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Abstract Biodegradation of pentachlorophenol (PCP) in
soil by autochthonous microorganisms and in soil bioaug-
mented by the bacterial strain Comamonas testosteroni
CCM 7530 was studied. Subsequent addition of organo-
mineral complex (OMC) or lignite as possible sorbents for
PCP immobilization has been investigated as well. The
OMC was prepared from humic acids (HAs) isolated from
lignite by binding them onto zeolite. Biodegradation of
PCP and number of colony forming units (CFUs) were
determined in the three types of soil, Chernozem, Fluvisol,
and Regosol, freshly spiked with PCP and amended sepa-
rately with tested sorbents. The enhancing effect of sorbent
addition and bioaugmentation on PCP biodegradation
depended mainly on the soil type and the initial PCP
concentration. Microbial activity resulted in biotransfor-
mation of PCP into certain toxic substances, probably
lower chlorinated phenols that are more soluble than PCP,
and therefore more toxic to present biota. Therefore, it was
necessary to monitor soil ecotoxicity during biodegrada-
tion. Addition of the OMC resulted in a more significant
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decrease of soil toxicity in comparison with addition of
lignite. Lignite and OMC appear to be good traps for PCP
with potential application in remediation technology.
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Introduction

Organic soil pollution is an emergent environmental
problem. Significant quantities of lower chlorinated phe-
nols and pentachlorophenol (PCP) were previously used in
several agricultural applications. PCP or its sodium salt has
also been used as an herbicide and desiccant for feed seed
crops, for non-food vegetation control, and as an insecti-
cide for use in beehives, seed plots, and greenhouses.
Moreover, PCP was formerly used in upland rice fields,
particularly in Japan (Crosby et al. 1981).

The widespread use of technical PCP and its physical
and chemical properties (water solubility and volatility) led
to ubiquitous contamination of air, soil, water, and sedi-
ments. Depending on the soil type, PCP can be very
mobile, potentially leading to contamination of ground-
water and hence, of drinking water. Organic pollutants
such as pesticides and phenolic compounds may be
detoxified by incorporation as an integral part of the humic
molecules that represent a substantial part of soil organic
matter (Tan 2003). A large portion (20-70%) of a partic-
ular chemical that reaches the terrestrial system becomes
sequestered or bound to soil (Calderbank 1989). The soil
organic matter has significant effect on PCP adsorption as
well (Otte et al. 1999). Leaching of chemicals reversibly
bound on soil particles interrelates with factors such as
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adsorption, water solubility of the substance, soil type,
moisture, percolation velocity, and pH. Many soil micro-
organisms produce extracellular oxidoreductases capable
of catalyzing the coupling of aromatic compounds. These
enzymes are classified as either peroxidases or polyphenol
oxidases (Bollag 2002). The effect of the soil properties
such as content of soil organic matter on PCP biodegra-
dation was investigated by Pu and Cutright (2007).
Naumova et al. (2002) assumed higher detoxification
activity of the coal HAs due to higher amounts of aromatic
compounds in coal and lignite HAs responsible for
immobilization of the contaminants in comparison with
agricultural soil.

Pentachlorophenol remains an important environmental
pollutant, however, even after several decades of biore-
mediation research, there is still little predictability
regarding how to implement soil clean-up operations.
Technologies employing biological procedures aimed at
detoxification of organic pollutants-contaminated soils
have been widely used in an increasing scale of applica-
tions over the past few years and are viewed as being both
cost-effective and environmentally friendly. The use of
bioremediation depends on several factors such as the type,
concentration, and bioavailability of contaminants, organic
and inorganic nutrients supply, and contaminated site
history. One of the bioremediation techniques is bioaug-
mentation, which involves the addition of external
microbial strains (indigenous or exogenous) with the abil-
ity to degrade the target toxic molecules (Bae et al. 1996—
1997; Bulankina et al. 2007; Odokuma and Dickson 2003).

Microorganisms can partially degrade xenobiotics con-
verting them to non-toxic products or to more reactive
derivatives that may be resistant to further degradation.
Therefore, monitoring of ecotoxicity of soil during bio-
degradation is required. Moreover, chlorophenols may
affect the fluidity of the microbial membrane (Dercova
et al. 2004) and reveal their toxic effect disturbing the
electrochemical proton gradient by transporting protons
back across the microbial membrane and inhibiting elec-
tron flow by binding to certain components of electron
transport chain (Escher et al. 1997).

