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1 De bewering van Keuth & Rehm dat de exponentiele groeisnelheid van bacterien 

toeneemt bij substraatconcentraties welke boven de maximale oplosbaarheid liggen, 
is onjuist. 

Keuth S. and H.J. Rehm (1991) Biodegradation of phenanthrene by Arthrobacter polychromogenes 
isolated from a contaminated soil. Appl. Microbiol. Biotechnol. 34:804-808. 

2 Het kunstmatig verontreinigen van grond door de verontreiniging in een kleine 
hoeveelheid vluchtig oplosmiddel aan de grond te voegen en het oplosmiddel 
vervolgens snel af te dampen levert een produkt op dat slechts in beperkte mate 
kan worden vergeleken met vervuilde grond zoals deze in de praktijk voorkomt. 

Dit proefschrift 

3 Het idee dat de verhoging van de snelheid van biologische afbraak van organische 
verontreinigingen in de bodem die bereikt wordt door het toepassen van surfactant-
oplossingen, kan worden gekoppeld aan de mate van solubilisatie van de 
verontreiniging in de surfactant-oplossing, berust op een misvatting. 

Dit proefschrift 

4 Het in de bodemwetgeving gebruiken van verontreinigingsconcentraties die zijn 
bepaald via chemische extractie gaat goeddeels voorbij aan de biologische 
beschikbaarheid van de verontreinigingen, waardoor de ecotoxicologische 
onderbouwing van deze wetgeving discutabel is. 

Dit proefschrift 

5 Het bezuinigen op (experimenteel) wetenschappelijk onderzoek binnen het 
Rijksinstituut voor Volksgezondheid en Milieuhygiene getuigt van een beperkte 
toekomstvisie, die niet past bij een instituut dat zich wil profileren als toonaangevend 
op het gebied van milieu- en volksgezondheids-toekomstverkenningen. 

6 Literatuurbesprekingen geven vaak een nieuwe kijk op de waarde van 
wetenschappelijke publikaties en zijn bijzonder nuttig bij het zelf schrijven van 
manuscripten. Het is daarom voor (universitaire) onderzoeksgroepen aan te bevelen 
regelmatig dergelijke besprekingen te houden. 

7 Een uitgebreide lunch is een goede voedingsbodem voor wetenschappelijk 
onderzoek. 

8 In een tijd waarin het krijgen van kinderen is veranderd in het nemen van kinderen 
is, gezien de hoge bevolkingsdichtheid in dit land, het huidige Nederlandse systeem 
voor kinderbijslag een anachronisme. 
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VOORWOORD 

Dit proefschrift is het resultaat van een project dat in het kader van het 

Speerpuntprogramma Bodemonderzoek is uitgevoerd bij de Afdeling Biotechnolo-

gisch Onderzoek (BTO) van het Laboratorium voor Afvalstoffen en Emissies (LAE) 

van het Rijksinstituut voor Volksgezondheid en Milieuhygiene (RIVM) in de periode 

1989 -1994. In eerste instantie betrof het een driejarig project, maar door een 

verlenging van anderhalf jaar, waarbij de vakgroep Milieutechnologie van de 

Landbouwuniversiteit Wageningen bij het project werd betrokken, kon het onderzoek 

uiteindelijk tot dit proefschrift leiden. Dat de samenwerking tussen de afdeling BTO 

en de vakgroep Milieutechnologie goed beviel blijkt ondermeer uit het feit er 

inmiddels een vervolg op dit onderzoek wordt uitgevoerd, waarbij een promovendus 

van de LUW bij het RIVM is gedetacheerd. 

Achteraf gezien valt mijn periode bij de afdeling BTO in de bloeiperiode van de 

afdeling en mijn dank gaat dan ook in de eerste plaats uit naar Johan van Andel die 

het, mede door zijn mensenkennis, voor elkaar heeft gekregen een universitair 

aandoende onderzoeksgroep bij het RIVM op te zetten. Als afdelingshoofd was hij 

de prettigste "baas" die je je kunt wensen. 

De dagelijkse begeleiding van het onderzoek was in handen van Ton Breure. 

Naast co-promotor, kamergenoot en onverbeterlijke sloddervos was hij toch vooral 

de enthousiaste, stimulerende en kritische wetenschapper die me over de moeilijke 

punten heen hielp. Zonder hem was dit proefschrift hoogstwaarschijnlijk niet tot 

stand gekomen. 

Verder wil ik alle medewerkers en studenten van de afdeling BTO bedanken voor 

de prima sfeer, met name de "lunchclub". Ik mis de geweldige en gezellige lunches 

met inspirerende discussies over zowel onderzoek als meer wereldse zaken nog 

iedere dag. Klaas Doesburg, Wilfred van der Sterren en Rieke van der Wiel hebben 

in het kader van een stage of afstudeervak belangrijke bijdragen aan het onderzoek 

geleverd. 

Wim Rulkens, als promotor pas de laatste jaren bij het project betrokken, heeft 

het vaak niet makkelijk gehad met "die microbiologen", maar wist door zijn grondige 

fysisch-chemische kennis het onderzoek zeker meer diepgang te geven. 



De correcties van het Engels in dit proefschrift door Ruth de Wijs van het RIVM 

komen mij ook nu nog goed van pas bij het schrijven van Engelse teksten. Marian 

Vermue wil ik graag bedanken voor het gebruik van haar computer bij Proceskunde. 

Ik hoop dat mijn gezwoeg in de avonduren en weekenden niet voor al te veel 

overlast heeft gezorgd. 

Tenslotte gaat mijn dank natuurlijk nog uit naar imke; haar heb ik zeker veel 

overlast bezorgd, maar binnenkort krijg ik de kans haar net zo goed te steunen als 

zij mij gedaan heeft! 
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CHAPTER 1 

GENERAL INTRODUCTION 

Abstract 

Polycyclic aromatic hydrocarbons (PAHs) are hydrophobic organic pollutants 
abundantly present in the environment. This fact, along with their toxicity and 
mutagenicity, makes them priority pollutants. Experiments with PAHs under 
laboratory conditions have shown that these compounds can be degraded by various 
microorganisms. Under field conditions however, PAHs are known as persistent 
pollutants, forming an important problem for the biological remediation of PAH-
polluted soil. This chapter will outline the physicochemical characteristics of PAHs, 
the environmental problems caused by the pollution of soil with PAHs, and the 
different aspects that play a role in the biological clean-up of these compounds. 
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Soil pollution 

The contamination of soil with polluting compounds is one of the major 
environmental problems in both Europe and the United States. On the basis of how 
the pollution is present in the soil, two categories can be distinguished. The first is 
diffuse pollution, where the polluting compound is present at low concentrations in 
large areas. Atmospheric deposition is the major source of diffuse pollution. The 
second is spot pollution. The contaminated area is relatively small and very high 
concentrations of the pollutant may occur. The source of the contamination is usually 
a specific industrial activity which has been or is still being carried out at the spot. 
Since the 1970s, many polluted areas, causing vast social and economic problems, 
have been discovered. The number of known polluted sites in the Netherlands is 
approximately 120,000 and the costs for the clean-up of these sites has been 
estimated at more than 50 billion U.S. dollars (Stoop & Hesselink 1993). 

Another distinction is based on the type of pollution: pollution with heavy metallic 
compounds and with organic compounds. Pollution with heavy metals is beyond the 
scope of this thesis and will not be dealt with. 

Governments of several countries have set up rules concerning soil pollution. The 
EPA list (USA) and the Dutch standards (The Netherlands) are examples of 
guidelines giving regulations on pollutants in soil and groundwater. 

Polycyclic aromatic hydrocarbons 

Structures and properties of polycyclic aromatic hydrocarbons 
Polycyclic aromatic hydrocarbons are organic molecules that consist of two or 

more fused benzene rings in linear, angular or cluster arrangement. The chemical 
structure of the most frequently occuring PAHs, all EPA priority pollutants, is 
presented in Figure 1. The simplest PAH is the two-ring compound naphthalene; a 
well-known example of a high molecular weight PAH is the five-ring compound 
benz[a]pyrene. 
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Table 1 gives an overview of some physical and chemical properties of the most 
frequently occurring PAHs. Generally, the hydrophobicity is said to increase, and the 
aqueous solubility to decrease with an increasing number of aromatic rings. 

