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Abstract

Degradation of polycyclic aromatic hydrocarbons (PAH) such as phenanthrene, anthracene, fluoran-

thene, pyrene, benzo[a]anthracene, chryzene, benzo[b]fluoranthene, benzo[e]pyrene, benzo[k]fluoranthene

and benzo[a]pyrene) in the surface layer (5 cm) of soil polluted with aircraft fuel in an amount of 10 ml/kg

was analyzed. The direct influence of solubility in water on the degree of its loss was proven. The clear

influence of the soil type — directly related, among other things, to organic matter content and contribution

of alluvial fraction — on the decomposition of 5-ring PAHs. Half-lives ranged from 152 to 313 for 3-ring

PAHs and from 117 to 492 for 4- and 5-ring PAHs.
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Introduction

Soil pollution with crude oil is most difficult and most
expensive to remove [1]. This problem is especially visible
in the vicinity of airfields. Aromatic hydrocarbons are com-
posed of numerous substances originating from crude oil [2],
and their contribution can vary from 4 to 22% depending on
substance type [3]. One of the most harmful groups of aro-
matic hydrocarbons is that of polycyclic aromatic hydrocar-
bons (PAHs). Their negative influence on animal and plant
organisms has been discussed in numerous research works
[4, 5]. Due to their properties, PAHs are characterised by
their high durability in the environment, which allows them
to accumulate in the soil for many years, and degrade with
difficulty. However, as shown by some researchers [6, 7], de-
composition of the above pollutants depends to a large extent
on soil properties, and the scope of their harmful impact on
organisms is directly related to soil type [5].

*Corresponding author, e-mail: patol@consus.ar.lublin.pl

In the present study, the ability of natural soil micro-
flora to degradation-selected PAHs in soil polluted with
aircraft fuel in the 0-5 c¢cm soil layer was evaluated.

Materials and Methods
Preparation of Soil Samples

The study material consisted of soils collected from
two areas endangered by pollution with PAHs (layer 0-20
cm) (Table 1). Containers (7 kg) made of plastic with a
volume of 10 1 were filled with the soil. The soil was kept
wet for 10 days at room temperature in order to activate
the microflora. Then the soil was polluted with aircraft
fuel in an amount of 10 ml/kg. The first samples (about
50 g for each container) were taken from around the 5
cm layer 7 days after the introduction of aircraft fuel.
Four samples from each container were taken with plastic
pipe (2 cm in diameter) and all four were mixed to obtain
a representative sample. The remaining samples were
taken, respectively, after 25, 105, 191 and 362 days. The
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Table 1. Some properties of investigated soils.

Properties Soil F Soil L
pH 6.5 4.7
P" [g/kg] 66.9 12.6
TOC [g/kg] 10.50 8.80
Total N [g/kg] 1.26 0.70
1-0.1 33 57
Soil texture 0.1-0.02 36 25
%] <0.02 35 18
X PAH (pg/kg) 343.6 1077.2

* _ available forms

experiment was carried out in two repetitions. For each
repetition independent TOC, N, P and PAH content was
determined.

Determination of PAH Content

A sample (20 g) was extracted in an ultrasonic
bath (Sonic-3, Polsonic, Poland) with two batches of
dichloromethane (2 x 40 ml). The extract was centri-
fuged and evaporated to dryness. The residue was then
dissolved in a mixture 4 ml of acetonitrile:water (1:1
v/v) and purified by solid phase extraction (SPE) us-
ing C ¢ Octadecyl columns (3 ml, 500 mg) (JT Baker-
Mallinckrodt, Germany). The column was conditioned
with one portion of methanol (1x3 ml), followed by
two portions (2x3 ml) of 2-propanol:water mixture (1:
9). The resulting extract was then transferred to the
column without allowing it to dry out. After drying, the
column was washed with one dose (1x3ml) of metha-
nol:water mixture (1:1), dried (5 min, light vacuum)
and the PAHs were eluted two portions (2x1.5 ml) of
acetonitrile.

A qualitative and quantitative analysis of PAHs
was carried out on the liquid chromatograph with UV
detection (TermoSeparation Products). The mobile
phase was acetonitrile:water mixture (80:20) (isocratic
condition). A Spherisorb S5 PAH (250x4.6 mm 1.D.,
Sum) (Schambeck SFD GmbH, Germany) column was
used for the separation of 16 PAHs. Detection was
carried out at 254 nm. The column was installed in a
thermostated oven at 31°C (LCO 101, ECOM, Czech
Republic).

Quantitative determination was performed using the
absolute calibration curve method. The correlation coeffi-
cients of calibration functions in the intervals of linearity
were higher that 0.9982-0.9998.

