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E
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P
RThe effect of hydrolytic exoenzymes on the release of hydrophobic organic contaminants (HOC) from two

different surface soils was studied in laboratory batch experiments. Incubation of the soils with cellulase
with an activity fivefold above the inherent soil activity enhanced the release of hydrophobic contami-
nants (polycyclic aromatic hydrocarbons (PAH), polychlorinated biphenyls (PCB) and hydroxylated
PCB) by 40–200%. Xylanase and invertase did not show measurable effects at comparable relative activity
levels. This suggests that cellulose substructures are important for the retention of HOC in soil organic
matter (SOM). Hydrolytic exoenzymes, and the microorganisms that release them, contribute to the
mobilization of HOC from soil, by shifting the sorption equilibrium in the course of SOM transformation
into dissolved organic matter or by facilitating HOC diffusion as a consequence of reduced rigidity of
SOM. We conclude that not only biodegradation but also sorption and desorption of HOC in soil can be
influenced by (micro-) biology and the factors that determine its activity.

� 2009 Published by Elsevier Ltd.
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C1. Introduction

Soil organic matter (SOM) has been shown to be the major sink
for hydrophobic organic contaminants (HOC) in soils and sedi-
ments (Karickhoff et al., 1979; Means et al., 1980). Therefore, the
organic carbon content of the respective soil and the Koc-value of
an organic contaminant are prime parameters to assess the extent
of HOC sorption to a soil. However, SOM is a complex, heteroge-
neous mixture of molecules including biopolymers that underwent
gradual decomposition through various degrees of diagenesis to
form fulvic and humic acids and humin. These biopolymers include
carbohydrates (e.g. cellulose, hemicellulose, extracellular poly-
meric substances – EPS), lipids, proteins, lignins and tannins.
Although the composition of SOM can be very diverse, the macro-
molecular character and structure of the original biopolymers is
preserved to some extent (Hayes et al., 1989).

Not all constituents of SOM contribute equally to the sorption of
HOC. SOM quality influences both the thermodynamics of sorption,
as visible from the respective Koc-value, and the kinetic of sorption,
i.e. the rate at which equilibration between the water and the or-
ganic phase is attained. More aromatic and less polar SOM constit-
uents exhibit higher sorption capacity (Wang et al., 2007), while
viscous ‘rubbery’ states of SOM show relatively faster rates of sorp-
tion than more rigid ‘glassy’ states (Leboeuf and Weber, 2000).
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The amount and the quality of the particulate organic matter of a
soil may be subject to change as SOM is continuously formed and de-
graded. SOM degradation leads to formation of carbon dioxide and of
dissolved organic matter (DOM) (Reemtsma et al., 2003). In a con-
ceptual model mineralization of SOM is preceded by hydrolytic
cleavage of its polymers by exoenzymes of bacteria and fungi or
by soil animals after ingestion. This decreases the molecular weight
of the SOM molecules, increases their solubility, and makes them
amenable to intra-cellular degradation (Schimmel and Weintraub,
2003). Indeed, a correlation between the degradation rate of SOM
and the activity of extracellular enzymes in soil has been shown
(Moorhead and Sinsabaugh, 2000).

Microbial activity in soils and, as a consequence, the mineral-
ization of SOM and formation of DOM is influenced by external
factors such as soil temperature, soil moisture content, and soil
pH (Reemtsma et al., 2003). Correspondingly, it is being discussed
whether increased DOM concentrations in rivers and streams are
attributed to climate change or to changes in atmospheric depo-
sition of inorganic ions (Evans et al., 2006; Hruska et al., 2009).

Because HOC sorption to a soil is closely associated with its
SOM, the sorption capacity may be strongly affected by changes
in SOM. Any factor that alters the amount and quality of SOM could
also influence a soil’s function as a sink for HOC. In soil column
experiments enhanced mineralization of SOM (as detected by
CO2 formation and DOM percolation out of the columns) has been
shown to be accompanied by increased export of organic contam-
inants determined as adsorbable organic compounds (AOX, TOX)
(Reemtsma et al., 2003). The study system, however, had been
rophobic contaminants from soils by enzymatic depolymerization of soil
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too complex to prove a causal interrelationship between SOM min-
eralization and HOC release.

To further elucidate the potential link between (micro-) biolog-
ical activity in soil and the release of organic contaminants, a less
complex system than the one used by Reemtsma et al. (2003)
was chosen for this study. Hydrolytic enzymes were added to soil
samples, and the amount of PAH and PCB released during incuba-
tion with these enzymes was determined. By this approach the ef-
fects of three hydrolytic enzymes on the release of aged HOC in soil
could be determined.

