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Abstract—A study of ether-linked moieties in macromolecular bound residues of polycyclic aromatic
hydrocarbons (PAH) generated in bioremediation experiments was performed using high temperature
hydrolysis degradation with subsequent analysis of the products by GC-MS. This hydrolysis reaction
was specifically designed to cleave ether bonds including relatively stable diarylether structures. Among
the reaction products, aromatic alcohols representing typical microbiologically derived metabolites of
PAH were found in addition to natural compounds. Thus, parts of the bound residues appeared to be
linked within the macromolecular material by ether bonds. Model experiments with an oxidoreductase
enzyme and aromatic alcohols indicate the formation of these ether bonds to be an enzyme-catalysed
process. © 1997 Elsevier Science Ltd
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INTRODUCTION

During the past decade, the formation of non-
extractable residues (bound residues) from organic
pollutants during biodegradation or humification
processes in soils has been the subject of increasing
scientific interest (e.g. Roberts, 1984; Fihr, 1987,
Schnéder et al., 1993; Kistner er al., 1995). The as-
sociation of organic pollutants with macromolecular
organic matter via cross-linking reactions has been
suggested to be a major sink for organic pollutants
in soils (Bollag, 1983). This association has impli-
cations for the bioavailability, toxicity, and trans-
port of xenobiotica in natural environments.
Recently, we have identified some typical metab-
olites of PAH chemically bound to soil and riverine
humic substances by ester linkages (Richnow et al.,
1994, Michaelis et al., 1995). The formation of
bound residues by enzyme-catalysed polymerisation
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of phenols including typical pollutants such as halo-
genated phenols and anilines has been proposed
(Berry and Boyd, 1984, 1985; Bollag, 1992; Hatcher
et al., 1993). An enzyme-catalysed oxidative cross-
coupling between phenolic moieties may be respon-
sible for the formation of ether- and carbon-—car-
bon-bonds within bound residues. However, limited
information still exists on the structure of bound
residues and a basic understanding regarding the
mode of incorporation of contaminants into the
macromolecular organic matter is lacking.

To study ether-linked bound residues, a selective
chemical degradation method was applied to cleave
ether-bonds formed between metabolites of PAH
and macromolecular soil humic substances. The
products were analysed by GC-MS to elucidate the
chemical structure of parts of the non-extractable
soil bound residues. The enzyme-catalysed for-
mation of macromolecules was studied using hy-
droxylated PAH metabolites.

EXPERIMENTAL SECTION

Samples and methods

The soil material used for our experiments orig-
inates from a pristine Ah-horizon of a Luvisol (Ah-
horizon, pseudovergleyte Parabraunerde, German
systematic) collected near Hamburg (Berghausen
and Goetz, 1993). The slightly loamy soil consists



746 H. H. Richnow et al.

of 6.4wt.% clay, 15.4wt.% silt, and 78.2 wt.%
sand with a maximal water holding capacity of
31.1wt.% and an organic carbon content of
1.0 wt.%. The soil samples were spiked (100 pg g~
soil) with naphthalene, phenanthrene, anthracene,
fluoranthene, and pyrene, respectively. Prior to
spiking, a sub-sample was taken as a control. The
spiked sample was incubated in a soil batch reactor
for 200 days at 25°C. For control, a sterilised sub-
sample of the spiked soil was treated likewise in
order to evaluate the effect of active microorgan-
isms. Soil samples were periodically analysed for
their content of extractable PAH. Details of the in-
cubation procedure are described by Kaistner ez al.
(1995). In a second biodegradation experiment, a
tar oil contaminated soil sample from an industrial
area in Hamburg was incubated in a bioreactor for
730 days. A 200-kg sample of contaminated soil
material was carefully homogenised in a concrete
mixer and blended with shredded wheat straw cut-
tings as an additional carbon source to stimulate
microbial activity and to enhance biodegradation.
Furthermore, the bioreactor was inoculated with
the white rot fungus, Pleurotus ostreatus. At distinct
time intervals (0, 14, 30, 90, 180 and 730 days),
samples were taken and stored at —20°C until deter-
mination of PAH concentration.

Sample preparation

The analytical procedure is summarised in Fig. 1.
The samples were extensively extracted ultrasoni-
cally with organic solvents (toluene/methanol, 4:1,
v:v). The solvent to soil ratio was 5:1 based on

extraction
(organic solvent)
]

I ]
[EXTRACTJ | RESIDUEJ
(GC/MS) extraction
(0.1 N NaOH)
|
I 1
HUMIC RESIDUE
SUBSTANCES L‘—‘J
chemical
degradation
PRODUCTS
(GC / MS)

Fig. 1. Analytical flow diagram.

volume and the extraction procedure was repeated
four times. Soluble compounds were separated by
column chromatography (30 cm x 1 cm, silica gel;
Merck 60) to obtain hydrocarbons (n-hexane), aro-
matic components (n-hexane:toluene, 90:10, v:v)
and polar compounds (dichloromethane:methanol:
water, 65:25:5, viviv).