Table 1: Physical and chemical properties of the most frequently occurring PAHs (Sims & 
Overcash 1983). 

PAH 

naphthalene* 

acenaphthylene 

acenaphthene 

fluorene 

phenanthrene* 

anthracene* 

pyrene 

fluoranthene* 

benz[a]anthracene* 

chrysene* 

benz[a]pyrene* 

benzo[k]fluoranthene* 

benzo[b]fluoranthene 

indeno[123cd]pyrene* 

benzo[ghi]perylene* 

dibenz[ah]anthracene 

Molecular 
weight 

128 

152 

154 

166 

178 

178 

202 

202 

228 

228 

252 

252 

252 

276 

276 

278 

Aqueous 
solubility at 
30°C [mg-L1] 

31.7 

3.93 

3.47 

1.98 

1.29 

7.3-10"2 

1.35-10"1 

2.60-10"1 

4.0-10"2 

2.0-10"3 

4.0-10"3 

1.2-103 

5.5-10"4 

6.2-10"2 

2.6-10"4 

5.0-10"4 

Vapour 
pressure 
[N-nr2 at 20°C] 

6.56 

3.87 

2.67 

1.73 

9.07-10"2 

2.61-10-2 

8.00-10"4 

9.11-10'5 

6.67-10"7 

8.40-10"5 

6.67-10"5 

6.67-10"5 

6.67-105 

1.33-10"8 

1.33-10"8 

1.33-10"8 

Log octanol/ 
water partition 
coefficient 

3.37 

4.07 

4.33 

4.18 

4.46 

4.45 

5.32 

5.33 

5.61 

5.61 

6.04 

6.57 

6.84 

7.66 

7.23 

5.97 

*: reference PAHs in Dutch list 

Sources and environmental concern 
PAHs occur naturally in the environment and as a result of human activities. 

Natural sources include the products from forest and bush fires, thermal geochemical 
processes (e.g. vulcanic activity) and synthesis by microorganisms and plants 
(Blumer 1976). Background concentrations of PAHs in pristine samples can range 
from 50 to 1100 ug-kg"1 in soil (Fritz & Engst 1975), 0.001 to 0.1 ug-L1 in 
groundwater (Suess 1976), and 0.01 to 88 ug-kg"1 in plants (Sims & Overcash 1983). 
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The anthropogenic sources of PAH emissions can be divided into three main 
categories: 
1 - the incomplete combustion of organic compounds (e.g. fossil fuels), resulting in 

the atmospheric deposition of PAHs 
2 - the deposition of liquid/solid PAH-containing industrial products and waste, such 

as oil spillage and deposit of coal-tar on gas production sites 
3 - the use of PAH-containing products, such as asphalt, coatings for ships, the 

wood-preserving creosote and anthracene oil, etc. 
Concentrations in soil of PAHs originating from atmospheric deposition are variable, 
but measurements in the Netherlands have shown an average deposition of 2.5-105 

kg per year (Sloof ef al. 1989). PAH concentrations at heavily polluted sites may be 
as high as 12 gkg 1 (Fritz & Engst 1975). An overview of PAH concentrations at 
different polluted industrial sites is given in Table 2. One of the best examples of the 
problems with PAH-contaminated sites is the pollution at sites of former gas 
production plants. The pollution consists mainly of high concentrations of PAHs, 
cyanides, and heavy metals. Of these contaminated sites 234 are known in the 
Netherlands, the costs of cleaning them up have been established at 400 million U.S. 
dollars (RIVM 1991). 

The abundance of PAHs in the environment gives rise to concern because of the 
risk these compounds pose, both from an ecotoxicological and a human-health point 
of view. PAHs may accumulate in fatty tissues of mammals and specific PAHs have 
proved to be mutagenic, carcinogenic, and teratogenic (LaVoie etal. 1979). Because 
of this, the United States Environmental Protection Agency has placed 16 PAHs on 
their priority pollutant list (Keith & Telliard 1979). The Dutch standards for PAHs in 
soil and sludge are based on ecotoxicological research. When the concentration is 
below the reference value, the soil is considered clean and multifunctional. At 
concentrations higher than the intervention value, the soil is too polluted for further 
use and has to be treated. At intermediate pollution levels other factors, such as the 
function of the polluted site, are considered in deciding whether the soil is to be 
cleaned. The reference and intervention values for PAHs are based on the 
concentration of the ten PAHs on the Dutch list (see Table 1). The values are 
dependent on the amount of organic material present in the soil and can be 
calculated according to: 

- reference value of total PAHs = 0.1 x %humic material [mg PAHskg"1 dry weight] 
- intervention value of total PAHs = 4.0 x % humic material [mg PAHskg"1 dry weight] 
For a soil with 10% organic matter the reference value is 1 mg.kg1 and the 
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intervention value 40 mg.kg'1. Comparing these values with the concentrations in 

Table 2 , it can be seen that all of these soils are to be treated and that a reduction of 

the PAH concentration by a factor of 100-10,000 is necessary to obtain soil that can 

be used without restrictions. 

Table 2: Concentrations ofPAHs in mg-kgr1 dry weight at selected contaminated sites 
(Wilson & Jones 1993). 

PAH 

naphthalene* 

1-methyl naphthalene 

2-methyl naphthalene 

2,6-dimethyl naphthalene 

2,3-dimethyl naphthalene 

acenaphthylene 

acenaphthene 

fluorene 

phenanthrene* 

anthracene* 

2-methylanthracene 

fluoranthene* 

pyrene 

chrysene* 

benz[a]pyrene* 

benz[a]anthracene* 

benzo[b]fluoranthene 

benzo[k]fluoranthene* 

dibenz[ah]anthracene 

indeno[123cd]pyrene* 

total PAHs 

total reference PAHs 

Wood 
preserving 

topsoil 

1 

1 

1 

2 

1 

5 

7 

3 

11 

10 

14 

35 

49 

38 

28 

12 

}38 

10 

256 

145 

subsoil 

3925 

1452 

623 

296 

168 

49 

1368 

1792 

4434 

3037 

516 

1629 

1303 

481 

82 

171 

}l40 

23 

21466 

13782 

Creosote 
production 

mean 

1313 

901 

482 

33 

650 

1595 

334 

682 

642 

614 

7246 

4538 

range 

<1-5769 

<1-1617 

6-2926 

6-77 

49-1294 

76-3402 

15-693 

21-1464 

19-1303 

8-1586 

Wood 
Treatment 

92 

620 

1440 

766 

1350 

983 

321 

94 

356 

10 

6022 

4419 

Coking 
plant 

56 

7 

27 

6 

34 

28 

11 

14 

16 

2 

199 

164 

Coking 
plant 

59 

87 

112 

187 

29 

245 

277 

130 

285 

135 

200 

1746 

801 

Gas works 

mean 

2 

225 

379 

156 

2174 

491 

345 

92 

317 

260 

238 

2451 

207 

4679 

3908 

range 

0-11 

113-233 

150-716 

57-295 

614-3664 

170-833 

183-597 

45-159 

155-397 

108-552 

152-446 

950-3836 

121-316 

reference PAHs in Dutch list 
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Biological soil remediation 

Introduction 
There are several ways of dealing with heavily polluted soils and sediments. At 

present the techniques most used in the Netherlands for soils containing organic 
pollutants are incineration, extraction/classification, disposal at landfill sites, and, to a 
lesser extent, biological soil remediation. Incineration and extraction/classification are 
relatively expensive and destroy the soil as a living system. Landfilling is usually 
cheap, but only transfers the problem from one place to another. Moreover, it may 
cause unwanted emissions through volatization or leaching of pollutant. Other 
physicochemical techniques such as solvent extraction, critical C02 extraction, 
extraction with surfactant solutions, and glassification are still mostly in the 
development stage. However, they are cost-intensive and therefore only applicable 
to special waste streams. An overview of the different physicochemical techniques is 
given by Rulkens et al. (1993). 