This study focuses on enzymes hydrolysing polysaccharides, as
these are important constituents of SOM. It was assumed that par-
tial lysis of glycosidic linkages in SOM by suitable hydrolytic en-
zymes transforms SOM into DOM, thus decreasing the amount of
SOM. This would shift the partitioning equilibrium of HOC sorbed
to SOM towards the dissolved phase (thermodynamic effect). More-
over, partial lysis of SOM could loosen its three-dimensional struc-
ture and reduce the rigidity of the organic phase, thus facilitating
diffusive transport of HOC to the soil boundary layer and accelerat-
ing its transfer into the aqueous phase (kinetic effect). A decreasing
viscosity upon treatment by hydrolytic enzymes has been observed
for fulvic acids (Majumdar and Rao, 1978). Both the thermodynamic
and the kinetic effect would support the transfer of sorbed HOC into
the dissolved phase and would render them more mobile.

Previous studies investigating the influence of microorganisms
on the fate of HOC in soil have often focussed on HOC transforma-
tion and degradation. This study highlights that (micro-) biology
may influence partitioning of HOC in soil systems, and that factors
that stimulate the activity of soil biology may also stimulate HOC
release from soil.
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2. Materials and methods

2.1. Soil samples

Soil samples of two different sites were taken (a) from a public
park (Tiergarten) in the centre of Berlin, Germany and (b) a waste-
water infiltration site at the northern border of the city of Berlin
(Buch) which had been in operation for more than 100 years until
1985. During that time untreated municipal wastewater with large
amounts of particulate matter had been infiltrated on this site
resulting in accumulation of HOC in the soil surface layer (Reem-
tsma et al., 1997). Therefore, this soil contained appreciable con-
centrations of PCB (200–1500 lg kg�1 for tri to tetrachlorinated
biphenyls) and even higher concentrations of PAH (1.1–
2.2 mg kg�1 for 4- and 5-ring PAH).

Both sampling sites consist of sandy soils with the following
characteristics: Buch: 95% sand, 4.7% silt, 0.3% clay, 15% water con-
tent (field moist sample oven-dried at 105 �C for 24 h), pH (aque-
ous extract) of 5.3 and an organic matter content (as determined
by loss of ignition) of 5.3%; Tiergarten: 85% sand, 10.5% silt, 4.5%
clay, 16% water content, pH of 5.7 and a organic matter content
of 7.5%.

Two sets of samples were taken: in April 2004 from the waste-
water infiltration site only (comparison of different enzymes), and
in April 2005 from the wastewater infiltration site and the public
park (comparison of cellulase addition in two different soils). Soil
samples were taken from the humous upper layer (10–20 cm),
sieved (4 mm) to remove roots and stones, and stored refrigerated
in darkness until incubation experiments were conducted.
205

206

207

208
2.2. Chemicals and reagents

Enzymes (xylanase P 2500 U g�1, invertase P 175 U mg�1 and
cellulase P 1000 U g�1) as well as substrates (xylan from oat
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spelts, carboxymethylcellulose sodium salt, sucrose and glucose)
were all purchased from Sigma. Substrate solutions were prepared
as follows: xylan solution: 1.2 g of xylan was added to 100 mL of
water and stirred for 2 h at 45 �C; sucrose solution: 1.2 g of sucrose
was added to 100 mL of water; cellulose solution: 0.7 g of CM-cel-
lulose sodium salt was added to 100 mL of water and stirred for 2 h
at 45 �C.

PAH and PCB standards were purchased from Dr. Ehrenstorfer
(Augsburg, Germany), hydroxylated PCB standards were available
from Campro Scientific (Berlin, Germany). Only high purity sol-
vents (of HPLC or residue analysis grade) were used.

A solution of deuterated PAH and 13C-labeled PCB standards
was prepared in propanol at a concentration of 5 mg L�1 for each
compound and included the following substances: phenanthrene-
d10, fluoranthene-d10, benzo[a]anthracene-d12, benzo[a]fluo-
ranthene-d12, 3,4,40-trichlorobiphenyl-13C, 2,30,40,5-tetrachlorobi-
phenyl-13C and 2,30,4,40,5-pentachlorobiphenyl-13C (all from LGC
Promochem, Wesel, Germany).