The detection limits calculated with a signal to noise
ratio of three (IUPAC criterion), for 20 pl loop injection,
were less than than 0.05 pg/ml and 0.5 ng for the concen-
tration and amount of the PAHs.

Determination of Soil Properties

The physical-chemical properties of the soils studied
were determined by methods generally used in chemical-
soil laboratories: pH in KCI, the total of the exchangeable
bases (TEB) and cation exchange capacity (CEC) [8, 9].
Total carbon content (TOC) was determined by the Tiurin
method as modified by Simakov [10], and the content of
phosphorus available forms according to the Egner-Riechm
method [8, 9]. Granulometric composition by the acromet-
ric method of Casagrade as modified by Proszynski [8, 9].

Data Analysis

The rate of decomposition of some chosen PAHs
(Table 2) was determined on the basis of the comparison
of the kinetic equation of the pseudo-first order [6]:

Cy
In—2="k-¢ (1)
CI
where:
*k — apparent constant reaction rate of the pseudo first
order (1/day),

t- time [days],
C, — initial PAH contents in soil,
C,— PAH content in soil after time t.
Half-live (T, ) [6] was determined from equation (2):

_In2
k
Statistical analysis was performed using MS Excel

2000 (Microsoft) and ARSTAT (AR Lublin). Standard

deviation (SD), relative standard deviation (RSD, %) and

Pearson correlation coefficient were calculated. Statisical

evaluations were performed using a t-Student test. Differ-
ences were considered as significant at p<0.05.

T,

2

2

Results and Discussion
Soil Characteristics

The physical-chemical properties and PAH total sum
in the soils used in our research are presented in Table 1.
The data obtained clearly showed that the studied soils
differed clearly in their properties. Soil F (proper brown
soil originating from loess) was characterised by a neutral
pH, the mean content of phosphorus available and the
mean total of nitrogen and carbon content characteristic
of most soils in Poland. Further to BN-78/9180-11 clas-
sification it is light silt loam. Soil L (proper podzolic soil
originating from sand) showed an acidic pH and a low
content of phosphors available, as well as nitrogen and
total carbon (Table 1). Further to the aforementioned clas-
sification it is loamy, sandy, strong and silty.

Also in respect to PAH content, the soils studied were
also clearly differentiated. In soil /, an amount of 343.6
pg/kg (RSD=16%, n=3) was determined, whereas in soil
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Table 2. Some properties of investigated PAHs.

PAHs MW S log K logK |
Phenanathrene 178 1.29 4.36 4.6
Anthracene 178 0.07 4.42 4.5
Fluoranthene 202 0.26 6.38 52
Pyrene 202 0.14 4.80 52
Benz[a]anthracene 228 0.014 7.30 5.9
Chrysene 228 0.002 3.66 5.9
Benzo[b]fluoranthene 252 0.0012 5.74 5.8
Benzo[k]fluoranthene 252 0.00055 5.74 6.0
Benzo[e]pyrene 252 0.004 7.20 -
Benzo[a]pyrene 252 0.0038 8.30 6.0

* - made on the basis of data from Department of Environmental Science, Lancaster University.

MW — molecular weight (g-mol™!); S — aqueous solubility (g/m?).

—1077.2 pg/kg (RSD=13%, n=3), which should be related to
automotive pollution (soil collected in the vicinity of motor-
ways). A difference in the composition of individual PAHs
were also noted. In soil F, Fluo (22.2%) and B[e]P (19.8%)
were predominant, whereas in soil L B[b]F (22.1%) and
B[K]F (21.7%). After the introduction of aircraft fuel, a rapid
increase in all PAHs was observed. The degree and scope of
this increase was clearly differentiated and depended not only
on the type of hydrocarbons but also on soil type (Fig. 1).

PAH Degradation in Relation to the Number of Rings

Based on the model of organic pollutant distribution
in soils enriched with organic matter of anthropogenic

1600

3030

1200 —

800

Change [%]

400

Plleiady

|
Fon  Ant Fles Pr B4 ©h B[b[F Blaf BkF BlaF

PAHs

Fig. 1. Changes in PAH content [%] in the soil after contamina-
tion with aircraft fuel.

origin as proposed by Beck et al. [11], it can be assumed
that most of the PAHs studied behaved according to
curve C, less frequently B, and only in one case, ac-
cording to E. Model C is characteristic of most organic
pollutants with semi-volatility and average sorption
properties (3-4 rings PAHs). The scope and degree of
degradation of individual PAHs differed clearly both
in the framework of properties of these compounds
(number of rings, molecular weight, solubility in water)
(Table 2), and also soil type.