Organic solvent-extracted soils were dried,
extracted five times with 0.1 N NaOH solution at
20°C, and humic acids were precipitated at pH 1 by
adding 6 N HCI dropwise. Subsequently, the iso-
lated humic acids were subjected to chemical degra-
dation experiments.

Chemical degradation

A high temperature hydrolysis procedure was
modified after Siskin er al. (1991) to cleave diaryl
ether bonds. Briefly, a 50-200 mg sample was
mixed with Sml 1N HC! solution in a glass
ampoule and sealed in a nitrogen atmosphere. The
mixture was allowed to react at 315°C for 3 h. The
products were extracted with diethyl ether prior to
chromatographic separation and the organic solvent
phase was dried with anhydrous NaSO,4. Aromatic
alcohols were purified by thin layer chromatog-
raphy (Merck, silica gel 60) using dichloromethane
as developer. The aromatic alcohols were deriva-
tised to trimethylsilyl ethers using bis(trimethylsi-
lyDtrifluoroacetamide (BSTFA).

Oxidative coupling of aromatic alcohols by peroxi-
dase

Aromatic alcohols were dissolved in small
amounts of methanol (2 ml) and added to 1 litre of
0.02 M disodium hydrogen phosphate buffer, which
was adjusted to a pH of 8.2. The slightly alkaline
conditions were chosen to enhance the water solubi-
lity of polyaromatic alcohols and of humic acids.
Concentrations of aromatic alcohols were 35-
280 mg 1™ and the humic acid concentration was
100-800 mg I”'; 1050 U of horseradish peroxidase
(hydrogen  peroxide oxidoreductase; EC1.11.1.7
from SERVA, U = ABTS unit definition: one unit
oxidises 1 umol of 2,2'-azinobis(3-ethylbenzthiazo-
line-6-sulfonic acid) per min at 25°C and pH 5.0)
were activated with 16.4 mM H,0, added dropwise
over 5 min. All enzyme-catalysed coupling exper-
iments were carried out at room temperature
(20°C). Typically, the original light brown colour of
the reaction mixture changed immediately to dark
brown during the activation by H,0,, indicating a
relative, fast reaction.

GC and GC-MS analysis

Gas chromatographic analyses of the original soil
and chemical .degradation product extracts were
performed on a Carlo Erba gas chromatograph
equipped with a fused silica capillary column (DB-
5, 30m x0.25mm, J&W Scientific) and a flame
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ionization detector. The temperature program for
the analysis of hydrocarbons and aromatic com-
pounds was: 80°C, 3 min isothermal; 80-300°C,
3°Cmin~!, 20 min isothermal; injection mode: on
column; carrier gas: H,. GC-MS measurements
were performed with a Varian CH7A mass spec-
trometer (ionization mode: EI; 70eV ionisation
energy; 250°C source temperature; mass range: m/z
50-600; resolution 1000) coupled with a Carlo Erba
gas chromatograph (carrier gas: He) using similar
parameters as for the GC measurements. For the
quantification of compounds, phenanthrene-d,, was
used as internal standard. n-hexane with phenan-
threne-d;o (15 mgl™") was used to dissolve the re-
spective chromatographic fraction before the GC or
GC-MS measurements.

RESULTS AND DISCUSSION

Bioremediation case study

A tar oil contaminated field sample was blended
with shredded wheat straw cuttings, inoculated with
the white rot fungus Pleurotus ostreatus and incu-
bated in a bioreactor for 730 days. The GC trace of
the aromatic fraction from the initial material
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Fig. 2. Gas chromatograms of the aromatic hydrocarbon
fraction from the biodegradation experiment of a tar oil
polluted soil after 0, 180, and 730 days. For peak identifi-
cation, see Table 1. IS = internal standard—phenan-
threne-d,o. Compounds were identified by GC-MS and by
coinjection with authentic standards.
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shows the typical pattern of an aged tar oil charac-
terised by high concentrations of PAH and lower
concentrations of their alkylated homologues
(Fig. 2, 0 days). Compounds with relatively low
boiling points such as naphthalene and alkylated
benzenes are already biodegraded or volatilised.
During the bioremediation experiment, the concen-
tration of easily biodegradable compounds, i.e. ace-
naphthene, fluorene and phenanthrene, are
significantly reduced while more persistent PAH
like benzo[bj,k]fluoranthenes, benzofa,ejpyrenes and
more highly condensed aromatic compounds
became relatively enriched (Fig. 2, 180 days). The
quantitative evaluation of PAH-concentrations
allows one to classify five PAH-groups according to
their biodegradability at least for the experimental
set up applied here (Table 1).

1. The most easily degradable compounds such as
acenaphthene (1), fluorene (3) and alkylnaphtha-
lenes are characterised by a removal between 99
and 95%.

2. For phenanthrene (4), anthracene (5) and their
mono-methylated  homologues  degradation
between 86 and 84% is observed.

3. Compounds showing intermediate degradation
included fluoranthene (6.77%), pyrene (7.68%),
C,-phenanthrenes and C,-anthracenes (72%).
The lower degradability of the latter compounds
as compared to their nonsubstituted homologues
indicates that the methyl substitution is reducing
the degradability significantly.

