SOM was studied before and after removal of
amorphous SOM by persulfate oxidation. Although it was not clear whether amorphous SOM
could be completely removed by oxidation, it was sure that at least a part of the amorphous
SOM was oxidized. Since condensed SOM was unaffected, the organic matter remaining after
oxidation could be considered "more condensed", (ii)In Chapter 7we studied the effect ofwetchemical treatment (extraction, hydrolysis, oxidation) on PAH concentrations and PAH
bioavailability. Toobtain information onthecomposition ofthe SOMdomainsthe experimental
data were combined with literature information on the effect of wet-chemical treatment on the
structure ofSOM.
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Combining Chapters 6 and 7 and the information from studies relating sorption properties to
compositional characteristics, the following overview of composition related characteristics of
amorphous andcondensed SOMdomainswas composed:
1. Condensed SOM is less polar than amorphous SOM. Polarity is expressed as (O-alkyl C +
carboxyl C)/(alkyl C+ aromatic C) (Chapter 6) or as O/C, (0+N)/C, and O/H atomic ratios
(9-17).Highratiosindicatehigh SOMpolarity.
2. Labile components like carbohydrates, peptides, fatty acids,and free alkanes are likely tobe
associatedwithamorphous SOM(Chapters6and7).
3. No clear relationship exists between the aromaticity of SOM and the degree of SOM
condensation (Chapter 6, 17). This is in contrast with studies describing a positive
correlation between aromaticity and KoCvalues for sorption tohumic acids, fulvic acids,and
dissolved organicmatter (9,12, 18-21);
4. Condensed SOM is situated in the humin fraction, indicating that it has a relatively high C
content, arelatively low Ocontent, arelatively low acidity, and a relatively high degree of
polymerization (Chapter 7). Humic acids and fulvic acids are primarily associated with
amorphous SOM.The above corresponds with sorption studies indicating that the affinity of
organic contaminants for humic acids, fulvic acids, and humin decreases in the following
order:humin >humicacids>fulvic acids(11, 12,14,18-20, 22,23).
5. Diagenetic transformation of SOM increases the degree of SOM condensation (13, 15,16,
24)
6. Coal and soot are specific condensed facies with a high affinity for hydrophobic organic
contaminants(Chapter6,23,25-29).
Apart from these general characteristics, the composition of the amorphous and condensed
domains appears to be highly sample specific (Chapters 6 and 7).For example, it was found in
Chapter 6 that the condensed domains in samples with relatively undecomposed SOM were
enrichedinaliphaticC,whilethecondensed domainsin sampleswithrelatively weathered SOM
were enriched in aromatic C. The above illustrates that the amorphous and condensed SOM
domainsarenotlikelytobeformed byoneuniquechemical structure.
Altogether, it can be concluded that condensed SOM, as described in Chapter 1, represents a
collection of apolar organic structures with a high affinity for hydrophobic organic
contaminants. These structures are likely to consist of aliphatic and aromatic parts of complex
organic macromolecules and of discrete aromatic facies formed by coal or soot particles.
Amorphous SOM is likely to consist of the polar structures of the complex organic
macromolecules andofawidevarietyoflowmolecularweight organiccompounds.
In addition to these chemical aspects, the physical arrangement of the organic structures has to
be considered. Clearly, an open organic structure with flexible/mobile organic macromolecules
will exhibit different sorption behavior than a rigid structure in which the mobility of the
macromolecules is restricted. Overall, the sorption behavior of SOM is likely tobe governed by
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a combination ofphysical and chemical aspects.Itremains unclear how thetwo arerelated and
to what extent sorption is governed by physical conformation. In future research, both the
chemical composition and the physical conformation have to be addressed in order to obtain a
more fundamental understanding of the sorption processes governing bioavailability of organic
pollutants insoils andsediments.
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SUMMARY

Polycyclic aromatic hydrocarbons (PAHs) constitute a group of priority pollutants which are
produced inhigh amountsby natural and anthropogenic sources. Generally, soils and sediments
serve as a sink for PAHs, leading to the accumulation of PAHs at contaminated sites. The
presence of PAHs at contaminated sites is of increasing environmental concern because of the
toxicity of PAHs, leading to adverse effects on humans, animals, plants, and ecosystems as a
whole.