2.3. Determination of enzyme activity in soils

The inherent enzyme activity of the soils was determined as
adapted from Schinner and von Mersi (1990) by adding 15 mL of
the respective substrate solution (xylan solution for xylanase activ-
ity, sucrose solution for invertase activity and CM-cellulose solu-
tion for cellulase activity) to 5 g of soil and 15 mL deionised
water. After incubation (24 h at 50 �C on a water bath rotary shaker
at 120 rpm), all mixtures were deactivated (5 min in boiling water
bath), and supernatants were filtered using a paper filter (Sarto-
rius, Goettingen, Germany). The filtrates were diluted (for invert-
ase determination: 1:10, for xylanase determination: 1:2, for
cellulase determination: undiluted) before using 500 lL of the
resulting solution for glucose determination. This colorimetric
measurement was done applying the Somogyi-Nelson method
according to Wood and Bhat (1988). The results were corrected
for soil water content to relate the enzymatic activity to the soils
dry weight.

2.4. Batch experiments

Two series of batch experiments were performed. In a first
batch, one soil (wastewater infiltration site) was incubated in par-
allel with one of the three different polysaccharide-degrading en-
zymes cellulase, invertase and xylanase. In a second batch, the
effect of cellulase, which proved to be the most effective enzyme
in terms of PAH and PCB release in the first batch, was compared
in two different soils (wastewater infiltration site and public park).
In both series the amount of the respective enzyme added to the
soil solutions was adjusted to 500-fold of the inherent enzyme
activity based on the measurements described in 2.3 (added
amounts to 50 g soil: xylanase: 8.6 mg, invertase: 2.3 mg and cel-
lulase: 282 mg to soil of wastewater infiltration site and 606 mg
to park soil). A schematic view of enzymatic incubation and sample
analysis is shown in Fig. 1a. In principle, 130 mL of deionised water
was added to 50 g of soil in a glass bottle together with one of the
following variants: 2 mL enzyme solution, 2 mL deactivated
(30 min at 130 �C autoclaved) enzyme solution, or 2 mL deionised
water. All bottles of each series were incubated in parallel at 50 �C
on a water bath rotary shaker (120 rpm) in the dark for 24 h. The
concentrations of PAH and PCB that were released during incuba-
tion of the soil samples were determined in the supernatants at
the end of the incubation experiment after 24 h.

2.4.1. Enzyme activity during incubation
To determine the enzyme activity in the supernatant during the

incubation, an aliquot of the supernatant (200 lL for xylanase,
drophobic contaminants from soils by enzymatic depolymerization of soil
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Fig. 1. (A) Experimental workflow of the soil incubation experiments with
hydrolytic enzymes; (B) time course of the activity of xylanase, invertase and
cellulase in the supernatant of the respective incubation experiment
(1 U = 1 lmolglucose h�1).
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100 lL for invertase and 500 lL for cellulase activity) was taken at
different times (t = 0 h, 3 h, 24 h) and filled up with water to a vol-
ume of 5 mL. Then, the diluted sample was spiked with 5 mL of the
respective substrate solution and incubated at 50 �C for 30 min.
The glucose concentration (resulting from enzymatic reactions)
Please cite this article in press as: Wicke, D., Reemtsma, T. Mobilization of hyd
organic matter. Chemosphere (2009), doi:10.1016/j.chemosphere.2009.12.009
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was measured using the Somogyi-Nelson method (see above). To
assess the stability of the enzymes in a pure aqueous solution, a
control experiment without soil (deionised water + enzymes) was
incubated in parallel.

2.4.2. Additional measurements
Dissolved organic carbon (DOC) concentration was determined

at the beginning and at the end of the incubation experiment after
filtration of the supernatant over 0.45 lm filters using a TOC ana-
lyzer (high TOC, Elementar, Hanau, Germany) with catalytic high
temperature combustion.