4. Benzo[ag]anthracene (8) and chrysene (9) are
characterised by a degradability between 35%
and 11%, respectively.

5. Benzo[b,j,k]fluoranthenes (10), benzo[a,e]pyrenes
(11), perylene (12) and PAH with more con-
densed carbon skeletons (m/z 276 and 278) show
no significant removal by microbial processes.
Differences in the concentration of contaminants
between sub-samples are typical for tar oil con-
taminated soil sample material. Even if a tar oil
contaminated soil is mechanically homogenised
and divided into sub-samples, the concentration
of contaminants in the sub-samples differs some-
times. This effect may explain differing concen-
trations of PAH and implies an overall
enrichment especially of high molecular weight
components during this biodegradation exper-
iment.

Obviously, the resistance of the PAH to biode-
gradation increases with the molecular weight.
Apart from the chemical structure, water solubility
is thought to be one of the key factors which
strongly influences the bioavailability of these com-
pounds. Corresponding to their low water solubi-
lity, the higher molecular weight PAH tend to
agglomerate in tar particles modifying bioavailabil-
ity and biodegradability (Luthy er al, 1993;
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Weillenfels ef al., 1993). These particles are typically
enriched in layers or tar balls withstanding hom-
ogenisation and mixing treatment prior to incu-
bation in the bioreactor.

Easily biodegradable compounds show a fast and
efficient removal during the first 30 days to a
threshold concentration whereafter the degradation
decreases until a final concentration is reached.
Then, these PAH were not significantly degraded
further indicating a limited bioavailability probably
due to an association with tar material. This type of
degradation might be typical for compounds which
can be actively used by micro-organisms as a source
of energy or carbon. The more resistant PAH show
a more continuous removal during the entire time
of the experiment. The results suggest that these
compounds are used to a significantly lower extent
as a nutrient.

Biodegradation of an artificially contaminated Ah-
soil

A second biodegradation experiment with an arti-
ficially contaminated soil from a pristine Ah-hor-
izon was performed to avoid inferences due to
sample inhomogeneity. The soil was spiked with
100 ugg™' of phenanthrene, anthracene, fluor-
anthene and pyrene, respectively. The concen-
trations of the PAH declined during the first 200
days of incubation to a final concentration of 0.1-
0.5 ug g~' and then remained relatively constant. In
detail, 99.9% of phenanthrene and anthracene and
99.5-99.6% of fluoranthene and pyrene were
removed - from the extractable fraction after 200
days (Fig. 3).

In the extract of the sterilised control experiment
the recoveries of anthracene, fluoranthene and pyr-
ene ranged from 79% to 87% after 200 days and
remained constant for the next 600 days. Thus, we
conclude that PAH concentrations in the extract of
the vital soil were drastically reduced by microbial
activity. Compared to the biodegradation of the
field contaminated soil, the removal of the added

B2 Pyrene
&/ Fluoranthene
Anthracene

Fig. 3. Concentration of spiked PAH in the biodegrada-
tion experiment.
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(spiked) PAH was more efficient. This may be
explained by a difference in bioavailability of the
PAH in the spiking experiment because they are
dispersed in the soil and not incorporated into tar
balls. Furtherrnore, a minor bioavailability due to
adsorption of compounds within humic material or
micropores during aging (Hatzinger and Alexander,
1995; Efroymson and Alexander, 1995) may con-
tribute to their lower biodegradation in the con-
taminated field sample. Support for this suggestion
might be taken from similar spiking experiments
with '#C-labelled compounds wherein incomplete
mineralisation to CO, was observed. A major part
of the "*C-activity (up to approx. 50%) became as-
sociated with the solvent-insoluble organic matter
in the soil during bioremediation (Késtner er al.,
1995).

Chemical degradation

To elucidate the fate of the soil-bound residues,
the humic substances were isolated from the biode-
graded soils and subjected to high temperature hy-
drolysis (modified after Siskin et /., 1990). Figure 4
illustrates the degradation reaction which cleaves
ether-bound moieties from humic substances.

The efficiency of the high temperature hydrolysis
was tested with a suite of model compounds
(Table 2). Aromatic alcohols are the major cleavage
products of the investigated diarylethers. Typical
side reaction products in minor yields are corre-
sponding aromatic hydrocarbons. Dehydroxylation
reactions of polyaromatic phenols are of increasing
importance especially in the case of larger polyaro-
matic systems. For example, the reaction affords
naphthalene (0.4-0.8%) during the cleavage of
naphthyl ether and phenanthrene (15.2%) of phe-
nanthryl ether. Elimination reactions have to be
considered when interpreting phenanthrol, anthrace-
nol and pyrenol derivatives in chemical degradation
products of bound residues. Halogenation of pro-
ducts occurs when HCI is used to acidify the reac-
tion mixture, but is a side reaction of minor
importance. We used HCI for acidification because
we found higher yields and minor amounts of side
reaction products compared to phosphoric acid
which has been used by Siskin es a/. (1991) in simi-