The influence of PAH properties (first of all solubility
in water - SW) was clearly visible in soil F (Figs. 2-4).
This is understandable since it is well known that SW is a
factor which determines both PAH leaching into the depth

100 =— Fen {F)
—&— Ant{F}
--®-- FenilL)
--®—— Ant{L}

80

PAH remaining [%]

0 100 200 300 400
Time [days]

Fig. 2. Degradation of 3-ring PAHs in investigated soils. Error
bars represent standard deviation, n=2.
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of the soil profile and its susceptibility to biological and
physical degradation [6].

In the case of 3-ring PAHs (Fig. 2), a 50% decrease
in their presence was observed within the first 25 ex-
perimental days. In the following days, their content
continued decreasing; however, this decrease was not
as intensive as in the initial period. Finally, 20 and 38%
of Fen and Ant which were originally present in the soil
were determined.

Fluo and Pyr (4-rings), characterised by an identical
molecular weight and a similar solubility in water (Table
2), behaved in an almost identical way during the whole
experimental period. On the other hand, B[a]A and Ch,
with considerably lower SW values than the aforemen-
tioned hydrocarbons, showed markedly lower losses
both in the initial stage of the experiment, and after its
completion (25 days) (finally, 60% of PAHs which were
initially in the soil, remained). In the case of 5-ring PAHs,
a similar tendency was also observed. However, similari-
ties resulted from similarities in the molecular composi-
tion (homologues).

In soil L no clear influence of PAH properties on their
decomposition was noted (Figs. 2-4). PAH losses of a
similar level were observed in individual groups. Only in
the case of 4-ring PAHs were differences in the initial (up
to 100 days) stage of the experiment seen (Fig. 3).

PAH Degradation in Relation to Soil Type

Differences in PAH decomposition related to soil type
are seen in Figures 2-4. Half-lives (Fig. 5) determined on
the basis of equations (1) and (2) confirm the above. The
clearly better decomposition of 4- and 5-ring PAHs was
noted in soil L, and the relatively weak decomposition
of 3-ring PAHs. Data presented in Figure 5 shows that
starting from B[a]A in soil L, better decomposition of
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Fig. 3. Degradation of 4-ring PAHs in investigated soils. Error
bars represent standard deviation, n=2.

PAHs was observed. It is especially distinct for B[b]F
and B[K]F (Fig. 5).

The role of autochthonic microorganisms in PAH
degradation of the soils studied is not without impact. It
is known [12, 13] that bacteria, fungi and Actinomycetes
take part in biological PAH degradation. Cases of the deg-
radation of various pollutants by microorganisms natu-
rally occurring in the polluted environment are known in
literature [14, 15]. PAHs with a low number of rings (<4)
are especially prone to biodegradation [12]. For example,
half-lives given in literature for Fen (3-rings) in soils and
sediments are from 16 to 123 days, whereas for B[a]P (5-
rings) from 229 to over 1,400 days [16].

Biodegradation of 4-rings PAHs and PAHs with
higher number of rings is difficult but possible [17]. As
shown in literature [12, 18, 19], biodegradation takes
place by co-metabolism. For example, Kanaly and
Bartha [18] showed the distinct positive influence of
crude oil on the decomposition of B[a]P. Jimenez and
Bartha [20] suggested that it was probably related to an
increase of B[a]P bioavailable forms. Studies by Juhasz,
et al. [17], on the other hand, showed a visible increase of
dibenz[a,h]anthracene and benzo[a]pyrene mineralisation
in the presence of phenanthrene.

Considering the above information, the role played by
all PAHs in the experiment could not be omitted. It can be
concluded that the quick decomposition of 3-ring PAHs
in the initial stage of the experiment (Fig. 2) limited their
amount and hence the later degradation of PAHs >4 rings
was slow (Figs. 3 and 4).

Attention should also be drawn to the fact that soil L
— proper podzolic soil in which a better distribution of xe-
nobiotics studied was observed, especially carcinogenic
S-ring compounds, was characterised by PAH content on
a level three times higher than soil /' (Table 1). Hence, it
can be presumed that groups of micro-organisms present
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Fig. 4. Degradation of 5-ring PAHs in investigated soils. Error
bars represent standard deviation, n=2.
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in this soil, probably mostly fungi when judged by the
soil’s reaction [13], adapted to the existing conditions and
were capable of biodegradation pollutants introduced to
the soil. At the same time, it should be noted that biologi-
cal degradation with a fungal contribution is unfavourable
as toxic intermediate compounds can result from it [21]
such as, for example, highly carcinogenic intermediate
epoxy forms [6].

When analysing the data presented in Fig.l, it is
clearly seen that soil L “survived a smaller shock” after its
contamination with fuel than soil . Only Fen, Ch, B[e]P
and B[a]P showed an increase comparable to their initial
content in the soil. Whereas in soil F, as much as seven
PAHs increased their content more than three times. From
the above information it seemed that soil L was micro-
biologically better prepared for the decomposition PAHs
introduced than soil F.