In the last decade, bioremediation has been frequently used for the clean-up of PAH
contaminated soils and sediments. However, despite the common use and cost-effectiveness of
bioremediation, it is generally observed that aresidual fraction remains undegraded even when
optimal biodegradation conditions have been provided. In many cases the recalcitrance of this
residual fraction is caused by a limited bioavailability of the PAHs, resulting from strong
sorptiontothematrix.
In the past years, much effort has been put into the development of simple laboratory methods
for theprediction ofPAHbioavailability. Suchmethodsmaybe applied for theprediction ofthe
bioremediation potentialand for theassessment ofecotoxicologicalrisks.Themethodsthathave
been developed so far rely on the biodegradation or (solid-phase) extraction of readily
bioavailable PAHs. Although operational, these methods can be quite laborious and timeconsuming. Therefore, aneed exists for more simple and rapid alternatives. The main objective
of thepresent dissertation was to study and develop such alternative methods for the prediction
ofPAHbioavailability. Thistopicwasaddressed inChapters2-5.
As an integrated part of this study, it was aimed to expand the current knowledge on the
relationship between PAH bioavailability and the structure of soil/sediment organic matter
(SOM). In a recent conceptual model SOM has been represented as an entanglement of
macromolecules which consists of amorphous and condensed domains. PAHs sorbed in the
amorphous domains are considered to be readily bioavailable, while PAHs in the condensed
domains are considered to be poorlybioavailable. Sofar, the information on the composition of
the amorphous and condensed domains has been rather scarce. In Chapters 6 and 7 it was
attemptedtoelucidatesomeofthecompositional characteristicsofthedomains.
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Chapter 1 contains a literature overview addressing the following topics: (i) structure and
properties of PAHs, (if) remediation of PAH contaminated soils and sediments, (Hi) processes
affecting the bioavailability of PAHs in soils and sediments, and (iv) measurement of PAH
bioavailability insoils andsediments.
In Chapter 2. persulfate oxidation was introduced as a potentially rapid method for the
prediction of PAH bioavailability in soils and sediments. It was hypothesized that persulfate is
capable of oxidizing amorphous SOM as well as the readily bioavailable PAHs that are sorbed
in it. We studied the effect of oxidation temperature (50-121 °C), oxidation time (1-24 h), and
persulfate to organic matter ratio (2.9-28.9 g/g) on the extent of PAH removal by oxidation.
Residual PAH concentrations after oxidation were compared with residual concentrations after
21 days of biodegradation in an optimized slurry reactor. Persulfate oxidation at 50 and 70 °C
gave a good indication of the PAH removal by bioremediation, but only if the oxidation time
was sufficiently long (> 24 and 3h, respectively) and the persulfate to organic matter ratio was
sufficiently high(>5.8 g/g).Oxidation at90and 121°Coverestimated PAH bioavailability.
Two methods were selected for further investigation: a 3 h oxidation at 70 °C and a 2 h
oxidation at 95 °C (S20g270M ratio 12 g/g). These methods were tested on 3 field samples
containing an aged PAH contamination. It was demonstrated that the residual PAH
concentrations after 3hofoxidation at 70°Cwere similar totheresidual concentrations after 21
days of biodegradation. A 2 h oxidation at 95 °C overestimated biodegradation. This
overestimation could not be attributed to athermal enhancement of PAH bioavailability. It was
likelytoresult from amoreextensive oxidation oforganicmatter at95°C.
Thepersulfate oxidation methodthatwasdeveloped inChapter 2(3h; 70°C;S208270M 12g/g)
was validated in Chapter 3. Validation was performed in a study with 14 historically
contaminated soil and sediment samples, containing an aged PAH contamination. The residual
PAH concentrations after persulfate oxidation were compared to the residual concentrations
after 21 days of biodegradation in an optimized slurry reactor. It was observed that the residual
PAH concentrations after persulfate oxidation corresponded well to the residual PAH
concentrations after biodegradation. Persulfate oxidation of samplesthat had first been subjected
tobiodegradation yielded only limited additionalPAHoxidation. Thisimpliesthatoxidation and
biodegradation removed approximately the same PAH fraction. Solid-phase extraction was
performed on two of the 14 samples. The results of solid-phase extraction and persulfate
oxidation were compared. It was demonstrated that PAH removal during 3 h of oxidation was
approximately similar toPAH removal during 72to 264h of solid-phase extraction. Altogether,
it was concluded that persulfate oxidation provides a good and rapid method for the prediction
ofPAH bioavailability.