HUMIC SUBSTANCE

V\J\PJV‘ VVL"U‘\I‘

o OH
H0/H"
D

Ar OH

Ar

Fig. 4. Chemical degradation of humic substance by high
temperature hydrolysis.
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Table 2. Model compounds and their products obtained after high
temperature hydrolysis

Substrate Products Mol %
Diphenyl ether
Diphenylether 5.8
Phenol 183.3
C,-Phenols 2.5
1-Phenylnaphthyl ether
1-Naphthol 91.9
2-Naphthol 30
C;-Naphthols 1.7
Naphthalene 0.8
C,-Naphthalenes 0.0
Chloronaphthalene 1.3
Phenol 99.9
C,;-Phenols 0.1
2-Phenylnaphthyl ether
2-Naphthol 843
1-Naphthol 0.7
C;-Naphthols 13.2
Naphthalene 0.4
C,-Naphthalenes 1.0
Chloronaphthalene 04
Phenol 85.9
C,-Phenols 14.1
9-Phenylphenanthryl ether
9-Phenanthrol 69.8
Phenanthrols (isom.) 11.0
9-Chloronaphthalene 27
Phenantherene 15.2
C,-Phenantherenes 1.2
Phenol 98.4
C;-Phenols 0.7

lar studies. Further model experiments showed that
ester bonds are hydrolysed to corresponding acids
and alcohols in good yields. The aryl substituted
carboxylic group remained reasonably stable in the
case of benzoic- and 4-hydroxybenzoic acid (data
not shown), and no significant products of second-
ary alteration were observed. Hydroxylation pro-

HIGH TEMPERATURE HYDROLYSIS
BOUND RESIDUES
1

INTENSITY

RT

ducts of aromatic hydrocarbons could not be
detected.

Chemical degradation of humic acids isolated from a
biodegradation experiment with an artificially con-
taminated soil

Typically, the degradation reaction of the humic
acid yields high concentrations of phencl and a
series of alkyl substituted homologues which may
characterise the lignin-derived contribution to the
humic material (Fig. 5). Alkyl substituted phenols
of natural origin are often found in products of
chemical degradation and pyrolysis experiments
(Mycke and Michaelis, 1986, Hatcher et al., 1988;
Hempfling and Schulten, 1990). Furthermore, sig-
nificant amounts of naphthols and alkylated homol-
ogues were observed (Fig. 5). These naphthol
derivatives in the humic substances structure may
originate from aromatic diterpenoids or other plant
tissue compounds with a C; two-ring carbon back-
bone. Incomplete biomass burning can also gener-
ate PAH carbon skeletons which may subsequently
be incorporated into humic substances during humi-
fication. The formation of naphthol derivatives
during secondary alteration of degradation products
from humic substances seems unlikely for several
reasons. The pyrolysis of polyunsaturated fatty
acids may lead to the formation of alkylated
naphthalenes as a result of aromatisation in the
course of hydrogen subtraction (Saiz-Jimenez,
1994), but the formation of naphthols and alkylated
homologues has not been observed. Furthermore,
the carboxylic group remains stable and is not
reduced under the conditions described herein as we
know from experiments with model compounds

Phenol
Methylphenols
Dimethyl- +
Ethylphenols
C,-Phenols
2-Naphthol
Methyinaphthols
C,-Naphthols
C,-Naphthols
Phenanthrols
Anthracenols
10 Pyrenols

CONOPO L WN -

Fig. 5. Gas chromatogram of the aromatic alcohol fraction obtained by high temperature hydrolysis of
the humic substance from an artificially contaminated Ah-soil.
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Table 3. Concentration of aromatic alcohols in the products of high temperature hydrolysis of humic substances isolated from the pristine
and spiked Ah-soil

Ah-soil Ah-soil sp #
(ngg HS™) (ngg HS™) (%)

Ph, Ant 0.16 2.78 1638
Pyrenols 0.06 0.38 533
Naphthols 15.09 41.88 178
C,-Naphthols 38.33 73.29 91
C,-Naphthols 29.80 66.24 122
C;-Naphthols [2.34 40.64 229

Ph, Ant = phenanthrol and anthracenol isomers, C;-naphthols, methylnaphthols; C;-naphthols, dimethylnaphthols; Cs-naphthols, tri-
methylnaphthols; #, increase of compounds bound to humic substance [(Ah soil spiked — Ah soil);Ah soil] x 100.

(results not shown). Quantitatively significant con-
densation or rearrangement reactions of model
compounds, leading to the formation of naphthol
and phenanthrol derivatives during high tempera-
ture hydrolysis, have not been found in our and
several other experiments described in Siskin et al.
(1990). Consequently, polyaromatic moieties are
ether-linked subunits within macromolecular humic
material.