2.5. Determination of PAH, PCB and OH-PCB

2.5.1. Supernatant
After incubation, solutions were decanted into glass centrifuge

tubes and centrifuged for 15 min at 1600g. The complete superna-
tants were transferred into a methanol-washed glass bottle, acidi-
fied to pH 3, and spiked with four deuterated PAH and three 13C-
labelled PCB (10 lL of the labelled standard solution – see Section
2.2) as internal standards to correct for losses during the extraction
and clean-up procedure. Solid phase extraction (SPE) of the super-
natant was performed by the AutoTrace workstation (Zymark,
Hopkinton, USA) using 200 mg Oasis HLB extraction cartridges
(Waters, Eschborn, Germany) and an acetone-toluene mixture
(9:1; v:v) as eluent. The automated procedure included condition-
ing of the cartridges (with 5.5 mL eluent, 5.5 mL methanol and
5.5 mL ultrapure water), sample passage at a flow rate of
4 mL min�1, drying of the cartridges (30 min with N2), and 5 elu-
tion steps (total eluate volume: 8 mL). After SPE, one drop of octa-
nol was added to each eluate, eluates were concentrated to a
volume of approximately 0.5 mL using a SpeedVac concentrator
(Savant, Thermo) and transferred to a GC–MS vial. For derivatisa-
tion (for detection of hydroxylated PCB metabolites) solvents were
evaporated under a gentle stream of nitrogen (except the octanol
drop), and 200 lL of diazomethane solution was added to each vial.
After a reaction time of 60 min the vials were opened, excessive
diazomethane was evaporated, and 190 lL of a hexane/toluene-
mixture (6:4; v:v) was added together with 10 lL of triphenyl-
methane (10 mg L�1) as injection spike prior to GC–MS analysis.

2.5.2. Soil samples before incubation
Concentration of PAH and PCB in soil were determined after

Soxhlet extraction with ethyl acetate and silica gel cleanup. Blanks
(samples without soil) proved that no contamination of the target
analytes were introduced during the extraction processes.

2.5.3. GC–MS analysis
Separation of PAH and PCB was performed using a Fisons

GC8000 gas chromatograph with splitless injection (injection vol-
ume: 1 lL). A fused silica capillary column (Zebron ZB5-MS,
30 m � 0.25 mm � 0.25 lm film thickness, Phenomenex Inc.,
USA) was used with helium as carrier gas. Compounds were iden-
tified and quantified using a Fisons MD800 quadrupole mass spec-
trometer in the selected ion recording (SIR) mode with en electron
impact ionization of 70 eV. Temperature for the injector and inter-
face was set to 250 �C. The oven temperature program started at
90 �C, held for 2 min, increased to 180 �C at 10 �C min�1, increased
to 280 �C at 8 �C min�1, and held for 15 min (total run length
39 min). An overview of the analytes is given in Table 1.

2.5.4. Identification and quantification
Identification of PAH compounds was based on the comparison

of retention time data between samples and the standard solu-
tions, whereas individual PCB peaks were identified by comparison
of the corresponding mass spectrum with those in the National
rophobic contaminants from soils by enzymatic depolymerization of soil
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Table 1
Analytical parameters and physico-chemical properties of the analytes.

na Analyte name m/z RTb (min) ISTDc log Kow
d Solubilitye (lg L�1)

PCB
7 Trichlorobiphenyls (tri-CB) 256 13.9–16.0 3,4,40-Tri-CB-13C 5.7 130–410
10 Tetrachlorobiphenyls (tetra-CB) 292 16.4–18.0 2,30 ,40 ,5-Tetra-CB-13C 5.9 5–92
12 Pentachlorobiphenyls (penta-CB) 326 18.0–20.7 2,30 ,4,40 ,5-Penta-CB-13C 6.4 1–21

Hydroxy-PCB (OH-PCB)
8 Trichlorohydroxiybiphenyls (OH-tri-CB) 286 17.7–19.1 3,4,40-Tri-CB-13C 5.1 n.a.
8 Tetrachlorohydroxybiphenyls (OH-tetra-CB) 322 19.8–21.2 2,30 ,40 ,5-tetra-CB-13C 5.5 n.a.

3-ring PAH
3 Fluorene 165 12.8 Phenanthrene-d10 4.2 1850

Phenanthrene 178 15.4 Phenanthrene-d10 4.6 1240
Anthracene 178 15.5 Phenanthrene-d10 4.5 64

4-ring PAH
4 Fluoranthene 202 19.0 Fluoranthene-d10 5.2 245

Pyrene 202 19.7 Fluoranthene-d10 5.2 132
Benzo[a]anthracene 228 23.5 Benzo[a]anthracene-d12 5.6 14
Chrysene 228 23.6 Benzo[a]anthracene-d12 5.9 1.8

5-ring PAH
4 Benzo[b]fluoranthene 252 27.4 Benzo[a]fluoranthene-d12 6.6 1.0

Benzo[k]-fluoranthene 252 27.5 Benzo[a]fluoranthene-d12 6.6 1.0
Benzo[a]pyrene 252 28.9 Benzo[a]fluoranthene-d12 6.6 1.6
Dibenzo[a,h]anthracene 278 36.2 Benzo[a]fluoranthene-d12 7.2 0.7

a Number of analytes per group.
b Retention time in the GC–MS analysis.
c Internal standard used for quantification.
d Octanol–water partition coefficients. Values for PAH and PCB (PCB 28, 52 and 101) from Krauss and Wilcke (2001), OH-PCB: calculated values (SciFinder, American

Chemical Society).
e Solubility in water. Data for PCB: from Lang (1992), for PAH from Wild and Jones (1995).
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Institute of Standards and Technology (NIST) mass spectral
database.