Biological soil remediation involves the use of microorganisms to degrade 
hazardous organic pollutants. It has several advantages over the other techniques in 
terms of costs and soil functionality. However, not every contaminated soil can be 
treated biologically. Therefore a characterization is necessary which includes: 

type of pollutant. Bioremediation is not applicable to non-biodegradable organic 
pollutants; 
type of soil. Soils with a high clay content are hard to treat using most biological 
methods; 
other pollutants. The presence of toxic compounds in high concentrations may 
prevent biodegradation, and bioremediation may be of little use when non-
degradable pollutants (e.g. heavy metals) are present. 

For successful biological clean-up of soil it is necessary to optimize the conditions for 
biodegradation of the pollutants. The most important parameters are (Thomas & 
Lester 1993): 

presence of microorganisms. Usually microorganisms capable of degrading the 
pollutants are present at the contaminated site. Many treatments involve the 
addition of specific bacteria, although the actual use is often questionable; 
oxygen concentration. The degradation of most hydrocarbons is slower or even 
inhibited under anaerobic conditions. An exception is formed by a number of 
highly halogenated compounds, which are dehalogenated under anaerobic 
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conditions only; 
pH. Hydrocarbon-degrading bacteria have a typical pH optimum of 6-8, fungi 
have a lower optimum, ranging from 4-5. Since the pollutant degradation may 
alter the pH, monitoring and controlling this parameter is important; 
nutrient availability. Microorganisms require a range of both macro- and micro-
nutrients to maintain growth. The two most important nutrients for biological soil 
treatment are phosphorus and nitrogen; 
temperature. Temperature is one of the most important parameters in 
determining the rate of biodegradation. Optimal temperatures for biodegradation 
vary from 20-30°C; 
moisture content. Biodegradation is a water-based process and the presence of 
water is therefore essential. Excess water, however, may limit oxygen transfer. 

The importance and the extent to which these parameters can be manipulated 
depends on the type of remediation technique applied. The three principle 
techniques that can be used for soil bioremediation are described below (Blackburn 
&Hafker1993): 

With in situ treatment, the polluted soil is left in place and remains essentially 
undisturbed. The site can be isolated and is usually flushed with air (bioventing 
or biosparging), or with water. The first method is used mainly for volatile 
pollutants and the degradation in the soil is stimulated by enhanced oxygen 
supply. The off-gas may be cleaned in a biofilter. Washing with aqueous solution 
is used for non-volatile pollutants. Compounds with a high water solubility will be 
partly washed out and treated in a water treatment system. Water-insoluble 
compounds will have to be degraded in the soil. In situ treatment is usually 
cheap, but has the disadvantage that it is difficult to control the processes in the 
soil, although the washing water can be supplemented with e.g. nutrients and 
hydrogen peroxide (for oxygen supply). 

With landfarming, the polluted soil is excavated and transferred to an isolated 
site where it is spread in a layer with a defined height. Intensive landfarming 
usually involves mixing and addition of nutrients. Moreover, the process 
parameters such as pH, temperature, oxygen supply, and moisture content may 
be controlled. The advantage of this technique is that the soil can be treated 
under controlled conditions at relatively low costs. Landfarming, the best 
developed bioremediation technique, has been used on a large scale for oil-
contaminated soils (Morgan & Watkinson 1989). 

8 
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Treatment in a bioreactor is the most intensive biological treatment and the input 
of energy in this technique is usually high. It is best suited for the treatment of 
soils with a high clay content or for sediments with a high water content. The 
conditions can be optimized and high degradation rates obtained. Bioreactors 
have not yet been used extensively for the treatment of polluted soil or sediment. 

Role of bioavailability in soil bioremediation 
In the Netherlands, about 10% of the polluted soil is biologically treated, most of 

it via landfarming. The main reasons for not using bioremediation more often are that 
the treatment times are usually too long and the residual pollutant concentrations 
often too high to permit unrestricted use of the treated soil. This is illustrated in 
Figure 2, which compares a typical timecourse of the pollutant concentration in a 
biological soil treatment process to that of the same pollutant under laboratory 
conditions. In the first stage, the pollutant is degraded rapidly and the concentration 
decreases rapidly. As the process continues, the degradation rate drops and in the 
final stage the decrease is very slow. This timecourse is similar to that of radioactive 
decay and therefore the degradability of organic pollutants is often expressed as the 
half-life (t1/2) of the pollutant, although it is only an empirical approach. 

Even the biodegradation rates of organic compounds that can easily be 
degraded by bacteria (e.g. phenol) are much lower in soil than under laboratory 
conditions. It is generally accepted that this slow biodegradation is caused by the 
pollutant not being present in the aqueous phase (Mihelcic et al. 1993). This is 
especially true for hydrophobic organic compounds such as polycyclic aromatic 
hydrocarbons, polychlorinated biphenyls, and weathered mineral oils. 
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Figure 2: A typical timecourse of the degradation of a hydrophobic organic pollutant in soil 
bioremediation. 

Studies have revealed that most organic compounds can only be taken up by 
bacteria when they are present in an aqueous phase and therefore the mass transfer 
of the pollutant to the bulk of the aqueous phase is a prerequisite for biodegradation. 
When the mass transfer limits the biodegradation process, this is termed limited 
bioavailability. The term bioavailability is also used with a somewhat different 
meaning by toxicologists and, to avoid confusion, several researchers have tried to 
give a definition for limited bioavailability. The definition to be used in this thesis is: 

A pollutant has a limited bioavailability when its uptake rate by organisms is 
limited by a physicochemical barrier between the pollutant and the organism. 

For a better insight into the processes that play a role in bioavailability, it is essential 
to understand the interactions between the soil matrix, the pollutant, the aqueous 
phase, and the microorganisms. These interactions are dependent on (i) the type 
and physicochemical state of the pollutant, (ii) the type and physicochemical state of 
the soil, (iii) the type and state of the microorganisms, and (iv) on external factors, 
such as temperature and presence of oxygen. 

The first two factors determine the form in which the contaminants occur in soil. 

10 
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The different physical forms possible for organic contaminants are illustrated in 
Figure 3. They can be dissolved in pore water, adsorbed onto soil particles, 
absorbed into soil particles, or be present as a separate phase, which can be a liquid 
or a solid phase. As bioavailability is based on mass transport rates, transport of the 
pollutant to the aqueous bulk phase is the key process governing the bioavailability 
of the contaminant. 

Microorganisms may actively increase the bioavailability of hydrophobic 
compounds by excretion of enzymes or surface-active compounds, or by direct 
uptake of non-aqueous phase pollutant (Mihelcic et al. 1993). The extent of this 
increase is dependent on the other factors determining the bioavailability, and is 
difficult to predict. 

^ 3 > < ^ > pollutant 
j - a ^ F V / particulate 

liquid film 

adsorbed 

IV 

V 
in water phase 
in pores 

VI 
solid or liquid 
in pores 

Figure 3: Different physical forms of organic pollutants in soil: I: solid particles; II: liquid film; 
III: adsorbed onto soil; IV: absorbed into soil; V: in the waterphase of soil pores; VI as a 
separate phase in soil pores (adapted from Rulkens 1992). 

11 
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Biodegradation and bioavailability of polycyclic aromatic 
hydrocarbons 

PAH-degrading microorganisms 
As PAHs are naturally occurring compounds, it is not surprising that many 

different PAH-degrading microorganisms can be found in pristine environments 
(Sims & Overcash 1983). Most of the microorganisms that have been isolated, 
however, originate from PAH-contaminated sites. Many different species of bacteria 
(both gram-negative and gram-positive), fungi, and algae are known to degrade 
PAHs. An overview of the organisms capable of degrading the different PAHs is 
given by Cerniglia (1992). 

Studies on the microbial ecology of PAH-contaminated soils have shown that the 
numbers of PAH-degrading microorganisms, as well as the degrading capacity, are 
much higher in PAH-contaminated soils than in pristine environments (Herbes & 
Schwall 1978). Thus, the indigenous microbial population changes towards PAH-
tolerant and PAH-degrading microorganisms due to the presence of the pollution. It 
was also shown that bacteria are the most important group of soil microorganisms 
involved in the biodegradation of PAHs (Kastner et al. 1994, McGillivray & Shiaris 
1994). 