Alkylation of aromatic products has been
observed when methoxy groups are present. For
example, high temperature hydrolysis of methoxy
phenols generated small amounts of methyl phenols
in experiments with model compounds. This process
has been attributed to intramolecular rearrange-
ments (Katritzky et al, 1991). Also, hydrolytic
breakdown of humic substances may lead to for-
mation of methylated secondary reaction products.
Therefore, the concentration of alkylated phenol
and naphthol derivatives in the degradation pro-
ducts might be slightly higher than in the parent
humic substance due to rearrangement and methyl-
ation reactions. Although there are some uncertain-
ties regarding the origin of the naphthalene carbon
skeletons, based on current knowledge, it can be
assumed that the concentration of naphthol deriva-

A

Intensity

MPH

tives in the cleavage products reflects their abun-
dance in the parent macromolecule. The natural
background concentration of alkylnaphthols in the
humic substance of the pristine Ah-soil rangss
between 12.3 and 38.3 ugg~' HS (Table 3). In the
humic substance of the spiked Ah-soil, after biode-
gradation, the concentration of these compounds is
2-3 times higher. Therefore, the major part of these
compounds is clearly derived from the added com-
pounds. Functionalised naphthol derivatives are
well known microbial metabolites of various PAH
(Gibson and Subramanian, 1984). They may
become incorporated into the humic substance
during the microbial degradation and humification
processes.

Beside these compounds, phenanthrols and pyre-
nols were identified in the chemical degradation
products of the humic substance of spiked Ah-soil
after biodegradation (Fig. 6). Their concentration
exceeds, by several times, the natural background
found in the humic substance of the non-spiked soil
(Table 3). These compounds were found neither in
the solvent extracts of the spiked soil during the
biodegradation experiment nor in the solvent
extracts of the reference soil. Obviously the
phenanthrols and pyrenols did not accumulate

miz 266
m/z 280
miz 294

—— RT

m/z 290

Fig. 6. Partial ion chromatogram of the aromatic alcohol fraction (TMS-ether derivatives) obtained by

high temperature hydrolysis of the humic substance from the contaminated soil (m/z 266 = phenanthre-

nol and anthracenol; m/z 280 = C;-anthracenols and C,-phenanthrenols; m/z 294 = C,-anthracenols
and C,-phenanthrenols; m/z 290 = pyrenol).
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Table 4. Concentrations of PAH in the spiked Ah-soil at 0 days and after 200 days. Amounts of identified ether- and ester-linked metab-
olites in humic acids

Day 0 Day 200 Degraded* Ether-linked # 3
alcohols
(18 g™ soil) (g g™ soil) (ug g soil) (ug g™ soil) (%) (%)
Phenanthrene 100 0.15 99.9 0.262 0.13 0.26%
Anthracene 100 0.02 99.9
Pyrene 100 0.53 99.5 0.032 0.03 0.61%
Naphthalene 100 <0.01 >99.9 2.68 2.68 ND

*Concentrations of degraded PAH. #, ether-linked alcohol/amount of degraded PAH x 100. $, amounts of ester-linked metabolites were

recalculated from Richnow et al. (1994).
+1 + 2-hydroxynaphthoic acids.
$Phenanthrene-4-carboxylic acid.

during biodegradation in the extractable phase but
became incorporated into the humic substance of
the soil.

Quantification of ether- and ester-linked PAH
metabolites in the humic acid fraction is presented
in Table 4. A small part of the total degraded
parent pyrene was found as pyrenols (0.03%).
Phenanthrols and anthracenols, identified in the
reaction products, account for 0.13% of the phe-
nanthrene and anthracene previously added: 2.68%
of the initial naphthalene was recovered as
naphthol. The concentrations of phenanthrenol,
anthracenol and pyrenol derivatives in the reaction
products may underestimate the presence of such
ether-linked moieties in bound residues because,
with increasing size of the aromatic system the hy-
droxyl group tends to be eliminated by a secondary
reaction mechanism leading to the formation of
aromatic compounds. This has been found in degra-
dation reactions with model compounds. In pre-
vious studies, we found ester-bound pyrene,
anthracene and phenanthrene metabolites in humic
substances in concentrations which are in the same
order of magnitude (0.26-0.61%) (Richnow ez al.,
1994).

Assuming the total amount of soil-bound residues
to be about 50% of the applied PAH, as indicated
by '*C experiments, ether-linked components in
humic acids identified here account for 0.05-0.25%
of the total bound residues derived from phenan-
threne, anthracene and pyrene while the ester-

bound moieties account for an additional 0.5-
1.25%.

Although ester- and ether-linked metabolites in
bound residues identified here are in low concen-
trations, they already indicate the large structural
variety of chemically-bound PAH-metabolites
(Table 4). These metabolites reflect the metabolic
degradation pathways which are known from pure
culture experiments. Furthermore, the formation of
ether and ester bonds associated with the biodegra-
dation of xenobiotics might serve as a model for
the early diagenetic formation of geomacromole-
cules (e.g. humic substances and protokerogens) by
biochemically-catalysed processes.

