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Abstract
Polycyclic Aromatic Hydrocarbons (PAHs) are widely distributed in the environment originating from both natural
and anthropogenic sources. Consequently, they are found ubiquitously in the lithosphere, hydrosphere, atmosphere
and biosphere. They are of major concern due to their recalcitrant nature, ability to bio-accumulate and their toxic,
carcinogenic and mutagenic effects on biological systems. One major anthropogenic source of PAHs is creosote
which is used as a wood preservative and contains 85% PAHs (w/w). Industrial facilities carrying out creosote
treatment activities can result in major contamination of soil and groundwater at these sites. The current study
investigates the potential of Ecopiling as a bioremediation strategy for creosote contaminated soil/sediment at a
former wood preservation facility. The study involved greenhouse experiments to assess the phytoremediation
potential of perennial ryegrass (Lolium perenne L.) and onsite construction of two small-scale, trial Ecopiles. The
greenhouse study showed that the creosote contaminated sediment had an inhibitory effect on plant growth and
reduced the effectiveness of rhizoremediation. However, the use of a clean soil overlay led to a significant decrease
in the phyto-toxicity experienced by the ryegrass plants and subsequently resulted in greater PAH degradation in
these pots. The use of Ecopiling was found to reduce the sum of EPA 16 PAH concentrations in the sediment by
94-96% after 730 days. The incorporation of spent-mushroom compost into the Ecopile, did initially increase the rate
of PAH degradation, however, after 730 days there was no significant difference between the PAH concentrations
remaining in the two Ecopiles. Although Ecopiling is a slow process compared to thermal and chemical treatments it
has proven to be an effective and low cost process for the remediation of PAHs from industrial sediments.

Keywords: Ecopiling; Bioremediation; Phytoremediation; PAHs;
Field trials

Introduction
Polycyclic Aromatic Hydrocarbons (PAHs) are a group of
compounds composed of fused aromatic rings. There are 1896 possible
PAH structures containing two to eight fused rings. Many PAHs occur
in the environment as a result of natural combustion processes such as
forest fires and volcanic activity [1]. Anthropogenic inputs of PAHs into
the environment stem from burning of fossils fuels, waste incineration,
smelting operations and the use of oil and coal products such as
asphalt and creosote. With the exception of leachate and spills, the vast
majority of anthropogenic PAHs enter the environment in the form of
air pollutants and over time are transported into water, soils, sediments
and biota [2]. Low molecular weight PAHs (2-3 ring compounds)
tend to be more water soluble than the higher molecular weight PAHs
(5-8 rings) and these tend to partition between the vapour and solid
phases. Heavier PAHs tend to be exclusively found in the solid phase
and so are generally adsorbed onto dissolved organic matter (DOM)
or soil particulates [3]. The tendency of PAHs to accumulate in soils,
sediments and biota increases with increasing molecular weight of the
PAH and the corresponding increase in the soil/sediment partition
coefficient (Koc). PAHs themselves are generally unreactive and have
low acute toxicity. However, their metabolites can be potent mutagens
and carcinogens [4].
Creosote is a mixture containing 85% PAHs (w/w), 10% phenolics
and 5% heterocyclic compounds and is commonly used as a wood
preservative to treat wooden structures such as rail-road sleepers,
electricity line poles and wooden marine structures. It is a dense, nonaqueous phase liquid (DNAPL) that contaminates soil and water at
many wood-preservation sites [5,6]. In the past, inefficiencies in the
wood impregnation process led to losses of up to 2% of the creosote
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charge in the form of fugitive air emissions and drip loss to the
underlying ground (with typical charges being 120 L of creosote per
m3 of wood). Remediation of these sites is difficult as aged PAHs tend
to be tightly bound to soil particles reducing their bioavailability for
microbial degradation. Soils and sediments with high clay content are
particularly problematic due to the strong absorption and adsorption
of PAHs to clay particles [7]. Currently, there are no European wide
soil quality standards for PAHs in soil. However, the Dutch target and
invention levels are widely used as benchmarks in remediation efforts.
These values are based on the sum of 10 individual PAHs (anthracene,
benzo[a]anthracene,
benzo[k]fluoranthracene,
benzo[a]pyrene,
chrysene, phenanthrene, fluoranthene, indeno[1,2,3 c-d]pyrene,
naphthalene and benzo[ghi]perylene) in the soil/sediment. The Dutch
guidelines set a target value of 1 mg kg-1 and an intervention value (i.e.,
the value that remedial action should be taken) of 40 mg kg-1 [8].
A wide variety of remediation techniques are available for PAH
removal from soils and sediments, with three of the most effective
being thermal treatment, use of oxidants and bioremediation. Of these,
bioremediation techniques are the most environmentally-friendly and
cost effective. Bioremediation utilises the inherent ability of the soil and
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plant-associated microbiome to partially or completely degrade organic
pollutants. Bacteria are the dominant micro-organisms in PAHcontaminated soil and play a crucial role in degradation of a wide range
of PAH species [9]. However, the main drawback of bioremediation
is that considerably more time is needed to complete the remediation
process [10]. The rate of PAH biodegradation from contaminated
soils varies depending on the molecular weight, water solubility and
bioavailability of the constituent PAHs as well as other abiotc factors
(soil pH, temperature, salinity, concentration of other toxic substances
(e.g., metals), water content, availability of macro and micronutrients),
and the population sizes of active PAH degrading micro-organisms
[11]. Common bioremediation strategies including biostimulation,
composting, biopiling and phytoremediation have been used with
mixed success on PAH contaminated soil. All of these bioremediation
strategies are aerobic processes and consequently, for them to be
effective, the oxygen content of the soil needs to be relatively high. This
oxygen content can be increased through processes of periodic tillage,
continuous sparging with air, or by using oxygen release compounds
(ORCs) such as hydrogen or magnesium peroxides. Oxygen diffusion
in the soil is also effected by soil texture and structures. Soils and
sediments with high clay content tend to have poor structure and
consequently, low oxygen, water and nutrient permeability. These soils
and sediments can be improved by incorporating materials like gypsum
or organic matter such as compost into the soil [12].
The use of plants in conjunction with hydrocarbon degrading
and/or plant growth-promoting bacteria (PGPB) has great
potential for the remediation of hydrocarbon contaminated soils
[13]. Germaine et al. [14] reported the successful remediation of 4800
m3 of soil containing low levels (<2000 ppm) of petrochemicals through
Ecopiling over a 2 year period. The Ecopile process involves biostimulation of indigenous hydrocarbon degraders, bio-augmentation
through inoculation with known PAH degrading consortia and
phytoremediation, through the effect of root growth and penetration
throughout the soil and the resulting stimulation of microbial activity
in the rhizosphere.
The current study describes a small scale Ecopiling trial on a
former wood preserving facility in Ireland. The contaminated soil had
originated from sediment that had collected in a storm-water lagoon.
During operation, the pond was regularly dredged and the sediment
placed in an onsite landfill. This sediment was found to be grossly
contaminated with PAHs (200-10,000 mg PAHs kg-1 soil). In addition,
the high clay content of this material made it particularly challenging to
work with and to remediate.