In Chapter 4. the application of cyclodextrins and surfactants for the prediction of PAH
bioavailability in soils and sediments was investigated. Two sediment samples were extracted
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with aqueous solutions of hydroxypropyl-P-cyclodextrin (HPCD) and Triton X-100. The
removal of PAHs during extraction was compared with the removal of PAHs during
biodegradation and solid-phase extraction. It was demonstrated that HPCD extracted primarily
readily bioavailable PAHs, while Triton X-100 extracted both readily and poorly bioavailable
PAHs. Moreover, HPCD did not affect the degradation of PAHs in the biodegradation
experiments,whileTritonX-100enhanced thebiodegradation oflowmolecular weight PAHs.It
was concluded that HPCD extraction may provide a good method for the prediction of PAH
bioavailability. Triton X-100 extraction is unfit for the prediction of PAH bioavailability. The
enhancement ofbioavailability byTritonX-100islikelytobeduetotheinteraction ofTritonX100withtheorganicmatrix.
InChapter 5.solid-phase extraction andpersulfate oxidation wereinvestigated for theprediction
of total petroleum hydrocarbon (TPH) bioavailability. One sediment sample and two soil
samples were subjected to solid-phase extraction, persulfate oxidation, and biodegradation, after
which hydrocarbon removal was compared. A short solid-phase extraction (168 h) provided a
good method for the prediction of the extent of TPH degradation in an optimized slurry reactor
(84 d). Solid-phase extraction slightly underestimated the degradation of readily biodegradable
hydrocarbons, whereas it slightly overestimated the degradation of poorly biodegradable
hydrocarbons. Persulfate oxidation appeared to be unfit for the prediction of TPH
bioavailability. Persulfate was unable to oxidize hydrocarbons with a high ionization potential.
Moreover, hydrocarbons that were affected by persulfate were likely to be transformed rather
than completely oxidized. Despite this inability to predict TPH bioavailability, it was
demonstrated that persulfate oxidation could be applied for the prediction of PAH
bioavailability, eveninthepresenceofaconsiderable amount ofpetroleum hydrocarbons.
In Chapter 6.the composition of amorphous and condensed soil/sediment organicmatter (SOM)
domains was investigated for 1 soil sample and 4 sediment samples. These samples were
oxidized withpersulfate to remove amorphous SOM,before and after which the composition of
SOM was studied by thermogravimetric analysis, pyrolysis-GC/MS, and CPMAS l3C-NMR.
Comparison oftheSOMcompositionbefore and after oxidation showed thatcondensed SOMis
morethermostable and lesspolar than amorphous SOM.Condensed SOMisrelatively lowinOalkyl C and carboxyl C and it is likely to contain only small amounts of labile organic
components (carbohydrates, peptides, fatty acids). Apart from these general characteristics, the
composition of the condensed and amorphous domains appeared to be highly dependent on the
origin and nature of the SOM investigated. Condensed domains in relatively undecomposed
SOM were enriched in aliphatic C, whereas condensed domains in relatively weathered SOM
were enriched in aromatic C. Altogether, the compositional changes upon persulfate oxidation
were similar to the compositional changes upon humification, which supports the idea that
weathered SOMismorecondensed thantheoriginal material.
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In Chapter 7.the composition of the amorphous and condensed SOM domains was investigated
for 2 sediment samples. The samples were split in two parts, one part was bioremediated to
remove bioavailable PAHs, and both the bioremediated and the non-bioremediated parts were
subjected to 9different chemical treatments: extraction with 0.1 N HC1, 0.025 M H 2 S0 4 , 0.1 N
NaOH, and 0.5 NNaOH; hydrolysis with hot water, 6N HC1,and 5NNaOH; oxidation with2
N HNO3 and 4 % KMn04. After chemical treatment, PAH concentrations were measured and
thebioavailability of the residual PAHs was determined using solid-phase extraction. To obtain
information on the composition of the amorphous and condensed domains, experimental results
on the effect of the chemical treatments on PAH concentrations and PAH bioavailability were
combined with literature information on the effect of the chemical treatments on the SOM
structure. It appeared that condensed SOM domains areprimarily situated in the humin fraction
of SOM. This indicates that they have arelatively high C content, a relatively low O content, a
relatively high degree of condensation, and a relatively low acidity. Accordingly, they are less
polar than amorphous domains. Carbohydrates, proteins, fatty acids, free alkanes, fulvic acids,
andhumicacids arelikelytobe associated withthe amorphous SOM domains. Apart from these
general characteristics,thecomposition ofthe SOMdomains appeared tobe sample specific.