Microbial PAH metabolism 
The microbial metabolism of PAHs has been studied extensively. Bacteria, fungi, 

yeasts, cyanobacteria, and algae are known to have the enzymatic capacity to 
oxidize PAHs, ranging in size from naphthalene to benz[a]pyrene. The aerobic 
hydroxylation of PAHs always involves the incorporation of molecular oxygen; there 
are, however, differences in the hydroxylation mechanisms of eukaryotic and 
prokaryotic organisms. At present, not much is known of the PAH metabolism of 
cyanobacteria and algae. Fungi with the cytochrome P-450 monooxygenase oxidize 
PAHs to form arene oxides, which can isomerize to phenols or undergo enzymatic 
hydration to yield frans-dihydrodiols (Figure 4A). White-rot fungi, such as 
Phaenerochaete chrysosporium, produce a-specific extracellular lignin-degrading 
enzymes. These enzymes seem to be responsible for the oxidation of high molecular 
weight PAHs, and pure enzymes catalyze the formation of quinones. Some of the 
fungal metabolites are more toxic than the parent compounds (Cerniglia 1984). 

Since the bacterial PAH metabolism is of more importance for this thesis, it will 
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be dealt with in more detail. The initial attack of the aromatic ring is usually 
performed by a dioxygenase, forming a c/s-dihydrodiol. This is then converted by a 
hydrogenase into a dihydroxylated derivative (Figure 4B). 

B 

Figure 4: Initial steps in the microbial catabolism of aromatic compounds A: fungi; 
B: bacteria. 

The next step in the degradation is ring fission, which proceeds analogue to the 
ring fission of catechol. It can take place via the ortho pathway, in which ring fission 
takes place between the two hydroxylated carbon atoms, or via the meta pathway, 
which involves cleavage of the bond adjacent to the hydroxyl groups. After this ring 
fission a number of reactions can occur. For the lower molecular weight PAHs, the 
most common route involves the fission into a C3 compound and a hydroxy aromatic 
acid compound. The aromatic ring can thereafter either undergo direct fission or can 
be subjected to a decarboxylation, leading to the formation of a dihydroxylated 
compound. This compound can then be dissimilated as described above. When 
degraded via these pathways, the low molecular weight PAHs can be completely 
mineralized to C02 and H20. An overview of the mineralization pathways of 
naphthalene, phenanthrene, and anthracene, showing the similarities, is presented 
in Figure 5. The complete degradation of other low molecular weight PAHs, such as 
acenaphthene and acenaphthylene, has also been described (e.g. Komatsu etal. 
1993). Partial degradation of low molecular weight PAHs can also occur, the 
products usually being hydroxy aromatic acids or hydroxy aromatics (Cerniglia 1992). 
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Figure 5: Bacterial mineralization of naphthalene, phenanthrene, and anthracene. 

Detailed information on the biochemical pathways for bacterial catabolism of the 
high molecular weight PAHs is scarce and the use of these compounds as sole 
source of carbon and energy has only been reported for fluoranthene (Kelley et al. 
1993, Mueller et al. 1990, Weissenfels et al. 1991), pyrene (Boldrin era/. 1993, 
Walter et al. 1991), and chrysene (Walter et al. 1991). Cometabolic, partial 
degradation has been shown for more PAHs, and often hydroxy polyaromatic acids 
are formed as end products. (Gibson etal. 1975, Heitkamp & Cemiglia 1988, Kelley 
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et al. 1993, Mahaffey et al. 1988). In biodegradation studies with the other PAHs it 
was found that all of the PAHs disappeared, although it could not be proven that this 
was caused by biodegradation. 

Anoxic biodegradation by bacteria has only been found for the low molecular-
weight PAHs acenapthene and naphthalene under denitrifying conditions (Mihelcic & 
Luthy 1987, 1988). No other evidence for the biodegradation of PAHs under 
anaerobic conditions could be found. 

The regulation of the bacterial PAH metabolism is not yet very well established. 
The genetic information encoding for the enzymes involved in the initial steps of the 
degradation of naphthalene, phenanthrene, and anthracene has been shown to be 
located on plasmids. No information is available on the genetics of the degradation of 
high molecular weight PAHs (Menn era/. 1993, Sanseverino et al. 1993). 

Biodegradation of PAHs in soil 
Several studies have shown that biodegradation is the most important process 

responsible for the removal of PAHs in soil systems (e.g. Lee et al. 1978, Sims & 
Overcash 1983). For the more volatile two-ring PAHs, volatization may also play a 
role. In Table 2 it can be seen that polluted sites usually contain mixtures of several 
PAHs. 

As it has been shown that the formation of aromatic metabolites is a common 
phenomenon in the bacterial PAH metabolism, the biodegradation of PAHs in soil 
can be expected to result in the accumulation of these metabolites. In most of the 
studies on the degradation of PAHs in natural systems, however, the results are 
expressed as the removal efficiency, determined by measurement of the residual 
PAH concentrations. Only few studies have considered the fate of PAHs in natural 
systems. Herbes & Schwall (1978) found that after incubation of 14C-labelled PAHs in 
an acclimated soil, 20-60% of the amount of PAHs that had disappeared could be 
detected as soluble or bound 14C compounds. Although the toxicity of the metabolites 
is often lower than the toxicity of the parent compound, their bioavailability may be 
higher because of their higher aqueous solubilities. Measuring the change in toxicity 
of the soil or groundwater before and after treatment forms a means of evaluating the 
results of bioremediation of contaminated soil that provides information on the 
problem of metabolite formation. Wang et al. (1990) and Baudgrasset et al. (1993) 
have used this method for PAHs. In both cases it was found that the toxicity of the 
contaminated soil decreased along with the PAH biodegradation. Thus, although the 
formation of metabolites is likely to occur, this was not reflected in the toxicity. A 
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possible explanation for this phenomenon is that the intermediates, which are more 
reactive than saturated PAHs, undergo a chemical reaction with the soil organic 
matter. 

Bioavailability of polycyclic aromatic hydrocarbons 
Although the biodegradation pathways of the different PAHs are very similar, as 

discussed above, their biodegradation rates in soil differ considerably. Generally, 
first-order degradation kinetics are observed and the degradation rate is found to 
decrease with an increasing number of rings. An overview of degradation rates of 
PAHs in contaminated soils is given by Wilson & Jones (1993). As an example, 
laboratory studies with creosote-polluted soil showed that two-ring PAHs exhibited 
half-lives < 10 days, three-ring PAHs showed half-lives <100 days, and four- and 
five-ring PAHs were found to have half-lives of >100 days (McGinnis et al. 1988). In 
another study (Herbes & Schwall 1978) the same differences in degradation rates of 
the different PAHs were observed, although slightly higher degradation rates were 
found. 

Two factors are thought to be responsible for these different degradation rates. 
Firstly, the bacterial uptake rates of the compounds with higher molecular weights 
have shown to be lower than the uptake rates of low molecular weight PAHs (see 
Chapter 2). The second and most important factor, however, is the low bioavailability 
of PAHs. Because of their low aqueous solubilities, PAHs will occur in soil mainly in 
association with soil matter or as a separate phase. The last column of Table 1 
shows the value of the octanol-water partition coefficient to generally increase with 
an increasing number of aromatic rings. Several studies have shown a good 
correlation between the octanol-water partition coefficient, the aqueous solubility, 
and the soil-water partition coefficient of a pollutant (e.g. Dzombak & Luthy 1984, 
Karickhoff ef al. 1979). The fact that PAHs with the high molecular weights have the 
highest octanol-water partition coefficients explains the difference in the observed 
halflifes of PAHs in soil. When PAHs are present as a separate phase, such as tar 
particles, their bioavailability is even lower than that of sorbed PAHs (Weissenfels ef 
al. 1992) 

Besides the low degradation rates, the low bioavailability is also an important 
cause of another problem in the bioremediation of PAH-contaminated soil: the high 
residual PAH concentrations after clean-up. Erickson etal. (1993) investigated 
bioremediation of a PAH-contaminated manufactured-gas plant (MGP) site and 
showed that the limited bioavailability of the residual PAHs prevented further 

16 



General introduction 

biodegradation. Similar results were found by Bouwer era/. (1994) for naphthalene 
degradation at an MGP site and by Weissenfels ef al. (1992) for PAHs occurring at a 
wood impregnation site. Generally, the residual PAH concentrations in soils after 
biological clean-up are found to be too high to allow unrestricted use of the soils 
according to most governmental guidelines (Wilson & Jones 1993). 