Materials and Methods
Soil conditions
Ecopiling was utilised as a remediation technology on a former
industrial site in the Republic of Ireland. The sediment from the on-site
landfill had high clay content (23.3% sand, 28.8% silt and 47.9% clay,
1.5-2% organic matter) and contained 575 ± 63.00 mg PAHs kg-1 soil.

Greenhouse phytoremediation trials
A greenhouse trial was initiated to establish the toxicity of the soil
to perennial ryegrass (Lolium perenne L.) and white clover (Trifolium
repens). 15 kg of PAH-contaminated sediment was air dried for 24 hrs
and passed through a 2 mm sieve, to remove pebbles and debris. The
sieved sediment was homogenised by mixing. Triplicate glass beakers
containing 1 kg PAH contaminated soil were set up. An additional three
beakers containing 1 kg of PAH contaminated sediment were set up
J Bioremed Biodeg
ISSN: 2155-6199 JBRBD, an open access journal

and the sediment surface in each of these beakers was covered with
uncontaminated soil (from the grounds of IT Carlow) to a depth of 2
cm. A set of control beakers were set up containing 1 kg of the same
uncontaminated soil.
Into each glass beaker, 15 seeds of either ryegrass or clover were
sown. The plants were cultivated under greenhouse conditions (16 hrs
at 24°C, 8 hr at 16°C) for 12 weeks. Another set of control beakers were
set up containing PAH contaminated sediment with no plants. Each
beaker was watered with 100 ml of deionised water once per week. At
the end of the experiment plant height and biomass were measured in
each of the beakers.
All of the sediment was removed from each of the glass beakers,
air dried for 24 hrs, crushed, sieved and homogenised as described
above. 10 g air dried soil samples were subjected to Soxhlet extraction
(hexane:acetone solvent 1:1) for 24 hours. The EPA 16 PAHs in these
extractions were quantified by Gas Chromatography coupled with
Flame Ionisation Detection (GC-FID) using a DB-5 30 m × 0.25 mm
capillary column (oven profile 40°C for 4 minutes, ramp to 270°C (10°C
min-1) held for 10 minutes, nitrogen gas flow rate 1.5 ml min-1, inlet
temperature 220°C, FID temperature 270°C, injection volume 5 µl).