This work was focused on soil bioaugmentation and
subsequent sorbents addition with the aim to decrease high
initial concentration of PCP by immobilization, and then to
facilitate PCP degradation and consequently to decrease
soil toxicity. Lignite, zeolite, and humic acids used as
potential sorbents are natural substances that are cost-
effective, harmless, and therefore suitable for use in the
environment. Humic acids were bound onto zeolite
(furtheron, organomineral complex or OMC) and then
added to soil. Lignite, as a natural source of humic acids
was applied separately as an alternative economical and
ecological sorbent.

@ Springer

Materials and methods
Characteristics of soils, lignite, lignite HAs, and zeolite

The experiments were carried out in three types of soil
(Calcaro-haplic Chernozem, Gleyic Fluvisol, and Arenic
Regosol) collected from agricultural topsoil of key moni-
toring sites of the Soil Monitoring System of Slovakia,
characterized according to FAQO. Soils were characterized
by pH, content of organic carbon Corg, and nutrients (P, K,
N) using elemental analysis. They represent common soil
types with a wide range of fundamental soil attributes.
Soils were artificially contaminated by PCP under labora-
tory conditions. HAs were characterized by CHN elemental
analysis, carboxylic acidity, and by '>C NMR spectroscopy
used to establish the content of aliphatic (Cypn) and aro-
matic (C,,) carbons and degree of aromaticity (o). Lignite
was obtained from Hodonin (Czech Republic), and zeolite
(clinoptilolite) from Nizny Hrabovec (Slovakia).

Preparation of OMC

Humic acids were dissolved in 0.01 M NaOH to achieve a
concentration of 2,000 mg 1~'. Fifty milliliter of HA
solution was added to 10 g zeolite. Blanks were prepared
by mixing zeolite with 0.01 N NaOH. The suspension was
stirred for 12 h at 22°C. Solid phase (OMC) was centri-
fuged, washed with distilled water, and dried at 50°C.

Adsorption of PCP onto lignite

An adsorption experiment was performed with 2 g sus-
pension of lignite and 50 ml of distilled water. For each
experiment, three series of samples were used. The mixture
was placed into a 100 ml Erlenmeyer flask fitted with a
ground-glass stopper, and a solution of PCP in DMSO was
admixed so that the resulting concentrations of PCP were
10, 100, 200, and 300 mg 17!, The samples were placed on
a rotary shaker (180 rpm) at 28°C for 1 h. Solid phase was
removed by centrifugation (15 min at 5,000 rpm). The
supernatant was then decanted, extracted, and analyzed.

Desorption of PCP from lignite

Upon termination of the adsorption experiment and cen-
trifugation, sediment was quantitatively transferred into a
100 ml Erlenmeyer flask fitted with a ground-glass stopper.
For each experiment, three series of samples were used.
The pH value of the sediment was adjusted to 2.5 (simu-
lation of acid rains). The flask was then placed on a rotary
shaker (180 rpm) at 28°C for 24 h. Subsequently, the
samples were centrifuged (15 min at 5,000 rpm). Super-
natant was decanted, extracted, and analyzed.
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Microorganisms

Bacterial strain Comamonas testosteroni CCM 7350, an
isolate from waste water treatment plant activated sludge
was obtained from the Czech Collection of Microorgan-
isms, Brno, Czech Republic.

Biodegradation of PCP

A stock solution (10 g1™") of PCP was prepared in
DMSO. The biodegradation of PCP was performed in soil
in the presence of inoculum of C. festosteroni (0.5 g 171
or without additional bioaugmentation. Microorganisms
were activated by water (60% maximum capillary
capacity—MCC) 24 h before PCP addition into soil. The
biodegradation of PCP in soil was carried out under
laboratory conditions in the real soil types (Fluvisol,
Chernozem, and Regosol) with and without addition of
OMC and lignite at the initial PCP concentrations of 10
and 100 mg kg~'. For each experiment, three sets of soil
samples were used and analyzed after 7, 17, and 24 days.
The soils were periodically moisturized with water to
maintain the 60% MCC value and stirred under sterile
conditions. Static cultivation was carried out in the dark
at 28°C.

Abiotic elimination of PCP

Soil samples were sterilized (2 h, 120 kPa) in order to
inactivate the indigenous microorganisms to allow for
determination of the abiotic changes. Other conditions
were the same as in the biodegradation experiment.