Nevertheless, it can be said that biological remediation of PAH-polluted soil can 
in many situations be a good alternative for other remediation techniques. However 
to make biological clean-up of soil a grown-up technique, a solution for the problem 
of the limited bioavailability will have to be found. 

Outline of this thesis 

The aim of the study described in this thesis was to obtain insight into the 
microbiological, chemical, and physical processes involved in the bioavailability and 
biodegradation of polycyclic aromatic hydrocarbons. This insight can be used for 
modelling these processes and for optimization and prediction of biodegradation 
rates in the biological clean-up of soil. Moreover, it can serve as the basis for finding 
solutions to the problem of limited bioavailability. 

Polycyclic aromatic hydrocarbons have been selected as model compounds in 
this study because they are frequently occurring priority pollutants and well-known 
representatives of a group of hydrophobic organic compounds which are 
biodegradable in laboratory experiments, but may persist in soil. 

The first part of the research deals with the isolation and characterization of 
bacteria, growing on the PAHs naphthalene, phenanthrene, and anthracene. The 
organisms were cultivated in batch and continuous cultures and the most important 
microbiological kinetic parameters determined; this is described in Chapter 2. 

The second part deals with the central issue of this thesis: the role of mass 
transport phenomena possibly occurring in soil on the biodegradation rate of PAHs. 
Chapter 3 describes bacterial the growth on crystalline PAH, one of the simplest 
systems in which the effect of the limited availability of substrate affects the bacterial 
growth kinetics. Chapter 4 deals with the biodegradation of PAH, sorbed onto a 
matrix, which can be either an artificial matrix or soil. 

The final part of this thesis outlines a possible solution to the problem of limited 
availability of PAHs: the application of surface-active compounds. Chapter 5 reviews 
the use of these compounds in biological soil remediation. The following two 
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chapters describe the effect of surfactants on the bioavailability and biodegradation 

of crystalline PAHs (Chapter 6) and sorbed PAHs (Chapter 7). Finally, some general 

conclusions will be drawn in Chapter 8. 

References 

Baudgrasset F., S. Baudgrasset, and S.I. Safferman (1993) Evaluation of the bioremediation 
of a contaminated soil with phytotoxicity tests. Chemosphere 26:1365-1374. 

Blackburn J.W., and W.R. Hafker (1993) The impact of biochemistry, bioavailability and 
bioactivity on the selection of bioremediation techniques. Trends Biotechnol. 11:328-333. 

Blumer M. (1976) Polycyclic aromatic compounds in nature. Sci. American 234:884-890. 
Boldrin B., A. Tiehm, and C. Fritzsche (1993) Degradation of phenanthrene, fluorene, 

fluoranthene, and pyrene by a Mycobacterium sp.. Appl. Environ. Microbiol. 
59:1927-1930. 

Bouwer E, N. Durant, L. Wilson, W. Zhang, and A. Cunningham (1994) Degradation of 
xenobiotic compounds in situ: Capabilities and limits. FEMS Microbiol. Rev. 15:307-317. 

Cerniglia C.E. (1984) Microbial metabolism of polycyclic aromatic hydrocarbons. Adv. Appl. 
Microbiol. 30:31-71. 

Cerniglia C.E. (1992) Biodegradation of polycyclic aromatic hydrocarbons. Biodegradation 
3:351-368. 

Dzombak D.A., and R.G. Luthy (1984) Estimating adsorption of polycyclic aromatic 
hydrocarbons on soils. Soil Sci. 137:292-308. 

Erickson D.C., R.C. Loehr, and E.F. Neuhauser (1993) PAH loss during bioremediation of 
manufactured gas plant site soils. Water Res. 27:911-919. 

Fritz W., and R. Engst (1975) Neuere Ergebnisse zur Umweltbedingten Kontaminanten von 
Lebensmitteln mit Krebserregenden Kohlenwasserstoffen. Technik und Umweltschutz 
10:148-172. 

Gibson D.T., V. Mahadevan, D.M. Jerina, H. Yagi, and H.J.C. Yeh (1975) Oxidation of the 
carcinogens benz[a]pyrene and benz[a]anthracene to dihydrodiols by a bacterium. 
Science 189:295-297. 

Heitkamp M.A., and C.E. Cerniglia (1988) Mineralization of polycyclic aromatic hydrocarbons 
by a bacterium isolated from sediment below an oil field. Appl. Environ. Microbiol. 
54:1612-1614. 

Herbes S.E., and L.R. Schwall (1978) Microbial transformation of polycyclic aromatic 
hydrocarbons in pristine and petroleum contaminated sediments. Appl. Environ. 
Microbiol. 35:306-316. 

Karickhoff S.W., D.S. Brown, and T.A. Scott (1979) Sorption of hydrophobic pollutants on 

natural sediments. Water Res. 13:241-248. 

18 



General introduction 

Kastner M., M. Breuerjammali, and B. Mahro (1994) Enumeration and characterization of the 
soil microflora from hydrocarbon-contaminated soil sites able to mineralize polycyclic 
aromatic hydrocarbons (PAH). Appl. Microbiol. Biotechnol. 41:267-273. 

Keith L.H., and W.A. Telliard (1979) Priority pollutants I - A perspective review. Environ. Sci. 
Technol. 13:416-423. 

Kelley I., J.P. Freeman, F.E. Evans, and C.E. Cerniglia (1993) Identification of metabolites 
from the degradation of fluoranthene by Mycobacterium sp. strain PYR-1. Appl. Environ. 
Microbiol. 59:800-806. 

Komatsu T., T. Omori, and T. Kodama (1993) Microbial degradation of the polycyclic 
aromatic hydrocarbons acenaphthene and acenaphthylene by a pure bacterial culture. 
Biosci. Biotechnol. Biochem. 57:864-865. 

LaVoie E.J., V. Bendenko, N. Hirota, S.S. Hecht, and D. Hoffmann (1979) A comparison of 
the mutagenicity, tumor-initiating activity and complete carcinogenicity of polynuclear 
aromatic hydrocarbons. In: Jones R.W., and P. Leber (eds.) Polynuclear aromatic 
hydrocarbons, Ann Arbor Sci. Publ., Ann Arbor, p. 705-721. 

Lee R.F., W.S. Gardner, J.W. Anderson, and J.W. Blaylock (1978) Fate of polycyclic 
aromatic hydrocarbons in controlled ecosystem enclosures. Environ. Sci. Technol. 
12:832-838. 

Mahaffey W.R., D.T. Gibson, and C.E. Cerniglia (1988) Bacterial oxidation of chemical 
carcinogens: formation of polycyclic aromatic acids from benz[a]anthracene. Appl. 
Environ. Microbiol. 54:2415-2423. 

McGillivray A.R., and M.P. Shiaris (1994) Relative role of eukaryotic and prokaryotic 
microorganisms in phenanthrene transformation in coastal sediments. Appl. Environ. 
Microbiol. 60:1154-1159. 

McGinnis G.D., H. Borazjani, L.K. McFarland, D.F. Pope, and D.A. Strobel (1988) 
Characterisation and laboratory testing soil treatability studies for creosote and 
pentachlorophenol sludges and contaminated soil. USEPA Report No. 600/2-88/055 R.S. 
Kerr Evironmental Laboratory, Ada, OK, USA. 

Menn F.M., B.M. Applegate, and G.S. Sayler (1993) NAH plasmid-mediated catabolism of 
anthracene and phenanthrene to naphthoic acids. Appl. Environ. Microbiol. 59: 
1938-1942. 