The suggested adaptation of microorganisms to PAH
degradation was also confirmed by the fact that predomi-
nant PAHs in soil L were B[b]F and B[k]F which quickly
underwent decomposition, whereas in soil F, Fluo was
predominant, whose half-life in this soil was clearly
shorter than in soil L (Fig.5).

Organic matter plays an important role in biodeg-
radation intensity [5-7, 11]. A higher content of TOC
in soil F can significantly limit the availability of pol-
lutants for micro-organisms, which can explain their
poorer degradation. It is especially visible in the case of
4-ring B[a]A and 5-ring homologues: B[b]F and B[k]F
(Fig. 5) which strongly react with organic matter as in-
dicated by high levels of log K coefficient (Table 2).
The above has been confirmed by other authors, who
found that organic compound sorption, PAH included,
by organic matter can significantly limit their bioavail-
ability [11, 22]. It is especially visible in soil enriched
with organic matter of anthropogenic origin (i.e. com-
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Fig. 5. Half-life time (T1/2) of PAHs in investigated soils.

post) [23, 24]. Limitation of bioavailability depends
first of all on the character of organic matter and type of
PAHs. Laor et al. [25] showed differentiation in phen-
anthrene sorption related to the type of humic acids.
The aforementioned authors did not find limitations in
the biological degradation of phenanthrene adsorbed on
acid particles. However, it is known that in the sorp-
tion of organic pollutants and bound-residue formation
which can limit PAH degradation, the remaining part of
organic matter components, first of all humines [26],
play an important role beside humic acids. It was in-
teresting to get to know the character of organic matter
and contribution of its individual forms (fulvic, humic
acids and humines) of the soils studied. Taking soil
type into consideration it can be concluded that organic
matter content differs, and hence type of impact and its
strength in the soil studied was varied.

Considerable amounts of clay fractions (Table 1)
might also have an impact on the limitation of PAH degra-
dation in soil F. Clay minerals have reactive surfaces that
are normally coated with organic matter [27]. Their clear
influence on MCPA sorption was observed by Haberhau-
er, et al. [28] in soil with a low content of organic matter
(1.1-1.3%), and the content of clay minerals above 25%.
Also Maliszewska-Kordybach [29] noted the role of clay
minerals in the limitation of PAH availability in her for-
mula for determining the related sum of PAH content.

Besides biodegradation, photodegradation and evapo-
ration also account for PAH losses in the surface soil
layer (up to 5 cm) [6]. However, these processes play an
insignificant role and are often neglected when evaluating
PAH degradation degree in soils.

Analysis of standard deviation (SD) (Figs. 2-4),
showed clear differences in SD values only in the case of
3-ring PAHs and its dependence on soil type (Fig. 2). In
remaining cases (4 and 5-ring PAHs) individual standard
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Fig. 6. Changes of the total organic carbon, total nitrogen and
available phosphorous during research.
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deviation was clearly dependent on sample collection
time and most samples did not exceeded 10%.

Changes in PAH Content and Chemical Properties
of Soils

Contents of TOC, available phosphorus and total
nitrogen was also monitored during the present research
(Fig. 6). The content of the above-mentioned compo-
nents did not undergo any significant changes. However,
in the case of L soil, a high positive correlation between
the content of ¥ PAH and TOC amounting to r=0.919
(0=0.05), as well as the negative correlation between
PAH and available phosphorus (r=-0.791, a=0.05) which
may prove that phosphorus availability influenced PAH
degradation. A relation on a similar level between X
PAH and available phosphorus was also noted in soil F'
(r=-0.760, 0=0.05).

Conclusions

The following conclusions were drawn on the basis of
the results obtained:

1. PAHs decomposition in soils belonging to various
types clearly depends on both PAH properties (solu-
bility in water, log K ), and the properties of the sub-
ject soils (content of organic matter, content of clay
fractions);

2. Groups of microorganisms occurring naturally in the
soil are able to degrade pollutants introduced into the
soil, and the scope of degradation is clearly better in
soils characterised by increased content of these mi-
croorganisms, which can result from the earlier forma-
tion of cultures of microorganisms which are capable
of degrading them;

3. Favourable conditions for the development of mi-
croorganisms (neutral soil pH — Soil F) and the high
content of nutrients (available phosphorus, and also
nitrogen) play an important role in the case of degra-
dation of 3-ring PAHs, and the degradation of PAHs
with a higher number of rings (>4) is determined by
their bioavailability. The presence of organic matter
and a considerable share of alluvial fraction limits
these processes;

4. The rapid decomposition of 3-ring PAHs may sig-
nificantly influence the limitation of PAH degradation
with higher numbers of rings (first of all 5-rings ones),
which is related to the phenomenon of cometabolism.
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