Extraction of PCP and purification of the extract

After bioremediation, the samples were transferred into a
separation funnel and pH was adjusted to 3-5. An acidic
solution was extracted twice with 15 ml of n-hexane. If
organic layer foamed, 1 ml of acetone was added and the
sample was gently stirred. Organic layers from both
extractions were placed into a 100 ml separation funnel,
which allowed for efficient phase separation. The hexane
phase was poured through anhydrous Na,SO, into a 100 ml
flask fitted with a ground-glass stopper. The solvent was
completely evaporated on a rotary vacuum evaporator at
40-45°C. Methanol was added to the residue left after
evaporation and the sample was analyzed by HPLC
(LC-10AT VP, Shimadzu). HPLC conditions: A WATREX
250 x 4 mm column packed with Nucleosil 120-5 C18;
mobile phase methanol:acetic acid:water (90:10:1), flow
0.73 ml min~', spectrophotometric detection, sensitivity
1 V25 A.

CFU detection

One gram out of a soil homogenate sample was mixed with
3 ml of sterile distilled water and diluted to 10* and 10°
times. For each experiment, three sets of samples were
used. About 125 pl of a diluted soil extract was applied to
Petri dishes with Thornton agar and incubated for 5 days at
28°C. Number of CFUs was evaluated applying the colony
counter.

Thornton agar

Thornton agar is a suitable solid medium for cultivation of
soil bacteria. About 5 g KNO3, 1 g K;HPOy, 0.2 g MgSOy,,
0.1 g CaCl,, 0.1 g NaCl, 0.002 g FeCls, 0.5 g aspartic
acid, and 1 g mannitol were dissolved in 11 of distilled
water. The value of pH was adjusted to 7.5 by NaOH, 15 g
of agar was added, sterilized (20 min, 120 kPa), and after
cooling to 40°C applied to sterile Petri dishes.

Toxicity test using Lemna minor

Soil ecotoxicity was assessed applying duckweed Lemna
minor growth-stimulation test (ISO 20079 2005). The bio-
tests were carried out in 150 ml flasks filled with 100 ml
Steinberg medium and soil. The value of pH was adjusted to
5.5 £ 0.2. Inoculum of L. minor used for each flask con-
tained 10-12 fronds taken only from the plants with two or
three fronds. Three control replicates and two slurry repli-
cates were used. Tests were carried out in a climatic
exposure test cabinet, calibrated at 25 + 2°C with light
intensity adjusted to 6,500 Lux. Duration of the test was
7 days. Number and area of the fronds were determined and
images of the beakers were taken for analysis at the
beginning of test and on the 2nd, 4th, and 7th days. Mea-
surements and evaluations were performed using the digital
image analysis system Scanalyzer (LemnaTec, GmbH,
Germany). The growth-rate in the samples was compared
with that observed in the control experiment, and the con-
centration resulting in a specific rate of growth inhibition
was determined.

Results and discussion

The experiments described in this contribution are based
on our recent results obtained at the determination of
adsorption, desorption, and retention characteristics of
OMC and lignite as potential sorbents used for decon-
tamination of chlorophenols (Dercova et al. 2006; 2007).
The previous biodegradation experiments showed different
PCP degradation potentials of the indigenous (autochtho-
nous) soil bacteria in different types of soil.

@ Springer



246

World J Microbiol Biotechnol (2009) 25:243-252

The general hypothesis of this study is that natural
organic adsorbents may assist in reducing down the bio-
availability of potentially toxic pollutants. The implication
is that the metabolic activity of soil microorganisms is not
influenced by high doses of the toxicant.

The microbial degradation of PCP that represents in our
experiments pesticides or their degradation products, was
studied in three different soil types (Chernozem, Fluvisol,
and Regosol) by autochthonous (indigenous) microbial soil
consortium and by allochthonous (inoculated) bacterial
strain C. testosteroni CCM 7350 capable to use phenol as
the sole source of organic carbon.

The soils were artificially contaminated (freshly spiked)
by PCP (10 and 100 mg kg™ ') and enriched by addition of
two tested sorbents—OMC or lignite (5% w/w of the total
amount of soil). The conditions used in the experiments
simulated common pesticide contamination (PCP concen-
tration 10 mg kg~ ") and a markedly higher contamination
(PCP concentration 100 mg kg™') e.g. in the surroundings
of the wood treatment plants. OMC was prepared by
binding HAs isolated from lignite to zeolite. Lignite is the
abundant source of humic substances (Vesela et al. 2005).
The most important fraction of humic substances is rep-
resented by humic acids. Humic substances are considered
to be energy-abundant material playing important role in
the biochemical cycles in soil (Pokorny et al. 2005). In
addition, lignite has growth-promoting and protective
impact on microorganisms (FeifiCova et al. 2005). Nam
and Kim (2002) presented findings that show relative
distribution of aged organic pollutants among humic sub-
stances and demonstrate potential role of humic/mineral
complex and humic substances in the sequestration and
reduction of bioavailability of hydrophobic organic com-
pounds in the soil. The optimized preparation and function
of OMC as a possible sorbent for the purpose of immobi-
lization of PCP has been studied in our previous work
together with adsorption, desorption, and retention of PCP
onto tested OMC. The results obtained were described in
our previous papers (Dercova et al. 2006; 2007). Binding
of PCP onto zeolite, humic acids, and lignite is reversible.
Desorption affects only a small part of adsorbed amount,
thus retention capacity is very high. In the presence of

microorganisms and by the action of acid rains, a part of
reversibly bound amount of PCP is slowly desorbed and
then becomes bioavailable for biodegradation by autoch-
thonous or allochthonous microorganisms.