Mihelcic J.R., D.R. Lueking, R.J. Mitzell, and J.M. Stapleton (1993) Bioavailability of sorbed-
and separate-phase chemicals. Biodegradation 4:141-153. 

Mihelcic J.R., and R.G. Luthy (1987) Degradation of polycyclic aromatic hydrocarbon 
compounds under various redox conditions in soil-water systems. Appl. Environ. 
Microbiol. 53: 1182-1187. 

Mihelcic J.R., and R.G. Luthy (1988) Microbial degradation of acenaphthene and 
naphthalene under denitrification conditions in soil-water systems. Appl. Environ. 
Microbiol. 54: 1188-1198. 

19 



Chapter 1 

Morgan P., and R.J. Watkinson (1989) Hydrocarbon degradation in soils and methods for 
soil biotreatment. CRC Critical Rev. Biotechnol. 8:305-333. 

Mueller J.G., P.J. Chapman, B.O. Blattman, and P.H. Pritchard (1990) Isolation and 
characterization of a fluoranthene-utilizing strain of Pseudomonas paucimobilis. Appl. 
Environ. Microbiol. 56: 1079-1086. 

RIVM (1991) Environmental outlook 2: 1990-2010. Samson H. D. Tjeenk Willink bv, Alphen 
a.d. Rijn, The Netherlands. 

Rulkens W.H. (1992) Bodemreiniging via extractie en klassificatie. Procestechnologie 43-55 
(in Dutch). 

Rulkens W.H., J.T.C Grotenhuis, and E.R. Soczo (1993) Sanierung von kontaminiertem 
boden: Stand der Technik und wuschenswerte weiterentwicklungen. In: Arendt F., G.J. 
Annokkee, R. Bosman, and W.J. van der Brink (eds.) Altlastensanierungen '93 (in 
German). 

Sanseverino J., B.M. Applegate, J.M.H. King, and G.S. Sayler (1993) Plasmid-mediated 
mineralization of naphthalene, phenanthrene, and anthracene. Appl. Environ. Microbiol. 
59: 1b^i-1937. 

Sims R.M., and M.R. Overcash (1983) Fate of polynuclear aromatic compounds (PNAs) in 
soil-plant systems. Residue Rev. 88:1-68. 

Slooff W., J.A. Janus, A.J.CM. Matthijseh, G.K. Montizaan, and J.P.M. Ros (1989) 
Basisdocument PAK. RIVM Rapportnr. 758474007, RIVM, The Netherlands (in Dutch). 

Stoop M.H., and P.G.M. Hesselink (1993) Industriele toepassingen van milieubiotechnologie 
in Nederland. Inventarisatie van opties en knelpunten. TNO report IMW-R93/149. 

Suess M.J. (1976) The environmental load and cycle of polycyclic aromatic hydrocarbons. 
Sci. Total Environ. 6:239-250. 

Thomas A.O., and J.N. Lester (1993) The microbial remediation of former gasworks sites - a 
review. Environ. Technol. 14:1-24. 

Walter U., M. Beyer, J. Klein, and H.J. Rehm (1991) Degradation of pyrene by Rhodococcus 
sp UW1. Appl. Microbiol. Biotechnol. 34:671-676. 

Wang X., X. Yu, and R. Bartha (1990) Effect of bioremediation on polycyclic aromatic 
hydrocarbon residues in soil. Environ. Sci. Technol. 24:1086-1089. 

Weissenfels W.D., M. Beyer, J. Klein, and H.J. Rehm (1991) Microbial metabolism of 
fluoranthene: isolation and identification of ring fission products. Appl. Microbiol. 
Biotechnol. 34:528-535. 

Weissenfels W.D., H.J. Klewer, and J. Langhoff (1992) Adsorption of polycyclic aromatic 
hydrocarbons (PAHs) by soil particles: influence on biodegradability and biotoxicity. Appl. 
Microbiol. Biotechnol. 36:689-696. 

Wilson S.C., and K.C. Jones (1993) Bioremediation of soil contaminated with polynuclear 

aromatic hydrocarbons (PAHs): a review. Environ. Pollut. 81: 229-249. 

20 



CHAPTER 2 

ISOLATION AND CHARACTERIZATION OF PAH-DEGRADING 
BACTERIA 

Abstract 

Described here are the isolation and initial characterization of polycyclic aromatic 
hydrocarbon (PAH)-degrading microorganisms. Mixed cultures and pure bacterial 
strains were grown in batch on several PAHs and in chemostats on naphthalene and 
phenanthrene. The results of these experiments were used to determine the most 
important microbiological parameters for the biodegradation of PAHs. 
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Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds that consist of two 
or more fused benzene rings. They occur in the environment at high concentrations, 
mainly due to human activities, and give rise to concern because of their toxicity and 
mutagenicity. 

The biodegradation of PAHs by bacteria has been the subject of much research 
and many bacteria of different species have been isolated on many different PAHs. 
For the lower molecular weight PAHs the catabolic pathways have been revealed 
and it has been shown that the genetic information encoding for the first steps in the 
biodegradation is located on plasmids (Sanseverino etal. 1993). An overview of the 
biochemistry of PAH degradation is given by Cemiglia (1984). 

The physiology of PAH-degradation has been investigated in less detail. For some 
isolated organisms the maximal growth rate Qjmax), temperature and pH optimum, 
formation of intermediates, or the substrate specificity have been determined (Boldrin 
etal. 1993, Guerin & Jones 1988, Keuth & Rehm 1991, Walter ef al. 1991). 

This study has been performed to obtain pure cultures growing on different PAHs 
and to study the growth kinetics of these organisms on the different PAHs. Insight 
into these growth kinetics is essential for studies in which these organisms are used 
to investigate the effect of substrate availability on biodegradation kinetics. 

Materials and methods 

Media and chemicals 
All chemicals used were of an analytical grade, with the exception of Triton X-100. 

Organisms were grown at 30°C in mineral medium, essentially composed as described by 
Evans ef al. (1970), with 1 mM EDTA as a chelating agent and the concentrations of other 
medium components being half those described. The mineral medium consisted of 50 mM 
NH4CI, 5 mM NaH2P04, 5 mM KCI, 1 mM Na2S04, 0.625 mM MgCI2, 0.01 mM CaCI2, 0.05 
uM Na2Mo04 and 2.5 ml-L"1 of a spore solution containing 0.12 mM HCI, 5 mM ZnO, 20 mM 
FeCI3, 10 mM MnCI2, 1mM CuCI2, 2 mM CoCI2 and 0.8 mM H3B03. When used for batch 
cultures the medium was buffered at pH 7.0 with 50 mM sodium phosphate. 

Adaptation of activated sludge to PAH 
Activated sludge samples from a domestic wastewater treatment plant (Gevudo, 

Dordrecht, The Netherlands) were suspended in buffered mineral medium described above. 
The enrichment cultures were aerated with naphthalene-, phenanthrene-, or anthracene-
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saturated air at 60°C until growth occurred. From these cutures isolates were obtained by 
plating out on agar slants containing 1.5% agar in mineral medium. Phenanthrene and 
anthracene were added to the slants in crystalline form (0.1% w/v); naphthalene was added 
in the same way or via the gaseous phase by incubating slants at room temperature in an 
exsiccator in which naphthalene crystals were present. 

Cell storage 
Mixed cultures were maintained in sequential batch cultures (see iii below). Pure cultures 

were maintained: 
(i) at 30°C on agar slants (storage at 4°C) identical to those described above, transferring 

the bacteria to new slants every 2-3 weeks; 
(ii) at -70°C in mineral medium containing 15% glycerol; 
(iii) as sequential batch cultures; 1 ml of these cultures was transferred to sterile 

Erlenmeyer flasks containing 100 ml fresh medium every 2-3 weeks and incubated at 
30°C on a rotary shaker (200 rpm). Every four months a new batch culture was started 
from cells that had been stored at -70°C. 

Batch growth experiments 
Batch growth experiments were usually performed in 250-ml conical flasks or in 250-ml 

serum flasks containing 100 ml mineral medium. PAHs and hydroxynaphthoic acids were 
added in crystalline form after sterilization for 20 min. at 120°C; other substrates were 
dissolved in the mineral medium. The experiments were started by inoculating with 1 ml of 
the appropriate mixed or pure culture. The flasks were incubated on a rotary shaker (200 
rpm) at 30°C. 