For quantification, each sample set was supplemented with a
standard series consisting of 5 concentrations (5, 10, 50, 100, and
250 lg L�1). Compounds were quantified after integration of the
selected ion chromatograms using the seven internal standards
(Table 1). For quantitative determination of PCB and hydroxylated
PCB, each group of PCB (e.g. trichlorobiphenyls (tri-CB)) was repre-
sented by one reference compound (e.g. 2,4,40-tri-CB), whose cali-
bration curve was applied to all identified compounds of the
respective group, whereas for PAH a calibration curve was mea-
sured for each investigated compound. The coefficient of determi-
nation (R2) of all calibration curves was >0.99.

With each set of samples, a solvent blank, a standard mixture,
and a procedural blank were run in sequence to check for contam-
ination, peak identification and quantification. Recovery from
spiked solutions (concentration level 200 ng L�1) was determined
in duplicate for PAH, PCB and OH-PCB and ranged from
78.7 ± 3.2% for penta-CB to 99.8 ± 3.7% for OH-tri-CB. The average
recovery was 87 ± 7% (n = 34) for the duplicate analysis of 17
analytes.
328
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N3. Results and discussion

3.1. Enzyme activity during soil incubation

The activity of cellulase, xylanase, and invertase in the soil
solutions (supernatant) was monitored during the incubation
experiments (Fig. 1b). Results of the batches with enzyme in pure
water demonstrate the stability of all enzymes in water over the
whole incubation period (24 h). In the batches containing soil, how-
ever, the activity of all enzymes in the supernatant decreased
strongly but to different extent. While the activity of xylanase
and invertase was reduced to about half of the initial activity within
the first 3 h and then remained nearly constant until the end of the
experiment, the activity decrease of cellulase was more pronounced
Please cite this article in press as: Wicke, D., Reemtsma, T. Mobilization of hy
organic matter. Chemosphere (2009), doi:10.1016/j.chemosphere.2009.12.009
E(Fig. 1b). Already the first sample of the supernatant (taken directly
after addition of the enzyme solution) showed a reduction of cellu-
lase activity to less than half of the corresponding value without
soil. After 24 h no cellulase activity could be measured in the super-
natant (Fig. 1b).

The decrease of enzyme activity in the supernatant (Fig. 1b) is
likely due to precipitation reactions, interference with clay miner-
als, degradation by proteolytic microorganisms, and attachment of
enzyme molecules to soil particles (Burns, 1977, 1982; Quiquam-
poix et al., 1993; Huang et al., 2005). Enzyme activity may also
be reduced in aqueous solution due to interaction with humic acids
(Ladd and Butler, 1971).

In the soil phase, however, enzyme activity remained elevated
in all experiments. It was 5–7 times higher for all three enzymes
at the end of the incubation period (24 h) as compared to the
inherent enzyme activities determined before the experiment (Ta-
ble 2). It has been shown previously that enzymes may retain part
of their activity after attachment to soil particles (Burns,
1977,1982) and in colloidal matter (Lahdesmaki and Piispanen,
1992), where they may be stabilized against proteolytic attack
(Sarkar et al., 1989). It is likely that these processes also occurred
during the incubation experiments. Therefore, it is not surprising
that even cellulase activity remained elevated in the soil, although
activity in the aqueous solution declined to zero.
3.2. Effect of various enzymes on contaminant release in one soil

The importance of cellulase, xylanase, and invertase as hydro-
lytic enzymes in soils has often been demonstrated (e.g. Schinner
and von Mersi, 1990; Deng and Tabatabai, 1994; Stemmer et al.,
1999). Other hydrolytic enzymes of importance in soil are urease,
glucosidase, galactosidase and proteases (Burns, 1977, 1982).

To determine whether the enhanced enzyme activity of cellu-
lase, xylanase, and invertase in the soil influences the release of
HOC, three parallel incubations were performed with each of the
three enzymes: (a) soil with heat-deactivated enzyme, (b) soil with
drophobic contaminants from soils by enzymatic depolymerization of soil
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Table 2
Enzyme activities (U) in the soil samples before the experiments (inherent) and at the end of the incubation experiment after 24 h. (n.d. – not determined). 1 U = 1 lmol glucose
g�1 soil 24 h�1.