Adsorption/desorption of PCP on/from lignite

The partial aim of the work was to determine and to
compare sorption properties of tested sorbents, OMC and
lignite (Table 1). Adsorption/desorption characteristics of
lignite were determined in the presence of PCP concen-
trations 10, 100, 200, and 300 mg 17!, As can be seen in
Fig. 1, desorption of PCP from lignite was very low. The
results confirmed excellent retention properties of lignite
(79-91%). Adsorption/desorption properties of OMC were
comparable with them. Other sorption materials have been
already suggested for PCP sorption in the literature, e.g.
inactivated biomass, peat, activated sludge, peat:bentonite
mixture, chitosan, and pine bark (Bell and Tsezos 1987,
Tanjore and Viraraghavan 1997; Brandt et al. 1997;
Viraraghavan and Slough 1999; Zheng et al. 2004; Jianlong
et al. 2000; Bras et al. 2005).

Adsorption/desorption of PCP onto soil amended
with lignite

Soil particles may serve as adsorbent of a contami-
nant resulting in a decrease of its toxicity, as biomass

100 +
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80 —I—+_I_ 0100 mg.I-1 FE— o
0200 mg.I-1 o

= - 300 mg.-1
£ 0 s
o
£

40 1

20 A

0

Adsorption (%) Desorption (%) Retention (%) ‘
Fig. 1 Adsorption, desorption, and retention of PCP (10, 100, 200,

and 300 mg 17" by lignite (5% w/w)

Table 1 Elemental analysis data of the soil organic matter (Corg, Qg, HA/FA) and humic acids (C, H, N, O, COOH, C;s, C,., o) of the tested

soil and lignite

Soil/HA Corg HA/FA Qé Elemental analysis (%) COOH Clair Caur o (%)
(%) (%) P q N ) (meq.g~' HA) (%) (%) :
Chernozem 1.43 1.3 3.80 47.81 29.49 3.40 19.46 4.20 33.7 422 55.6
Fluvisol 1.16 0.8 4.83 39.96 40.72 3.25 16.08 2.52 46.9 32.8 41.1
Regosol 0.75 0.7 4.80 42.60 37.25 3.46 16.69 3.60 41.8 38.6 48.0
Lignite 27.50 ND ND 51.06 28.80 1.10 19.04 4.45 34.7 44.0 55.9
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Table 2 Basic characteristics of the tested soils

Soil type pH (H,0)  pH (CaCly)  Cup (%) Q¢ P(mgkg)  K@mgkg) N (mgkg"
Gleyic Fluvisol 5.86 5.46 1.43 4.83 25.80 247.40 1,968
Calcaro-haplic Chernozem 8.12 7.77 1.16 3.80 167.60 230.00 1,531

Arenic Regosol 5.55 4.75 0.75 4.80 73.90 223.40 1,643

100 -

80 - _I_
NRE

40 |

O Lignite + Fluvisol
O Lignite + Chernozem
@ Lignite + Regosol

PCP (%)

20

0 . l_'_'_]:—|—|

Adsorption (%) Desorption (%)

Retention (%)

Fig. 2 Adsorption, desorption, and retention of PCP (10 mg 17") by
soil with addition of lignite (5% w/w)

growth-supporting factor, and as a source of supplementary
nutrients for the microorganism colonization. This concept
is of importance particularly for the production of active
and resistant biomass for the biotreatment of the contami-
nated soils (Otte et al. 1999). The objective of this work
was also to investigate the properties of lignite as a natural
source of humic acids for their potential use for rein-
forcement of natural soil sorption capacity in soil
decontamination technology.

Adsorption/desorption experiments in the presence of
10 mg kg~ ' PCP were carried out with lignite addition into
three soil types (Chernozem, Fluvisol, and Regosol)
(Tables 1, 2). Adsorption and retention of PCP are illus-
trated in Fig. 2. The results emphasize the role of binding
sites of lignite in adsorption/desorption processes. In soil
with addition of lignite, higher retention properties
(54-75%) were determined than in the soil samples with
addition of zeolite (the inorganic sorbent) or OMC (HAs
bound on zeolite), as has been demonstrated in our previ-
ous paper (Dercova et al. 2006).