Continuous growth experiments 
Three different methods for PAH addition to continuous cultures were used: via the gas 

phase, dissolved in acetone, or dissolved in surfactant micelles. The first method was used 
for naphthalene only, the other two for both naphthalene and phenanthrene. All experiments 
were performed under carbon limitation at 30°C and the medium described above was used. 
Unless stated otherwise, the pH was maintained at 7.0 by titration with 0.5 M NaOH. 

The continuous culture to which naphthalene was added via the gas phase was used for 
the production of naphthalene-grown strain 8909N cells and for determination of residual 
substrate concentrations only. A reactor (Applicon B.V., Schiedam.The Netherlands) with a 
working volume of 1.2 L was used. The air was passed through a 20-cm column (30°C) filled 
with naphthalene crystals to saturate it with naphthalene before being led through the reactor 
at a flow of 180 Lh'1. The dilution rate was varied from 0.05 to 0.35 h"1. The non-linear fitting 
program Enzfitter (Biosoft, N.J., USA) was used to fit the data with the Monod equation. 

Continuous experiments with acetone-dissolved PAH were performed to study the 
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kinetics of naphthalene and phenanthrene degradation. A reactor (L&H, UK) with a working 
volume of 800 ml was used. The PAH was added separately to the reactor as a solution of 
30 g-L"1 in acetone. The flow of the acetone solution was dependant on the dilution rate and 
was set to achieve an overall ingoing naphthalene concentration of 62 mg-L'.The airflow was 
1 vesselvolume per minute. Samples were taken to determine the dry weight, the optical 
density at 540 nm (OD540), the protein content, the residual PAH concentration, and the 
total organic carbon (TOC) content. Growth of strain 8909N on acetone was checked every 
two weeks by plating out on agar slants with 0.1% acetone. 

When the PAH was added in surfactant micelles (little aggregates of surfactant 
molecules with a hydrophobic interior), a reactor setup was used in which oxygen supply 
was achieved by leading pure oxygen through the headspace of the reactor. For 
experiments with phenanthrene a 1-L Erlenmeyer flask with a working volume of 200 ml was 
used as a reactor. Mineral medium containing 2 g-L"1 Triton X-100 and approximately 70 
mg-L1 phenanthrene was pumped into the reactor at different flow rates. This setup did not 
allow the pH to be controlled and therefore the medium was buffered with 50 mM sodium 
phosphate buffer, pH 7. Continuous experiments with naphthalene dissolved in Triton X-100 
micelles were performed in an L&H fermentor (see above) with a working volume of 300 ml. 
Growth of strains 8803F and 8909N on Triton X-100 was regularly checked by plating out on 
agar slants containing 0.1 % (w/v) of Triton X-100. To check for oxygen limitation the strains 
were also cultured on succinate (2.0 g-L"1 in buffered mineral medium) in the same setup. 

Analytical procedures 
Biomass was essayed routinely by measuring the OD 540. Dry weights were 

determined according to Herbert ef a/. (1971); the carbon content of biomass was assumed 
to be 45% (Tempest & Strange 1966). Protein was assayed according to Peterson (1977). 
TOC was measured using a TOC analyzer (Model 700 TOC Analyzer O.I. Corporation, 
USA). The EDTA in the medium was measured as TOC. 

C02 in the headspace gas of serum flasks was determined using a gas chromatograph 
(Hewlett Packard type 5890) equipped with a thermal conductivity detector and a Hayesep Q 
packed stainless steel column (diameter 1/8 in, length 2 m, Chrompack, Middelburg, The 
Netherlands). Helium was used as carrier gas with a flow rate of 30 mlmin.1. The injector 
temperature was 150°C, the oven temperature 80°C, and the detector temperature 200°C. 
The injection volume was 250 pi with splitless injection. 

For analysis of aqueous PAH concentrations, samples were filtered with a 0.2 urn 
rotrand filter (Schleicher & Schuell, Germany), diluted 1:1 with acetonitrile, and injected on 
an HPLC using a ChromSpher 5 C18 (PAH) column (Chrompack). Eluens was a 80/20 
mixture of acetonitrile/water. Peaks were detected by use of a fluorescence detector 
(Shimadzu, Kyoto, Japan). Wavelengths of excitation and emission were 278 nm and 324 
nm for naphthalene, 253 and 333 nm for phenanthrene, and 253 and 373 nm for anthracene. 
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Results and discussion 

Growth of mixed cultures and isolation of pure cultures 
The enrichment procedures resulted in mixed bacterial cultures growing on 

naphthalene, phenanthrene, and anthracene. The maximum growth rates of these 
cultures are presented in Table 1. 

Table 1: Maximum growth rates of mixed cultures grown batchwise in 
mineral salts medium (pH =7.0, T = 30°C). 

Substrate 

naphthalene 

phenanthrene 

anthracene 

Maximum solubility 
[mg-L-1] 

31.7 

1.29 

0.073 

Growth rate obtained 

[h-1] 

0.3 

0.03 

0.003 

It was found that all three culture types could grow on naphthalene, 
phenanthrene, and anthracene as sole source of carbon and energy. Several 
bacterial strains were isolated from the enrichment cultures growing on naphthalene, 
phenanthrene, and anthracene. They were all gram-negative motile rods and strains 
8803F and 8909N were tentatively identified as Pseudomonas species. Because of 
the observed similarities, the other strains are likely to be Pseudomonas species as 
well. An overview of the isolated strains and their ability to grow on several 
substrates is shown in Table 2. 

Batch growth of pure cultures 
All strains growing on naphthalene were also capable of growth on salicylic acid, 

indicating that they degraded naphthalene via the pathway presented in Chapter 1, 
as proposed by Davies & Evans (1964). Growth of the cultures on naphthalene did 
not result in the formation of any measurable intermediates. Strain 8909N was 
selected for further studies. Its maximum growth rate in batch cultures was 
approximately 0.40 h"1 on naphthalene and 0.70 h"1 on succinate. Often when batch 
cultures with naphthalene were inoculated with cells of the strains 8806N or 8909N, 
a lag phase of 1-4 days was observed. No lag phase occurred when the inoculum 
had been growing in a medium with a high naphthalene concentration. 
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Table 2: Growth of the isolated strains on different substrates. 

Code 

8805N 

8806N 

8909N 

8801F 

8803F 

8804F 

8808F 

8809F 

8911F 

8901A 

8902A 

Isolated on 

naphthalene 

naphthalene 

naphthalene 

phenanthrene 

phenanthrene 

phenanthrene 

phenanthrene 

phenanthrene 

phenanthrene 

anthracene 

anthracene 

naph 

+ 

+ 

+ 

-

+ 

+ 

-

+ 

+ 

+ 

+ 

phen 

+/-

+/-

+/-

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

ant 

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+/-

+ 

+ 

Growth 

flu 

-

-

-

-

-

-

-

-

-

-

-

on 

sal 

+ 

+ 

+ 

+ 

+ 

+ 

-

+ 

+/-

+ 

+ 

12HNA 

+ 

+ 

+ 

-

+ 

-

23HNA 

-

-

+ 

+ 

+ 

+ 

naph = naphthalene; phen = phenanthrene; ant = anthracene; flu = fluoranthene, sal = 
salicylate, 12HNA = 1-hydroxy,2-naphthoic acid, 23HNA = 2-hydroxy,3-naphthoic acid; 
+: growth within 2 weeks; +/-: growth between 2 and 4 weeks; -: no growth within 4 weeks 

High concentrations of naphthalene were concluded to be toxic to the bacteria, but 
bacteria can adapt to the high concentrations; a phenomenon that has been 
observed previously for growth on aromatic hydrocarbons (Weber et al. 1993). 