Cellulase (U) Xylanase (U) Invertase (U)

Inherenta Endb Inherent End Inherent End

Wastewater infiltration site 0.27 ± 0.08 1.8 1.25 ± 0.14 9.2 22.7 ± 3.2 138
Public park 0.57 ± 0.15 2.7 n.d. n.d. n.d. n.d.

a Inherent: enzyme activity in the soil sample before enzyme addition; mean ± S(x), n = 3.
b Enzyme activity in the soil after incubation with the respective enzyme for 24 h.
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active enzyme, and (c) soil without any addition of enzyme as the
control (soil and water only).

The amount of HOC released due to the action of the respective
enzyme was determined from the difference between the incuba-
tion with the active and the deactivated enzyme (comparison of
(a) and (b)). The released amounts of HOC are summarized for
compound groups in Fig. 2. Without any enzyme added (c) the re-
leased amounts ranged from 2 to 10 ng g�1 soil for the PCB groups
(Fig. 2a), from 0.3 to 1.3 ng g�1 for the hydroxylated PCB (Fig. 2b)
and from 0.06 to 0.23 ng g�1 for the PAH groups (Fig. 2c). In most
cases the pure water (c) and the deactivated enzyme (b) incubation
showed comparable HOC concentrations in the supernatant. This
indicates that the inactive enzyme, despite of its high concentra-
tion (resulting in DOC-concentrations in the supernatant of up to
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Fig. 2. Influence of cellulase, xylanase and invertase on the release of (A) PCB, (B)
OH-PCB and (C) PAH from a soil sample of the wastewater infiltration site.
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F800 mg L�1 in the case of cellulase addition), did not influence
the release of HOC.

Of the active enzymes only cellulase induced a measurable re-
lease of the investigated contaminants PCB, hydroxylated PCB
and PAH (Fig. 2). This increase ranged from 43% for the less hydro-
phobic 3-ring PAH to 100% for the more hydrophobic penta-CB and
125% for 5-ring PAH (Table 3). The addition of xylanase and invert-
ase only slightly increased the concentration of OH-tri-CB in the
supernatant (Fig. 2b) and did not influence the other contaminant
groups (tri-CB, tetra-CB, penta-CB, OH-tetra-CB, 3-ring-PAH, 4-
ring-PAH, and 5-ring-PAH) (Fig. 2a–c).

This difference between cellulase on one side and xylanase and
invertase on the other side is explainable by the different sub-
strates that these enzymes are able to hydrolyze: (a) cellulase cat-
alyzes the hydrolysis of b-1,4-glycosidic linkages as in cellulose,
the most frequently occurring organic compound in the biosphere,
(b) xylanase decomposes b-1,4-glycosidic linkages in xylan, the
most common constituent of hemicellulose and (c) invertase
breaks down a-1,2-glycosidic linkages in the disaccharide sucrose,
which occurs only at later stages of biopolymer degradation.

It has been shown that cellulose as such is a comparatively
weak sorbent for HOC (Leboeuf and Weber, 2000), with Koc-values
for PAH being about 2 orders of magnitude lower compared to
SOM (Jonker 2008). This weak sorption capacity of cellulose is
due to its high polarity and low aromaticity (Wang et al., 2007).
Thus, it is unlikely that the stronger releasing effects of cellulase
would be due to the favourable sorption properties of cellulose
in SOM. Rather it may indicate that cellulose or ageing products
of cellulose that exhibit b-1,4-glycosidic linkages are a more
important constituent of SOM as compared to hemicellulose struc-
tures with a-1,2-glycosidic linkages. Indeed, cellulose together
with lignin constituents have been shown to be comparatively sta-
ble plant constituents during senescence (Lahdesmaki and Piispa-
nen, 1988). This is consistent with the observation that cellulase,
besides alpha-amylase, was the most effective enzyme to release
glucose from aquatic fulvic acid (Bertino et al., 1987).