Chemical degradation of humic acids isolared from a
contaminated biodegraded soil

Similar to the spiking experiments, the fraction of
aromatic alcohols obtained by high temperature hy-
drolysis of humic substances from contaminated
sites contained a large number of phenolic com-
pounds of natural origin. Additionally, phenan-
throls, anthracenols including their alkylated
homologues and pyrenols were found in significant
concentrations (Table 5). The complex distribution
of alkylated phenanthrenol and anthracenol isomers
may reflect the complex mixture of alkylated
anthracenes and phenanthrenes in the original con-
taminating tar oil (Fig. 6). Again, during bioreme-
diation these compounds were bound into the
humic substance matrix by ether linkages.

Table 5. Concentrations of aromatic alcohols in the high temperature hydrolysis products of humic substances from a tar oil contami-

nated soil
0 days 180 days #
(ug £~ HS) {(ng g™ soil) {ug g™ HS) (g g™ soil) (%)

Naphthols 26.81 1.17 57.45 2.54 117
C-Naphth 49,88 2.17 128.74 5.69 158
C,-Naphth 17.14 0.75 92.34 4.08 439
C;-Naphth 4,06 0.18 11.95 0.53 194
Ph/An 2.86 0.12 6.24 0.28 118
C,-Ph/An 418 0.18 8.48 0.37 103
C,-Ph/An 383 0.17 4.10 0.18 6
Cy-Ph/An 0.83 0.04 1.04 0.05 25

C-, C;- and C;-Naphth is methyl-, dimethyl- and trimethyl-naphthols; Ph/An is phenanthrol and anthracenol isomers; C;-, Cz- and C;-
Ph/An is methyl-, dimethyl- and trimethyl phenanthrol and anthracenol isomers; #, increase of compounds bound to humic substance

{(s0il150 days—$0ilo days)/s0ilo days] X 100.
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Table 6. Concentration of PAH in the tar oil contaminated soil at 0 and 180 days

Da¥ 0 Day 180 Degraded PAH Ether linked alcohols #

(ug g™ soil) (ngg™" soil) (ug g~' soil) (ug g™ soil) (%)
Phen + Anthr 147.05 28.98 118.07 0.16 0.14
Cl-(Phen + Anthr) 69.49 20.28 49.21 0.19 0.39
C2-(Phen + Anthr) 34,86 21.12 13.47 0.01 0.07
C1-Naphthalene 11.48 0.03 11.45 3.52 30.74
C2-Naphthalene 58.06 1.43 56.63 333 5.88
C3-Naphthalene 32.73 4.54 28.19 0.35 1.24

# is (ether-linked alcohol/amount of degraded PAH x 100).

The total amount of ether-linked PAH-derived
bound residues is in the same order of magnitude
as observed in the degradation experiment with the
artificially contaminated soil, except for the C;-
naphthols which may account for 30.7% of the
degraded methyl naphthalenes (Table 6). The
reason for the enhanced occurrence of C,-naphthols
in the degradation products is unknown and is
probably not a result of biodegradation-related pro-
cesses alone.

The initial microbiological oxidation of PAH
resulted in dihydrodiols which may be transformed
to catechols and phenols. However, phenanthrols,
anthracenols and pyrenols have been characterised
as typical microbial intermediates which occur
during the biodegradation of phenanthrene
(Sutherland et al., 1990; Hammel et al., 1992) and
anthracene and pyrene (Heitkamp es al, 1988).
Hydroxylated PAH are typical metabolic products
of corresponding PAH found in higher organisms
(Yu et al., 1995). They are formed via enzymatic
oxidation of arenes by a cytochrome P450 a yield-
ing monooxygenase enzyme system (Dagley et al.,
1972; Yang, 1988; Eisenbrand and Metzler, 1994).
Microbial degradation of PAH resulits in hydroxyl-
ated aromatic compounds which are chemically
more reactive than their precursors: that is mi-
crobial degradation activates the relatively inert
PAH by forming functionalized metabolites, such
as aromatic alcohols. These compounds may react
in natural condensation processes with humic sub-
stances to form relatively stable ether bonds.

Enzymatic formation of ethers and carbon—carbon
bonds

The synthesis of arylethers and the formation of
carbon—carbon bonds involving alkylation reactions
requires anhydrous conditions and higher tempera-
tures. Both are rarely found in soils or sediments.
Thus, the formation and abundance of diarylether-
and phenyl carbon—carbon-bonds in soil humic ma-
terial, under natural conditions, cannot be
explained by a “‘classical” synthetic pathway.

More likely, Fenton-type reactions or enzyme-
mediated oxidative polymerisation of phenolic com-
pounds may bind metabolites of PAH to humic
substances via ether- or carbon-carbon-bonds. The
enzyme-catalysed polymerisation of phenol deriva-
tives, including typical pollutants such as haloge-
0OG 26;11-12—E

nated phenols and anilines, has been proposed as a
major pathway to incorporate xenobiotica intc
humic material (Bollag, 1983; Hatcher et al., 1993).
Berry and Boyd (1984) report structure—activity re-
lationships during oxidative coupling of phenols
and anilines by peroxidase. They found that elec-
tron donating substituents enhance while electron
withdrawing groups hinder the cross-coupling reac-
tions. Chlorinated phenols can be cross-linked to
aquatic humic substances in the presence of various
oxidoreductases (Sarkar and Bollag, 1987; Sarkar e?
al., 1988). The enzyme-mediated cross-coupling of
xenobiotic substances with humic material may lead
to the formation of ether- and C—-C-bonds.