In Chapter 8.the practical application of persulfate oxidation was discussed. A characterization
strategywasproposed inwhichpersulfate oxidation iscombined withbiological experiments for
the prediction of the bioremediation potential of PAH contaminated soils and sediments. A
similar strategy was proposed for the assessment of ecotoxicological risks. The combination of
persulfate oxidation and biological experiments was considered to be beneficial as it allows a
morerapidcharacterization thancanbeachieved bybiological experiments alone.
Asecond topic that was addressed inChapter 8isthe composition of amorphous and condensed
SOM domains. It was concluded that condensed SOM represents a collection of apolar organic
structures with ahigh affinity for hydrophobic organic contaminants. These structures are likely
to consist of aliphatic and aromatic parts of complex organic macromolecules and of discrete
aromatic facies formed by coal or soot particles. Amorphous SOM is likely to consist of the
polar structures of the complex organic macromolecules and of awide variety of low molecular
weight organic compounds. It was suggested that, in future research, both the chemical
composition and the physical conformation of SOM domains have to be adressed in order to
obtain amore fundamental understanding of the sorption processes governing bioavailability of
organicpollutants insoils and sediments.
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SAMENVATTING
Biobeschikbaarheid vanpolycyclische aromatische koolwaterstoffen
inbodemsensedimenten:
Voorspellen van biobeschikbaarheid en karakterisering van organisch-stof-domeinen

Polycyclische aromatische koolwaterstoffen, ofwel PAKs, vormen een belangrijke groep van
verontreinigingen die kunnen worden geproduceerd door diverse natuurlijke en antropogene
bronnen. VannaturehebbenPAKseengrote affiniteit voorbodems en sedimenten, hetgeen leidt
totdeophoping vanPAKsindevastematrix endevormingvanvervuilde lokaties.Vanwegede
toxiciteit vandePAKs zijndezevervuilde lokaties eendirectebedreiging voorde omgeving.De
toxiciteit zorgt voornegatieve effecten opmensen,dieren enplanten, enkan zohet functioneren
vancompleteecosystemenbe'invloeden.
In de afgelopen jaren is veelvuldig gebruik gemaakt van biologische reiniging voor het
schoonmaken van met PAKs vervuilde bodems en sedimenten. Helaas komt het dikwijls voor
dat een deel van de PAKs achterblijft na biologische reiniging, zelfs wanneer er alles aan is
gedaan omdebiologische reiniging zooptimaal mogelijk telatenverlopen. Inveel gevallenkan
het achterblijven van een dergelijke restconcentratie worden toegeschreven aan de beperkte
biobeschikbaarheid van een deel van de PAKs. Deze beperkte biobeschikbaarheid wordt
veroorzaakt door sterke sorptie aan de matrix. De sorptie resulteert erin dat de PAKs
onbereikbaar zijn voordemicro-organismendievoor afbraak moetenzorgen.
Hetprobleem dat hierboven is geschetst heeft geleid tot een aanzienlijke onderzoeksinspanning,
gericht op het ontwikkelen van laboratoriummethoden voor het voorspellen van
biobeschikbaarheid. Dergelijke methoden zouden kunnen worden ingezet voor het voorspellen
van het reinigingsperspectief, maar ook voor het vaststellen van mogelijke ecotoxicologische
risico's. Tot dusverre zijn methoden ontwikkeld die zijn gebaseerd op biologische afbraak van
biobeschikbare PAKs of op solid-phase-extractie van biobeschikbare PAKs. Hoewel deze
methoden operationeel zijn, zijn ze helaas nogal bewerkelijk en vereist een nauwkeurige
voorspelling vandebiobeschikbaarheid een aanzienlijke hoeveelheid tijd. Daarom iser behoefte
aan alternieve karakteriseringsmethoden die sneller en eenvoudiger zijn. De belangrijkste
doelstelling van het onderhavige promotieonderzoek was het bestuderen en ontwikkelen van
dergelijke snelleeneenvoudigemethoden.Dit onderwerp beslaat dehoofdstukken 2t/m5.
Het tweede deel van het onderzoek was gericht op de relatie tussen de biobeschikbaarheid van
PAKs en de structuur van de organische stof (OS) in bodems en sedimenten. In een recent
conceptueel model is OS voorgesteld alseen kluwen macromoleculen diebestaat uit amorfe en
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gecondenseerde domeinen. Deze domeinen hebben een verschillende affiniteit voor PAKs.