Biodegradation of PCP in soil

The aim of this part of our work was to determine bio-
degradation of PCP in soil containing indigenous,
autochthonous microorganisms and in bioaugmented soil
inoculated by bacteria C. testosteroni CCM 7350. The
biodegradation process was monitored and samples were
taken after 7, 17, and 24 days. Biodegradation was per-
formed in soil with and without OMC addition at the initial
concentrations of PCP 10 and 100 mg kg™' or in the

lignite-amended soil with the initial PCP concentration
100 mg kg~'. The beneficial role of natural sorbents in
improvement of PCP transformation by an indigenous soil
consortium was described also by Otte et al. (1999).

The effect of the sorbents used on the improvement of
PCP biodegradation in the bioaugmented soils (Fluvisol,
Regosol, and Chernozem) significantly varied (Fig. 3). The
differences in biodegradation of PCP were observed in
soils with OMC or lignite amendments and without addi-
tion of the sorbents. The biodegradation of PCP observed
in the soil samples with the addition of sorbents after
24 days decreased in the following order: lignite + soil >
OMC + soil > intact soil. The soil samples with the PCP
concentration 10 mg kg~ ' revealed higher degradation in
comparison to the soil with the higher initial PCP
concentration 100 mg kg™', which effect was already
observed after 7 days. Biodegradation of PCP in the bio-
augmented soils evaluated after 24 days depended on the
addition of sorbent, initial PCP concentration, and the soil
type. In bioaugmented Regosol and Fluvisol without sor-
bent addition and with the initial PCP concentration
10 mg kg~', 72-74% biodegradation was obtained, while
in Chernozem it was only 57%. Biodegradation of PCP in
soils with the initial PCP concentration 100 mg kg~' was
markedly lower (in Regosol 49%, in Chernozem 39%, and
in Fluvisol 34%). In the bioaugmented soils with OMC
addition and PCP concentration 10 mg kg™ ', a decreasing
tendency of biodegradation was observed in this order:
Regosol (96%) > Chernozem (77%) > Fluvisol (69%).
Biodegradation of PCP in soils with the initial PCP con-
centration 100 mg kg~' decreased in the order Regosol
(50%) > Fluvisol (44%) > Chernozem (42%). The highest
values of PCP biodegradation were obtained in soils with
addition of lignite and at the initial PCP concentration
100 mg kg~' (Chernozem 95%, Regosol 84%, and Fluv-
isol 61%).

Biodegradation of PCP in non-bioaugmented soils
depended mainly on the soil type (Fig. 4). Biodegradation
in Regosol with and without OMC and PCP concentration
10 mg kg~ " increased markedly after 7 days, and than it
remained at the same level until the end of the experiment
(~50%). Biodegradation in Regosol with or without
addition of OMC and concentration of PCP 100 mg kg™
increased to 81-89%. In Regosol with lignite addition, the
lowest value of biodegradation was obtained (48%). The
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Fig. 3 Biodegradation of PCP 120
[ T
(1.0 or 100 mg kg ) in selected O7days [O17days [@24 days
bioaugmented soil types
(F—Fluvisol, R—Regosol, and 100 -
C—Chernozem) inoculated by <
C. testosteroni CCM 7350 with N
and without addition of OMC or Q 801 { T T
lignite (Lig) (5% w/w) 5
& 60, _
2 _ .
el
IS
& 40 A
o
20 I
0 | | 1
F F+OMC| F F+OMCF+Ligg C C+OMC| C C+OMCC+Ligl R R+OMC| R R+OMCR+Lig
10 100 10 100 10 100
PCP (mg.kg™")
Fig. 4 Biodegradation of PCP 120
(10 or 100 mg kg™") in selected
non-bioaugmented soil types L7days  D117days [ 24 days
(F—Fluvisol, R—Regosol, and 100 4

C—Chernozem) with and
without addition of OMC or
lignite (Lig) (5% w/w)

Biodegradation of PCP (%)