Dense bacterial cultures growing on phenanthrene turned brown at the end of 
batch growth. The UV spectra of the supernatant of strain 8809F at different pH 
values showed good agreement with the spectra found by Evans et al. (1965) for 
the intermediate c/s-4-(1-hydroxynaphth-2-yl)-2-oxo-3-butanoic acid (see Chapter 1, 
Figure 2). This, together with the fact that most strains isolated on phenanthrene 
could also grow on 1,2-hydroxynaphthoic acid, indicates that phenanthrene was 
degraded via the pathway proposed by Evans era/. (1965). The maximum growth 
rates of strains 8803F and 8808F in batch on phenanthrene were 0.11 and 0.10 h1, 
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respectively. No phenanthrene toxicity was observed, probably due to its low 
aqueous solubility. 

Growth on anthracene proceeded very slowly. Strain 8902A was the fastest 
growing strain, with a maximum growth rate on anthracene of 0.012 h"1. No 
intermediates were found during growth on anthracene and no toxicity was observed. 
Table 3 compares the maximum specific growth rates found in this study with values 
from the literature and relates these to the solubilities of the substrates. Except for 
the fluorene, the maximal growth rate decreased remarkably parallel to a decrease 
in solubility of the substrates. Several explanations can be given for this 
phenomenon. Firstly, it is possible that even during the exponential phase low 
substrate solubilities determine the kinetics of microbial growth. Secondly, the 
transport of the molecules over the cell envelope may be more difficult for the larger 
PAHs. However, due to experimental problems (low biomass concentrations and 
extremely low growth rates), it is difficult to quantify this phenomenon in terms of the 
maximum growth rate /jmax and the Monod bacterial affinity constant Ks. 

Table 3: Experimentally determined maximum growth rates and maximum 
growth rates reported in literature for several PAHs. 

Substrate 

naphthalene 

fluorene 

phenanthrene 

fluoranthene 

pyrene 

anthracene 

Aqueous solubility 
[mg-L-1] 

31.7 

1.98 

1.29 

0.26 

0.14 

0.073 

maximum growth rate 

[h-1] 

0.45 

0.03 

0.12; 0.11a; 0.069c 

0.040c; 

0.023b; 0.056c 

0.012 

Keuth & Rehm 1991;b: Walter ef a/. 1991;c: Boldrin et al. 1993; 

The overall bacterial growth yields during batch growth were determined by 
measuring the residual PAH concentrations, the C02 concentration in headspace 
gases, the dry weights, and the protein content of cultures at the end of growth 
experiments. The results of these measurements are given in Table 4. No significant 
difference could be found between the yield of strain 8803F on phenanthrene and 
that of strain 8909N on naphthalene. Moreover, the yield remained constant with 
different amounts of PAHs. 
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Substrate specificity 
Most of the strains isolated were capable of growth on several different PAHs (see 

Table 2). To investigate the substrate specificity of the bacteria, experiments have 
been performed with concentrated cell suspensions of the strains 8909N and 8803F. 
Strain 8909N did not show growth on phenanthrene. When this strain was 
precultured on naphthalene, addition of phenanthrene resulted in an intense yellow 
colouring of the medium. The UV spectrum of the supernatant showed good 
agreement with the spectrum of 3,4-dihydroxyphenanthrene. Incubation of strain 
8909N cells, precultured on succinate, using phenanthrene as substrate did not 
result in detectable formation of intermediates. In contrast with strain 8909N, which 
could not grow on phenanthrene, strain 8803F was capable of growth on both 
naphthalene and phenanthrene. However, when strain 8803F cells, precultured on 
phenanthrene, were incubated with naphthalene, a lag phase of 2-4 days occurred; 
initially the production of 1,2 dihydroxy-naphthalene could be observed, indicating 
that the conversion of both PAHs to dihydroxylated compounds is mediated by the 
same enzymes and that different enzymes are involved in the ring fission, the next 
step in the degradation pathway. 

Effect of co-occurring substrates 
To assess the effect of the presence of different types of cosubstrates on the 

biodegradation of naphthalene, phenanthrene, and anthracene, the C02 production 
during growth on crystalline PAH was followed in the presence and absence of 
cosubstrates. An example is given in Figure 1, which shows the C02 production by 
strain 8803F growing on naphthalene, phenanthrene, and on a mixture of the two 
substrates. Adding up the C02 concentrations of the degradation curves of the two 
separate PAHs gives a curve that is almost identical to that of the C02 production in 
the presence of both substrates. Thus, it was concluded that both PAHs are 
degraded simultaneously. This type of experiment has been performed for mixtures 
of several substrates. The results of these experiments are summarized in Table 5. 

Succinate can be concluded to be degraded preferentially over the other 
substrates. When two aromatic substrates are present, they are usually degraded 
simultaneously. The results of these experiments are consistent with the 
observations of Bauer & Capone (1988) and of Tiehm & Fritsche (1995), who found 
that the simultaneous presence of the PAHs naphthalene, phenanthrene, and 
anthracene did not alter the degradation patterns. 
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Figure 1: C02 production of strain 8803F, on naphthalene (A), phenanthrene (+), and on a 
mixture of both PAHs (A), the solid line represents the values obtained by addition of the 
C02 of the single substrates. 

Table 5: growth of strain 8803F on different mixtures of two substrates; the substrate that 
was degraded first is given in italics. 

substrate 

succinate 

salicylate 

23HNA 

12HNA 

phenanthrene 

naphthalene 

succinate 

salicylate 

s 

12HNA 

s 

phenanthrene 

succinate 

s 

s 

s 

12HNA 

succinate 

-

-

23HNA 

succinate 

-

salicylate 

succinate 

s: simultaneous growth 
-: not determined 
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Growth of pure cultures in continuous cultures 
The main problem in performing continuous growth experiments with PAHs is their 

low aqueous solubility. This makes it impossible to supply enough substrate via 
the aqueous phase to support detectable amounts of biomass. To solve this 
problem, three different methods of adding substrate have been used: via the gas 
phase (naphthalene only), dissolved in acetone, or dissolved in surfactant micelles 
(phenanthrene only). Chemostat experiments with naphthalene were performed with 
strain 8909N. The maximal growth rate and the overall growth yield of this strain 
were determined in a chemostat to which naphthalene was supplied as a solution in 
acetone. No growth on acetone occurred and the presence of acetone had no 
negative effects on the growth of the organisms on naphthalene. The maximum 
growth rate, determined by measuring the washout at a dilution rate of 0.5 h'\ was 
found to be 0.45 h~1. The results of the mass balance over this chemostat at different 
growth rates are presented in Table 6. Due to the presence of acetone, the TOC of 
the supernatant could not be used as a measure for excreted intermediates or other 
bacterial products. The residual naphthalene concentration was in all cases lower 
than 50 ug-L"1. The recovery was calculated as the percentage of the ingoing carbon 
that was measured as biomass or C02. 

Table 6: Yield and mass balance of strain 8909N growing on naphthalene 
in a chemostat under carbon limitation; naphthalene supplied in acetone 

growth rate 
In"1] 

0.1 

0.21 

0.3 

0.41 

0.44 

C02 yield 
[C-mol/C-mol] 

0.53 

0.33 

0.37 

0.35 

0.33 

biomass yield 
[C-mol/C-mol] 

0.34 

0.61 

0.53 

0.45 

0.48 

recovery 
[%]a 

87 

94 

90 

80 

81 

calculated as the percentage of carbon measured as biomass or C02 
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Figure 2: Bacterial growth yield of strain 8909N on naphthalene in a chemostat under 
carbon limitation; naphthalene supplied in acetone. 

Figure 2 shows the overall growth yield as a function of the growth rate. 
This overall growth yield can be expressed as (Van 't Riet & Tramper 1991): 

m Y 
s xs 

(1) 

V 

where Ym is the overall growth yield [kg biomasskg substrate1], YX5 the maximal 
growth yield [kg biomasskg substrate1], ms the maintenance coefficient [kg 
substratekg biomass1-h1], and y the growth rate [h1]. The values that have been 
obtained by fitting the result of Figure 2 with this equation are Yxs = 1.2 and ms = 
0.015. The maximum theoretical growth yield is a factor 2 higher than the overall 
yield found in batch growth experiments. This can be explained by the fact that the 
growth rates in the batch experiments were low due to the slow dissolution of the 
PAH crystals. 
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