PAKs zijn relatief zwak gebonden aan amorfe OS en relatief sterk gebonden aan
gecondenseerde OS. Dienovereenkomstig is verondersteld dat PAKs die zijn gesorbeerd in
amorfe domeinen biobeschikbaar zijn, terwijl PAKs die zijn gesorbeerd in gecondenseerde
domeinen niet biobeschikbaar zouden zijn. Tot dusverre is er weinig bekend over de chemische
samenstellingvan de amorfe engecondenseerde OS-domeinen. Daarom isin dehoofdstukken 6
en 7 een poging gedaan om enige eigenschappen van de structuur van deze domeinen te
beschrijven.
Hoofdstuk 1 bevat een literatuuroverzicht met de volgende onderwerpen: (/') structuur en
eigenschappen van PAKs, (ii) reiniging van bodems en sedimenten vervuild met PAKs,(Hi)
processen die de biobeschikbaarheid van PAKs in bodems en sedimenten beinvloeden, (iv) het
metenvandebiobeschikbaarheid vanPAKsinbodems ensedimenten.
In Hoofdstuk 2 is een nieuwe methode gemtroduceerd voor het voorspellen van de
biobeschikbaarheid van PAKs. Deze methode is gebaseerd op oxidatie van OS met persulfaat.
Uitgangspunt vandemethodeisdatpersulfaat in staatisomselectiefamorfe OSteoxideren.Dit
zoukunnen leidentoteenselectieve oxidatie enverwijdering vanbiobeschikbare PAKs.
In een parameterstudie is het effect van de oxidatietemperatuur (50-121 °C), de oxidatietijd (124 uur) en depersulfaat/OS-ratio (2,9-28,9 g/g)op demate van PAK-verwijdering onderzocht.
De PAK-concentratie na oxidatie is daarbij vergeleken met de PAK-concentratie na een
biologische reiniging (21 dagen in een geoptimaliseerde bioreactor).Uit deze vergelijking bleek
dat de PAK-verwijdering door middel van oxidatie bij 50 en 70 °C goed overeenkwam met de
PAK-verwijdering door middel van biologische reiniging, indien de oxidatietijd lang genoeg (>
24respectievelijk 3uur) en depersulfaat/OS-ratio hoog genoeg was (> 5,8 g/g). Oxidatie bij 90
en 121°Cgafeenoverschattingvande biobeschikbaarheid.
Uiteindelijk zijn tweemethoden geselecteerd voor verder onderzoek: een oxidatie van 3uur bij
70 °C en een oxidatie van 2 uur bij 95 °C (S20s270S 12 g/g). Deze methoden zijn getest op
monstersvandrielocaties,allemet eenverouderde PAK-vervuiling.Uit het onderzoek bleekdat
de restconcentratie PAK na 3 uur oxideren bij 70 °C overeenkwam met de restconcentratie
PAKsna21 dagenbiologische reiniging. Eenoxidatie van 2uurbij 95°Cgaf een overschatting
van de biobeschikbaarheid. Nader onderzoek wees uit dat deze overschatting niet kon worden
toegeschreven aan een thermische verhoging van de biobeschikbaarheid: overschatting was
veeleertewijten aaneenverregaandere aantasting vandeOSbij 95°C.
InHoofdstuk 3 is de oxidatiemethode gevalideerd die isomschreven in Hoofdstuk 2 (3 uur, 70
°C, S20s270S 12 g/g). De validatie is uitgevoerd met 14 bodem- en sedimentmonsters, alle
vervuild met een verouderde PAK-verontreiniging. De resultaten toonden aan dat de
restconcentratie PAKs na oxidatie goed correspondeerde met de restconcentratie na 21 dagen
biologische reiniging in een geoptimaliseerde slurryreactor. Daarnaast bleek dat oxidatie van
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monsters die eerst waren onderworpen aan biologische reiniging slechts tot geringe additionele
PAK-verwijdering leidde. Dit geeft aan dat oxidatie en biodegradatie dezelfde PAK-fractie
verwijderen. Ter referentie is een solid-phase-extractie uitgevoerd op 2 van de 14 monsters,
waarna het resultaat is vergeleken met het resultaat van de persulfaatoxidatie. Het bleek dat de
PAK-verwijdering tijdens een solid-phase-extractie van 72-264 uur overeenkwam met de PAKverwijdering gedurende een oxidatie van 3 uur. Zo is in Hoofdstuk 3 aangetoond dat
persulfaatoxidatie een geschikte en snelle methode is voor het voorspellen van de
biobeschikbaarheid vanPAKsinbodemsensedimenten.