72% biodegradation was observed in the non-bioaug-
mented Chernozem. In Chernozem with the addition of
OMC and the initial PCP concentration 10 mg kg_l, 86%
extent of biodegradation was determined. Biodegradation
in Chernozem at concentration of PCP 100 mg kg~' with
or without addition of OMC reached 31% or 34%,
respectively. Both values obtained were lower than the
values observed in Chernozem with lignite addition (48%).
Biodegradation of PCP in Fluvisol after 24 days with PCP
concentration 10 mg 1" and with OMC addition reached
64% and without OMC addition reached 78%. Significant
differences were observed between the non-bioaugmented
soils with OMC or lignite addition with the initial PCP
concentration 100 mg kg~'. In Fluvisol with addition of
lignite, 84% biodegradation was observed, whereas in
Fluvisol with addition of OMC only 23% biodegradation
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was established. It was necessary to determine physico-
chemical abiotic degradation and evaporation of PCP
during biodegradation process. The results obtained dem-
onstrate that 3-5% of PCP was irreversibly bound onto
soil particles and the amount of evaporated PCP repre-
sented 1-2.5% of the initial PCP concentration (data not
shown). The efficiency of PCP extraction from soils was
more significantly influenced by addition of sorbents rather
than by the type (soil: 65%; soil plus OMC: 70%; soil plus
lignite: 53%).The biodegradation of PCP in the soil sam-
ples with addition of tested sorbents, OMC or lignite was
markedly higher compared to the soil without any sorbent
addition. This observation indicated that the binding of
PCP was reversible, and in the presence of the microor-
ganisms a subsequent release of low PCP concentration
was observed. Bioaugmentation of soil by the external
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microorganisms with PCP degradation capability did not
ensure higher level of pollutant degradation.

Determination of the number of colony forming units
(CFUs)

The number of CFUs in the bioaugmented soils sampled
after 7, 17, and 24 days (Table 3) was determined during
the biodegradation of PCP. In the bioaugmented Fluvisol,
10- to 1,000-fold higher numbers of CFUs were established
than in the bioaugmented Chernozem and Regosol. In
Chernozem with addition of OMC and at both initial
concentrations of PCP (10 and 100 mg kg™ "), the number
of CFUs remained constant or slightly decreased. On the
contrary, after lignite addition, number of CFUs rapidly
increased.

Number of CFUs was 10-fold higher in Fluvisol than in
Chernozem and Regosol. In general, number of CFUs
increased during biodegradation in Chernozem and Rego-
sol. In Fluvisol with addition of OMC and in the intact
Fluvisol, the number of CFUs decreased, but increased in
Fluvisol with addition of lignite.

In the non-bioaugmented Regosol and Chernozem in the
presence of lignite, the number of CFUs after 24 days was
higher than in the bioaugmented soil. In all soil types with
an exception of soil with lignite addition, higher number of
CFUs was determined under the bioaugmentation condi-
tions in comparison with non-bioaugmented soils.

Ecotoxicity of the studied soil samples before and after
biodegradation of PCP using a 7-day growth inhibition
test with L. minor

The biotransformation of PCP led probably to production
of the more toxic metabolites in comparison with the parent
compound, probably lower chlorinated phenols or qui-
nones. These compounds are more soluble than PCP and
therefore probably more bioavailable and toxic to present
microbial consortium. Soil samples taken in the beginning
and at the end of the biodegradation experiment were
therefore evaluated for ecotoxicity applying standard plant
L. minor test. Growth of L. minor was determined directly
in soil samples taken at the end of biodegradation experi-
ments (after 24 days) and mixed with Steinberg medium.
The results provided the evidence that the growth of
L. minor fronds was significantly affected by the presence
of PCP or its degradation products. The results are dem-
onstrated in Table 4.

In the bioaugmented Fluvisol containing 10 mg kg™
PCP or without PCP addition and with or without addition
of OMC, the growth of L. minor fronds decreased during
7-day inhibition test. In the samples with Fluvisol with
100 mg kg~ concentration of PCP, a strong toxic effect
was observed (except for the soil with lignite addition).
Toxic effect was detected in soil samples taken in the
beginning and at the end of biodegradation experiments. In
Fluvisol with addition of lignite and the initial PCP

1

Table 3 The number of CFUs in 1 g of soil (F—Fluvisol, C—Chernozem, R—Regosol) contaminated by PCP (10 or 100 mg kg™") with and
without addition of OMC or lignite (Lig) (5% w/w) at the beginning and on the 7th, 17th, and 24th days of biodegradation