3.3. Repeatability and mode of action

The second incubation experiment (using cellulase only) also
included another sample of the same wastewater infiltration site.
To assess the repeatability of the elevated HOC release caused by
cellulase in the first experiment, these results were compared to
the releasing effect of cellulase in the second experiment (Table
3). This second experiment confirms the findings of the first incu-
bation regarding the effect of cellulase, with an average relative
difference of the releasing effect between the two experiments of
13.7 ± 9.9%. Whereas most contaminant groups show very similar
results for both soils (Table 3), the difference of three groups was
more pronounced: for tri-CB (196% instead of 159%) and OH-tri-
CB (194% instead of 158%) the releasing effect was stronger,
whereas for 5-ring PAH it was less pronounced (157% instead of
225%). These differences for two samples from the same site reflect
the well known heterogeneity in soil systems. Two samples, even
rophobic contaminants from soils by enzymatic depolymerization of soil
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Table 3
Amounts of PCB, hydroxylated PCB and PAH released upon incubation with cellulase (as percentage of the control experiment with deactivated enzyme) in two independent soil
samples of the wastewater infiltration site.

% of control

Wastewater infiltration site (experiment 1) Wastewater infiltration site (experiment 2)

PCB
Tri-CB 159 196
Tetra-CB 192 192
Penta-CB 200 186

OH-PCB
OH-tri-CB 158 194
OH-tetra-CB 200 230

PAH
3-ring PAH 143 157
4-ring PAH 150 141
5-ring PAH 225 157
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when taken in close proximity to each other, are hardly ever en-
tirely identical neither in bulk parameters nor in the contaminant
content (Table 4). Besides these differences in soil quality the rela-
tive releasing effect of cellulase incubation was largely
comparable.

There are at least two ways by which increased cellulase activ-
ity and the hydrolysis of cellulose substructures may influence the
release of HOC from soil. (i) The decrease in SOM molecular weight
increases water solubility and leads to a transformation of SOM
into DOM. This reduces sorbent mass and, for thermodynamic rea-
sons, results in the release of HOC to follow this trend. (ii) Partial
lysis of SOM may loosen its three-dimensional structure and re-
duce the rigidity and the viscosity of the organic phase. This would
facilitate diffusive transport of HOC to the soil boundary layer and
accelerate its transition into the aqueous phase. Experimental evi-
dence for a decreasing viscosity due to the action of hydrolytic en-
zymes has been provided for dissolved fulvic acids (Majumdar and
Rao, 1978).

However, from these batch experiments with a contact time of
24 h between the soil and the water phase one cannot decide on
the mechanism that has supported HOC release. Release experi-
ments under kinetic control, e.g. in the flow through mode with
high flow rates (Wicke et al., 2007, 2008), would be required to elu-
cidate whether thermodynamic or kinetic effects or both sup-
ported HOC release upon SOM lysis.

3.4. Comparison of cellulase influence in two different soils

To verify whether the mobilizing effect of cellulase was specific
for the highly contaminated wastewater infiltration site the second
incubation experiment (with cellulase only) compared two differ-
ent soils and included a soil of a public park with a different texture
(lower particle size), a higher organic carbon content (7.5%), and a
U
N

C

Table 4
Composition of the soil samples, content of PCB and PAH and portion released during inc

Wastewater infiltration site, 1st sample Wastewater

Sand (%) 95 n.d.
Silt (%) 4.7 n.d.
Clay (%) 0.3 n.d.
Organic matter (%) 5.3 6.1

PCBa

Tri-CB (lg kg�1) 385 196
Tetra-CB (lg kg�1) 1389 744
Penta-CB (lg kg�1) 1503 368

PAH
3-ring PAH (lg kg�1) 341 646
4-ring PAH (lg kg�1) 2194 1648
5-ring PAH (lg kg�1) 1124 1633

a Hydroxylated PCB could not be determined in the soil extracts due to the clean-up
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different history of use and contamination (Table 4). Contrary to
the wastewater infiltration site (Reemtsma et al., 1997) the public
park did not receive raw sewage with a high particle load. Thus, its
PCB concentration is about two orders of magnitude lower (4–
10 lg kg�1) than at the wastewater infiltration site (Table 4). The
PAH concentration, however, is only about a factor of 3–4 lower
(150–750 lg kg�1 per group; Table 4), which likely reflects the rel-
evance of atmospheric inputs of PAH from burning of coal and from
traffic at this urban site.

The temporal trend of the cellulase activity in the soil solutions
during incubation was comparable to the first set of experiments,
with a sharp decline within the first few hours (data not shown).
However, after incubation the activity of cellulase in the soil itself
again remained elevated with five times the initial, inherent activ-
ity (Table 2).

Results for the release of HOC in the two different soils (from
public park and former wastewater infiltration site) upon parallel
incubation by cellulase are compared in Fig. 3. The concentration
of PCB and PAH in solution increased due to the action of cellulase
for both soils. The increase varied between 40% (4-ring PAH in soil
of the wastewater infiltration site) and 200% (penta-CB in public
park soil).