InHoofdstuk 4isonderzocht ofcyclodextrines en surfactants kunnen worden toegepast voorhet
voorspellen van de biobeschikbaarheid van PAKs. Twee sedimentmonsters zijn geextraheerd
met waterige oplossingen van hydroxypropyl-P-cyclodextrine (HPCD) en Triton X-100. De
PAK-verwijdering gedurende extractie is vergeleken met de PAK-verwijdering gedurende
biologische reiniging en solid-phase-extractie. De resultaten toonden aan dat de HPCDoplossing in staat was om selectief biobeschikbare PAKste extraheren, terwijl de TritonX-100oplossing zowel biobeschikbare PAKs als niet-biobeschikbare PAKs extraheerde. Daarnaast
bleek detoevoeging van HPCD in biologische experimenten niet te leiden tot een toename van
debiologische PAK-afbraak. De toevoeging van Triton X-100 leidde wel tot een toename van
dePAK-afbraak. Er is daarom geconcludeerd dat extractie met HPCD een kansrijke methode is
voor het voorspellen van de biobeschikbaarheid van PAKs, terwijl extractie met Triton X-100
ongeschikt is voor het voorspellen van de biobeschikbaarheid van PAKs. Triton X-100
veroorzaakte een toename van de biobeschikbaarheid, hetgeen kan worden verklaard door de
interactie vanTriton X-100metdeorganischematrix.
In Hoofdstuk 5zijn persulfaatoxidatie en solid-phase-extractie onderzocht voor het voorspellen
van de biobeschikbaarheid van petroleumverbindingen. Deze methoden waren al geschikt
gebleken voor het voorspellen van de biobeschikbaarheid van PAKs. Een bodemmonster en
twee sedimentmonsters zijn onderworpen aan solid-phase-extractie, persulfaatoxidatie en
biologische reiniging,waarna deverwijdering van detotale hoeveelheid petroleumverbindingen
(TPV) met deze methoden is vergeleken. Uit de experimenten bleek dat een korte solid-phaseextractie (168 uur) een goede indicatie gaf van de langetermijnafbraak van TPV in een
geoptimaliseerde slurryreactor (84 dagen). Solid-phase-extractie onderschatte de afbraak van
goedafbreekbare petroleumverbindingen enigszins,terwijl hetde afbraak van slecht afbreekbare
petroleumverbindingen enigszins overschatte. In tegenstelling tot solid-phase-extractie bleek
persulfaatoxidatie ongeschikt voor het voorspellen van de biobeschikbaarheid van
petroleumverbindingen. Persulfaat was niet in staat om verbindingen met een hoge
ionisatiepotentiaal te oxideren. Bovendien werden de verbindingen die wel door persulfaat
werden omgezet niet volledig afgebroken. Ondanks deze complicaties was persulfaatoxidatie
wel in staat de biobeschikbaarheid van PAKs te voorspellen, ook in de aanwezigheid van een
aanzienlijke hoeveelheid petroleumverbindingen.
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In Hoofdstuk 6 is de samenstelling van amorfe en gecondenseerde organisch-stof-domeinen
onderzocht. Hiertoe zijn vijf monsters, een bodemmonster en vier sedimentmonsters,
onderworpen aan een oxidatie met persulfaat ter verwijdering van amorfe OS. Voor en na
persulfaatoxidatie is de OS-samenstelling geanalyseerd met behulp van thermogravimetrische
analyse,pyrolyse-GC/MS en CPMAS 13C-NMR. Vergelijking van de samenstelling van de OS
voor en na oxidatie leerde dat OS in de gecondenseerde domeinen thermostabieler en minder
polair is dan OS in de amorfe domeinen. Gecondenseerde OS bevat relatief weinig O-alkyl C,
carboxyl C en labiele componenten zoals suikers, eiwitten en vetzuren. Buiten deze algemene
karakteristieken bleek de samenstelling van de amorfe en gecondenseerde domeinen sterk af te
hangen van de oorsprong en de aard van de OS. Gecondenseerde domeinen in relatief vers,
onaangetast materiaalbleken rijk aanalifatische koolstof. De gecondenseerde domeinen in sterk
verweerd organisch materiaal bleken rijk aan aromatische koolstof. Al met al zorgde
persulfaatoxidatie voor veranderingen in de OS-samenstelling die overeenkomen met de
veranderingen diedoorgaans optreden alsgevolg van humificatie. Dit onderschrijft de algemeen
geldende opvatting dat gehumificeerd/verweerd organisch materiaal meer gecondenseerd is dan
hetmoedermateriaal.