PCP (mg kg™ ") Soil 10~% CFU

Bioaugmented soil

Non-bioaugmented soil

Ist day 7th day 17th day 24th day Ist day 7th day 17th day 24th day
10 F 101.6 41.4 771.3 308.8 2107.5 1593.8 25.6 64.8
F+OMC 144 836.1 736.9 430.5 2739.5 403.3 357.6 28.8
100 F 101.6 690.5 1074.5 440.9 2107.5 121.2 55.2 192.8
F+OMC 14.4 635.5 630.5 668.9 2739.5 637.7 28.0 101.6
F+Lig 64.8 871.3 813.7 560.9 196.8 1072.1 1426.6 459.3
10 C 79.1 52.1 83.6 110.8 6.9 13.4 12.2 24.0
C+OMC 146.2 2.12 48.8 111.0 74 26.2 75 11.9
100 C 79.1 44.0 94.3 120.2 6.9 58.1 58.1 133
C+OMC 146.2 26.6 43.9 134.8 74 36.4 6.0 15.0
C+Lig 6.0 106.7 114.5 44.5 33 60.7 132.9 89.5
10 R 30.77 42.6 51.8 42.0 5.6 355 8.4 16.7
R+OMC 9.92 86.5 47.2 39.5 4.1 41.1 14.2 13.8
100 R 30.77 6.1 107.5 31.7 5.6 18.1 10.5 12.2
R+-OMC 9.92 44.3 46.4 579 4.1 84.4 17.4 49
R+Lig 37.68 73.1 44.0 97.3 5.0 39.6 125.3 153.1

Inoculum of C. testosteroni CCM 7530 was added to a final concentration 0.5 g kg™' d.w
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Table 4 Growth of L. minor in a slurry containing soil (F—Fluvisol, C—Chernozem, R—Regosol) contaminated by PCP (10 or 100 mg kg™")
with and without addition of OMC or lignite (Lig) (5% w/w) and standard Steinberg medium

PCP (mg kg™ ") Bioaugmented soil Non-bioaugmented soil
Degradation (days) 1 24 1 24
L. minor growth (days) 7 7 7 7
Type of soil Growth of fronds (%)
0 F 156.4 88.2 236.0 267.7
F+OMC 194.6 93.6 266.1 366.9
F+Lig 167.6 434 91.0 109.3
10 F 157.6 81.0 195.0 345.7
F+OMC 179.8 93.6 206.4 236.2
100 F 6.7 5.4 -1.3 285.8
F+OMC —-0.2 3.4 —2.8 165.4
F+Lig -3.7 0.3 —6.9 19.1
0 C 117.7 77.1 112.5 236.2
C+OMC 148.3 63.5 147.7 267.7
C+Lig 101.2 53.2 140.6 142.5
10 C 144.8 83.7 105.2 165.4
C+OMC 151.9 51.6 153.7 116.8
100 C 6.7 232 -1.0 200.8
C4+OMC 59.6 -3.0 0.5 285.8
C+Lig —7.6 17.0 —6.6 29.1
0 R 130.5 120.9 118.1 417.3
R-+OMC 190.4 147.1 144.7 151.3
R+Lig 126.4 55.2 201.6 214.2
10 R 153.7 142.6 104.5 198.4
R4+-OMC ND 142.1 46.0 300.0
100 R -0.7 22 -13 —6.3
R4+-OMC —6.1 0.5 —24 —2.1
R+Lig 55.7 1.0 —8.1 -3.1

concentration 100 mg kg™', toxicity slightly decreased

after 24 days of biodegradation, however, the samples were
toxic during the whole biodegradation experiment. Similar
results were obtained for bioaugmented Chernozem and
Regosol. However, after 24 days in soils with lignite
addition and without any PCP, low toxic effects on frond
growth were also observed. It will be necessary to study a
possible toxic effect of lignite added alone in the future. To
eliminate low toxicity of lignite itself, it is necessary to
apply it at the lower initial concentration into the soil. It
might be also necessary to apply a battery of different
toxicity tests, as well as the bioindicators at higher trophic
levels.

In non-bioaugmented Fluvisol with OMC addition with
concentration of PCP 10 mg kg~ and without PCP addi-
tion, the frond growth stimulation decreased. Fluvisol
without PCP addition and with lignite addition alone was
slightly toxic toward L. minor, similarily as in bioaug-
mented Fluvisol. In Fluvisol with 100 mg kg~' PCP
concentration, a significant inhibition of L. minor growth

@ Springer

was revealed. Toxic effect of PCP in the soil samples taken
after 24 days of biodegradation was significantly lower and
toxicity was retained only in the samples with lignite
addition, not with OMC addition.

The growth of L. minor fronds decreased in the bio-
augmented Chernozem with 10 mg kg~' PCP and without
PCP addition and subsequently without sorbent addition in
the soils taken after 24 days of biodegradation. Chernozem
with sorbent addition without PCP contamination proved to
be toxic to fronds. Bioaugmented Chernozem containing
PCP at 100 mg kg~' concentration, was toxic during the
whole duration of biodegradation except for the soil with
OMC addition. Toxicity slightly decreased at the end of
biodegradation experiments. Soils with OMC addition
revealed increased toxicity toward L. minor.