To study the structural aspects of polymerization
we have analysed the fraction of dimers resulting
from a polymerization experiment that treated phe-
nol and 1-naphthol with horseradish peroxidase. A
series of hydroxy diaryl ethers and dihydroxy phe-
nyl derivatives were observed (Fig. 7). Major reac-
tion products were dihydroxybiphenyls, and minor
products  were  hydroxydiaryl ethers.  2,2-
Dihydroxybiphenyl was found to be the major iso-
mer in the dihydroxybiphenyl fraction indicating
the ortho-position to be the most reactive site. The
precise structures of the hydroxynaphthylphenyl
ethers and dihydroxyphenyl naphthalenes have not
been elucidated yet, but, analogous to the phenol
dimers, the two major isomers in this fraction are
supposed to be cross-coupled at the ortho-position
to the hydroxy group of 1-naphthol and phenol, re-
spectively.

Enzymatic binding of aromatic alcohols to humic sub-
stances

The enzymatic binding of aromatic alcohols (typi-
cal metabolites of PAH) to dissolved soil humic
substances was tested in a second experiment
(Fig. 8).

Soil humic substances were dissolved in a buffer
and spiked with selected aromatic alcohols and
naphthalene. Horseradish peroxidase was repeatedly
added to the mixture and activated with H;0,.
After each step an aliquot of the solution was
extracted and analysed. The decrease in the concen-
tration of the added alcohols indicated an efficient
binding of these compounds to humic substances.
Only naphthalene concentrations remained stable il-
lustrating no significant enzyme-catalysed reactions
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Fig. 7. Partial ion chromatograms of dimeric products (determined as methoxy derivatives) obtained
from the enzymatic cross-coupling of i-naphthol and phenol.

for this compound. The experiments demonstrate
that aromatic alcohols undergo peroxidase-mediated
cross-coupling reactions and indicate that humic
acids serve as a suitable substrate to bind aromatic
alcohols.

Furthermore, we compared the enzyme-catalysed
cross-linking reactions between naphthol itself and
naphthol competing with excess humic substances
as a binding substrate (Fig. 9). The ratio of humic
substances to naphthol was 5:1 based on the dry

weight. The decrease in the concentration of extrac-
table naphthol indicates that cross-linking was more
effective when the humic substance was present as a
binding substrate. Without the added enzyme, no
cross-coupling occurred. After 2 days, the reaction
products were extracted and the concentrations of
GC amenable compounds were determined
(Table 7). The concentrations of naphthol and
naphthol dimers in the experiment with humic acids
were much lower compared to the experiment with-

Naphthalene
9-Phenanthrol

1-Pyrenol

Fig. 7. Enzymatic cross-coupling of aromatic alcohols with soil humic acid. 0, initial analysis before
enzyme addition; 1-5, analysis after the repeated addition of activated enzyme.
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Fig. 9. Concentration of extractable naphthol during the

enzymatic cross-coupling with soil humic acid (NAPH-

NAPH, cross-coupling without humic substance; HS-

NAPH, cross-coupling in the presence of humic substance,
see Table 7).

out humic acid. Furthermore trimeric substances
were not present in the cross-coupling experiment
with humic substance. This strongly indicates that
cross-linking between naphthols forming dimers,
oligomers and polymers is not significant when
humic substances are present. Humic substance
clearly serves as the preferred substrate in the com-
petition for binding sites during enzymatic cross-
coupling reactions.

Furthermore, we tested the ability of various
structural types of environmentally relevant chemi-
cals to bind to humic substances via enzymatic
cross-coupling in an aquatic horseradish/H,O, sys-
tem. Aliphatic and aromatic hydrocarbons, includ-
ing halogenated species, remained unaffected by the
enzymatic treatment. Previously observed disap-
pearances of halogenated aromatic compounds in
similar experiments with polluted waste waters
(Klibanov er al., 1983) were probably caused by
sorption of these hydrophobic chemicals on humic
material and subsequent co-precipitation during the
enzymatic treatment.

Fatty acids and aliphatic alcohols also remained
stable in the solution during the enzymatic treat-
ment and no significant reactivity was observed for
various aromatic acids or ketones. However, all
species of aromatic alcohols examined were reactive

Table 7. Concentration of extractable compounds 2 days after the

experiments
NAPH-NAPH HS-NAPH
(ugt™) (ng1™)
Naphthol 1563 176
Dimers (m/z 403 17
300 + 314)
Trimers (m/z 1060 >0.5
456 + 470}
NAPH-NAPH = cross-coupling  without  humic  substance;
HS-NAPH = cross-coupling in the presence of humic sub-
stance.
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except 1-hydroxy-2-naphthoic acid (Table 8). Most
probably, this is due to the deactivation of the hy-
droxyl group by the electron withdrawing ortho
carboxylic acid (Berry and Boyd, 1984). Electron
withdrawing substituents in the para position did
not show this effect.