In Hoofdstuk 7 is een andere methode toegepast voor het bestuderen van de samenstelling van
de amorfe en gecondenseerde organisch-stof-domeinen. Twee sedimentmonsters zijn elk
gesplitst in2delen,waarna 1 deelbiologisch isgereinigdterverwijdering vande biobeschikbare
PAKs. Het andere deel is opgeslagen. Na biologische reiniging is zowel het biologisch
gereinigde deel als het ongereinigde deel onderworpen aan negen verschillende chemische
behandelingen: extractie met 0,1 N HC1, 0,025 M H 2 S0 4 , 0,1 N NaOH en 0,5 N NaOH;
hydrolyse met heet water, 6N HC1 en 5NNaOH; oxidatie met 2N HN0 3 en 4 % KMn04. Na
chemische behandeling zijn de PAK-concentraties bepaald en is de biobeschikbaarheid van de
PAKs gemeten met behulp van solid-phase-extractie. Teneinde informatie te verkrijgen over de
samenstelling van de OS-domeinen, zijn de resultaten met betrekking tot het effect van de
chemische behandelingen op de concentraties en de biobeschikbaarheid gekoppeld aan
literatuurinformatie over het effect van de verschillende chemische behandelingen op de
stractuur van het organisch materiaal. Uit de interpretatie bleek dat gecondenseerde OSdomeinen vooral te vinden zijn in de huminefractie van OS, hetgeen impliceert dat deze
domeinen een relatief hoog C-gehalte en een relatief laag O-gehalte hebben. In
overeenstemming hiermee zijn de gecondenseerde OS-domeinen minder polair dan de amorfe
OS-domeinen. Suikers, eiwitten, vetzuren, vrije alkanen, fulvozuren en humuszuren moeten
worden geassocieerd met amorfe OS. Buiten de bovengenoemde algemene karakteristieken
bleekdatdesamenstelling vandeOS-domeinenmonsterspecifiek is.
InHoofdstuk 8ishet onderzoek ineenbrederkader geplaatst. Heteerstedeelvandediscussiein
Hoofdstuk 8 is toegespitst op het in de praktijk toepassen van laboratoriummethoden voor het
voorspellen van debiobeschikbaarheid van PAKs.Persulfaatoxidatie is hierbij als uitgangspunt
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genomen. Er is een karakteriseringsstrategie voorgesteld waarin persulfaatoxidatie wordt
gecombineerd met een microbiologische karakterisering voor het vaststellen van het
reinigingsperspectief van met PAKsvervuilde bodems en sedimenten. Een soortgelijke strategic
is voorgesteld voor het bepalen van de ecotoxicologische risico's van PAK-verontreinigingen.
De combinatie van persulfaatoxidatie en biologische experimenten is gunstig omdat dit een
snellereenefficientere karakterisering vanmetPAKsvervuildmateriaalmogelijk maakt.
Het tweede deel van de discussie richt zich op de samenstelling van amorfe en gecondenseerde
OS-domeinen. Erwordt geconcludeerd datdegecondenseerde OS-domeinen bestaan uit apolaire
organische structurenmet eenhoge affiniteit voorhydrofobe organische verontreinigingen. Deze
structuren bestaan waarschijnlijk uit alifatische en aromatische delen van complexe organische
macromoleculen en uit discrete kool- en roetdeeltjes. Amorfe OS-domeinen bestaan
waarschijnlijk uit de polaire delen van complexe organische macromoleculen en uit tal van
labieleorganischemoleculen met eenlaagmolecuulgewicht.Intoekomstig onderzoek zou,naast
de karakterisering van de chemische samenstelling, ook de karakterisering van de fysieke
conformatie van de organische moleculen voldoende aandacht moeten krijgen. Verdere
bestudering van de organisch-stof-domeinen is vanbelang om eenbeter beeld te krijgen van de
sorptieprocessen die ten grondslag liggen aan de biobeschikbaarheid van organische
verontreinigingen.
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