Non-bioaugmented Chernozem exerted comparable
toxic effect on L. minor growth as the non-bioaugmented
Fluvisol. Soils with addition of OMC demonstrated stron-
ger toxic effect on the growth of L. minor fronds than those
without OMC. Chernozem without addition of PCP and
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with addition of lignite revealed toxic effect on L. minor
growth. The addition of sorbents to bioaugmented or non-
bioaugmented Chernozem exerted toxic effect on L. minor
growth also without PCP addition, similarly as it was
observed with Fluvisol.

Bioaugmented Regosol was assessed as well. Decrease of
stimulation of L. minor frond growth in soils with lignite was
observed at both tested PCP concentrations. In Regosol with
100 mg kg~' PCP concentration, a strong permanent toxic
effect during the whole degradation experiment was
observed. Toxicity increased in the sample with addition of
lignite.

With the non-bioaugmented Regosol similar results were
obtained as with the soil with bioaugmentation, except for
the samples with PCP concentration 10 mg kg~'. Samples
with the initial PCP concentration 10 mg kg~ (with and
without addition of OMC) did not reveal toxic effects.
Moreover, addition of OMC showed growth-promoting
effect on L. minor.

PCP at a concentration of 100 mg kg~' caused signifi-
cant inhibition of L. minor frond growth and, moreover,
changes in their color from green to yellow and white were
observed. Results obtained applying L. minor ecotoxicity
test confirmed that toxic effects of soils contaminated with
PCP during biodegradation in the presence of tested sor-
bents OMC or lignite depended mainly on soil properties
and the initial concentration of PCP. Decrease of PCP
amount during biodegradation was not always associated
with the considerable changes in soil ecotoxicity. We have
observed that soil ecotoxicity after degradation of PCP in
the majority of soil samples was higher than at the begin-
ning of biodegradation experiment. It can be assumed that
the reason of higher toxic effect was probably due to the
production of toxic intermediates during biotransformation,
such as lower chlorinated phenols, chlorinated catechols, or
chlorinated quinones that are more water-soluble than
parent PCP molecule and therefore more bioavailable and
thus more toxic toward present biota.

It is necessary to stress that biodegradation of aged PCP in
long term contaminated soil will be probably not comparable
with freshly spiked soil. PCP is known to undergo “ageing”
within soil, which is characterized by reduced bioavailability
due to sequestration processes similarly to those occurring
with 2,4-dichlorophenol (Shaw et al. 2000). On the other
hand, Rhodes et al. (2007) established higher level of 2,4-
dichlorophenol degradation in aged woodland soils in
comparison with freshly spiked woodland soils.

Conclusions

The purpose of this work was to study the possibility to
decrease concentration of organic chlorinated pollutants in

different soil types by their immobilization onto natural
sorbents added to soil and supporting consequent biodegra-
dation of reversibly released pollutants by bioaugmentation
by exogenous microorganisms with degradation ability. We
assumed that combination of bioaugmentation and sorbent
addition could lead to considerable decrease of PCP con-
centration and toxicity of PCP toward biota. The best impact
on PCP biodegradation in the highly contaminated soil,
simulated under the laboratory conditions by the PCP con-
centration 100 mg kg~ ' was found in the soils with addition
of lignite. Our results confirmed high efficiency of sorption
ability of tested lignite toward PCP.

Addition of the tested sorbents, mainly lignite to soil had
enhancing effect on the growth of the present microor-
ganisms and their biodegradation ability. Our results also
demonstrated that the effect of tested sorbents, OMC and
lignite, and inoculum addition on PCP concentration
depended markedly on soil type. In some cases, the posi-
tive effect of bioaugmentation or addition of sorbent on the
effectiveness of biodegradation process was disputable
because the standard toxicity test applying L. minor indi-
cated the increase of soil ecotoxicity after termination of
the biodegradation process. In spite of this, we suggest that
the use of natural sorbents for the immobilization of PCP
represents a promising technique of bioremediation
technology.

Success of decontamination and detoxification depends
on the soil type and mainly on the amount of the soil
organic matter. During bioremediation, the monitoring of
ecotoxicity is required to evaluate the success and efficacy
of this process and to avoid accumulation of toxic metab-
olites of chlorophenol degradation in the environment.
Under real environmental conditions, persistence or only
transformation of the compounds are often observed. In
spite of this and due to the fact that most degradation
potentials are ubiquitous, activation and enhancement of
natural degradation potential in the contaminated soils by
bioaugmentation and the use of natural sorbents represent
currently the challenge to be faced in modern environ-
mental research and future decontamination techniques
used in remediation technology.
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