Oxidoreductase enzymes such as peroxidase, lac-
case and tyrosinase are known to oxidise phenolic
compounds to aryloxy radicals, which then polym-
erise to form insoluble humic acid-like complexes
(Martin and Haider, 1980; Sarkar and Bollag, 1987;
Bollag et al., 1988; Filip and Preusse, 1985). Ths
kinetics of enzymatic oxidation of phenols and
chlorinated derivatives have been studied in various
types of soil (Claus and Filip, 1990a). Typical soil
constituents can have stimulating or inhibiting
effects on the activity of phenoloxidases. Negative
effects on the enzyme activity have been observed in
the case of substances with high cation exchange ca-
pacity such as clays and humic acid complexes
(Claus and Filip, 1990b). However, some results
suggest that the association with humic substances
might protect enzymes from biodegradation and
denaturation processes. For example, the enzyme
activity in humic enzyme complexes is stabilized
towards biological, chemical and thermal effects
(Nissenbaum and Serban, 1987; Burns, 1989).
Summarising current knowledge it seems that in
soil and sediment systems, oxidoreductase-like
enzymes are suitable microbial-derived catalysts for
the formation of ether- and carbon—carbon linkages
and thus contribute to the formation of soil-bound
residues.

Virtually all higher organisms possess detoxifica-
tion enzymes which convert lipophilic xenobiotics
to water soluble and excretable metabolites as a
major excretion and detoxification strategy

Table 8. Horseradish peroxidase catalysed oxidative cross-coupling
of model compounds with phenol or humic acids

Model compounds Reaction
Acids

Hexadecanoic acid no
1-Hydroxy-2-naphthoic acids no
1-Hydroxybenzoic acid no
4-Hydroxybenzoic acid yes
1-Fluorenoic acid no
2,4-Dichlorobenzoic acid no
Alcohols

1-Hexadecanol no
1- and 2-Naphthol yes
2.3-Dihvdroxynaphthol ves
9-Phenanthrol yes
1-Pyrenol yes
Phenol yes
Halogenated phenols* yes
Ketones

9,10-Phenanthrenechinone no
Aromatic hydrocarbons

Naphthalene no

*Data from Sarkar er al. (1988).
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Fig. 10. Scheme of metabolisation of PAH including their alkylated homologues and the interaction
with humic substances resulting in the formation of ether- and ester-bonds. Ester-linked bound residues
are discussed in detail in Richnow er al. (1994).

(Livingston, 1993). Aromatic hydrocarbons are
converted to intermediate arene oxides which then
either isomerise to a phenol or undergo enzymatic
hydration to a dihydrol (Dagley et al, 1972).
These products are converted to highly water sol-
uble substances by conjugation reactions with
water soluble moieties (e.g. sulphates, glutathione,
or sugar and amino acid derivatives; for a review
see Mulder, 1990) which may then be excreted by
organelles. Alternatively, metabolites may bind to
macromolecular tissue components (Dagley et al.,
1972; Yang, 1988). Thus, the major detoxification
strategy of higher organisms is to conjugate arene
oxides to certain substrates which can be handled,
or to immobilise these chemicals to decrease their
biological activity. Similarly, microorganisms may
use biofilms or humic substances as a substrate to
immobilise toxic chemicals. For example, lignin-
degrading microorganisms secrete phenol polymer-
ising enzymes to bind degraded lignin-derived
phenols and detoxify their environment (Grabbe
et al., 1968). The formation of covalent-bound
residues of xenobiotica may be the result of a
comparable polymerisation and detoxification pro-
cess. The presence of ether-linked xenobiotic moi-
eties in humic substances may indicate that
oxidoreductases are involved in such polymeris-
ation processes. In this context, the natural strat-
egy of soil-borne microorganisms to detoxify their
habitats by binding toxic substances to humic
substances also affects anthropogenic chemicals
and may lead to the formation of soil-bound resi-
dues. Ether- and carbon-carbon linkages are rela-
tively stable chemical bonds. Therefore, these
types of humic substance-bound residues appear

to be a sink for anthropogenic chemicals with a
relatively low remobilisation potential.

CONCLUSIONS

Selective chemical degradation of oxygen bonds
releases compounds of natural origin and metab-
olites of organic pollutants from macromolecular
soil organic matter and makes them arnenable to
GC/GC-MS analysis.

Ether-bound PAH moieties were identified in the
reaction products. Their presence implies a reaction
of functionalized PAH-metabolites with humic sub-
stances to form covalent ether bonds.

Enzyme-catalysed oxidative cross-coupling is a
possible process leading to the formation of ethers
under typical environmental conditions.

The present knowledge of bound residue for-
mation, exemplified by phenanthrene and alkylated
homologues, is summarised in a model (Fig. 10).
The metabolisation of PAH leads to the formation
of functionalised metabolites which can be incor-
porated within humic material by the formation of
ether-, ester- and carbon—carbon-bonds. The for-
mation of ether bonds is probably an enzyme-cata-
lysed process.
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