The absolute amount of PCB, however, that was released during
incubation differed strongly between the two soils (Fig. 3). While
1.5–4 ng g�1 of tri-, tetra- and penta-CB were released from the
infiltration site, only 0.15–0.18 ng g�1 were released from the park
soil. This was due to the much higher PCB concentration in the soil
of the wastewater infiltration site (Table 4).

The amounts of HOC released during the incubation experi-
ments can also be compared to the initial concentrations in the
soils (Table 4). A comparison of the contaminant classes shows a
higher availability of the PCB as compared to the PAH in both soils.
This indicates that PAH with their large aromatic system and, thus,
ubation with cellulase.

infiltration site, 2nd sample % Released Public park % Released

85
10.5

4.5
7.5

0.81 4 3.61
0.54 7 2.50
0.44 10 1.60

0.036 153 0.186
0.019 745 0.092
0.014 432 0.078

procedure.

drophobic contaminants from soils by enzymatic depolymerization of soil
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Fig. 3. Influence of cellulase on the release of (A) PCB, (B) OH-PCB and (C) PAH from
two different soils (public park and wastewater infiltration site).
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Rstronger interaction by the p-electrons system are more tightly
bound to SOM than PCB. This is not adequately reflected in their
Kow-values (Table 1). Within each contaminant group, however,
availability decreases with increasing Kow-values from tri-CB to
penta-CB and from 3-ring PAH to the five-ring PAH.

A comparison of the two soils (Table 4) shows that the availabil-
ity (released fraction) of both, PAH and PCB, from the public park
soil was by a factor of 4–5 higher than from the wastewater infil-
tration site. Considering the finer texture of the park soil and its
higher organic carbon content (Table 4) this is remarkable because
both properties are usually associated with a higher sorption po-
tential. An explanation may be found in the different history rather
than in the present physico-chemical properties of the two soils.
Large amounts of water have passed through the soil of the infiltra-
tion site for almost one century and it may, thus, be conceivable
that well available HOC have been washed out, and only tightly
bound fractions of HOC remained.

Despite these differences between the two soils the enzyme
incubation experiments indicate that HOC release by hydrolytic at-
tack of cellulase on SOM is not a specific phenomenon for one soil,
but likely to occur in many different soils. Thus, (micro-) biological
activity in soils, from which the exoenzymes originate, influences
the sorption properties of a soil. Increasing microbial activity could
weaken a soils function as a sink for HOC.
Please cite this article in press as: Wicke, D., Reemtsma, T. Mobilization of hyd
organic matter. Chemosphere (2009), doi:10.1016/j.chemosphere.2009.12.009
This finding is in contrast to the proposal of using microorgan-
isms to immobilize contaminants in soils through formation of
bound residues (Berry and Boyd, 1985). That concept was based
on the idea of oxidative coupling of HOC to soil constituents (We-
ber and Huang, 2003) for which the use of exoenzymes such as
peroxidases or polyphenol oxidases has been proposed (Bollag,
1992). Not all contaminants are, however, amenable to oxidative
coupling. Moreover, the data of this study show that hydrolytic
alteration of the sorbent SOM by microorganisms may be pro-
nounced and would, as a consequence, counteract the intended
immobilization.
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F4. Conclusions

The action of hydrolytic exoenzymes, namely of cellulase, facil-
itates the release of HOC like PAH and PCB from soil and increases
contaminant availability. This effect may be due to the loss of poly-
meric sorbent through its transformation into water soluble DOM
or, more likely, to the acceleration in mass transfer as a conse-
quence of decreasing sorbent rigidity by the loss of cross-linkages
in SOM.

These results indicate that sorption properties of a soil are bio-
logically influenced. Changes in physical or chemical soil condi-
tions that increase (micro-) biological activity could enhance the
release of aged organic contaminants. Also climate change would
increase the release of HOC in two ways, directly by shifting the
temperature-dependent sorption equilibrium to the dissolved
phase as well as indirectly by increasing the biological activity in
soils.

In the present study free enzymes have been added to soil in
short term batch experiments. Future studies need to show to
which extent the variation of the native microbial activity in soils
modulates the availability of HOC and whether other hydrolytic
enzymes such as proteases show a similar effect. Especially the ly-
sis of lignin constituents could exhibit a strong mobilizing effect,
because lignin or lignin derived organic matter is both, a good sor-
bent for HOC and a major constituent of SOM. Finally, a comparison
of the mobilizing effect of these different enzymes may allow to
elucidate which domains of SOM are most important for the sorp-
tion of HOC in soil.
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