Field trial Ecopile constructions
Two tons of sediment was excavated from the landfill for use in
a small scale field trial. This sediment was treated with a rotovator to
break-up the large soil clods and was divided up into two 1 ton piles
which were used to construct two Ecopiles.
The sediment in the two Ecopile systems were treated as follows:
Nutrients were mixed into the sediment in the form of nitrogen:
phosphorus (25:4) fertiliser at a rate of 5 kg m3. The sediment was also
augmented with consortia of PAH degrading bacteria that had been
isolated from the contaminated soil from the same site. This consortia
was isolated by incubating 10 g of PAH contaminated soil in 500 ml
minimal media [15] at 30°C, 100 rpm for 2 weeks and sub-culturing
in the same media, supplemented with either naphthalene, fluorene,
anthracene or phenanthrene, every 2 weeks for 3 months. This consortia
was immobilised in an alginate bead carrier as described in Ref. [16].
Typical bacterial numbers in these beads range from 108-109 CFU per
bead. The alginate beads were applied at a rate of 37 g m-3.
Ecopile 1 had the additional amendment of 0.1 tons of spent
mushroom compost in order to improve texture and air diffusion.
The Ecopiles were constructed so that they were perpendicular to
the prevailing wind. The base layer of sediment (50 mm) was placed
over a heavy-duty polythene liner and 1 m lengths of 50 mm drainage
pipe were placed at approximately 0.5 m centers, laid laterally across
the pile to allow for passive ventilation. The Ecopile was then raised
in consecutive 200 cm layers, comprising PAH contaminated sediment
and drainage piping to a height of 0.5 m. The Ecopiles were constructed
to be trapezoidal in shape and were approximately 5 × 1 × 0.5 m (L × B ×
H) in dimension. Finally each Ecopile was capped with uncontaminated
topsoil (~5 cm deep) and seeded with a 50/50 Clover: Ryegrass seed
mix. A control pile consisting of untreated sediment was set up for the
purposes of comparison.

Sampling
Three individual sediment samples were taken from each Ecopile,
every 2-4 weeks over a three month period. Each of these samples were
analysed for pH, water content, total aerobic bacterial counts, PAH
degrader counts and PAH levels. TVC was estimated using standard
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plate count methods [17] while PAH degraders were estimated using
a modified most probable number method [18]. Triplicate sediment
samples were collected at day 0, 56, 161 and 730 and were sent to an
independent testing laboratory (TE laboratories, Carlow, Ireland) for
PAH quantification and speciation.

Results
Analysis of the PAH contaminated sediment revealed that fluorene,
phenanthracene, fluoranthene, pyrene were the predominant PAHs in
the soil and accounted for over 70% of the total EPA 16 PAHs present. A
feasibility study investigating the use of phytoremediation as a treatment
strategy for remediating this creosote contaminated soil/sediment was
carried out in the greenhouse.

Toxicity of PAH contaminated sediment on growth of rye
grass and white clover
This study involved growing either perennial ryegrass or white
clover on creosote contaminated sediment with and without a clean soil
overlay. The results showed that the creosote contaminated sediment
exhibited significant (P=0.007) toxicity to perennial ryegrass and even
greater toxicity on white clover. Biomass production of perennial
ryegrass in the creosote contaminated sediment was inhibited by 94%
(Figure 1; Table 1). The addition of a 2 cm clean soil overlay on top of
the contaminated sediment significantly (P=0.002) reduced this growth
inhibition, with perennial ryegrass plants showing a 53% reduction in
their biomass compared to plants cultivated in pristine soils. White
clover proved to be much more sensitive to the sediment contaminants
than perennial ryegrass. The biomass of the clover plants cultivated
in creosote contaminated sediment was reduced by 97% compared to
plants cultivated in pristine soils. The clean soil overlay did improve the
growth of the clover (82% inhibition) but not as dramatically as that
seen in ryegrass.

Phyto-remediation of PAHs in greenhouse trial
PAH analysis of the soils at the end of these greenhouse studies
showed that the growth of perennial ryegrass on creosote contaminated
soil resulted in a 27% reduction in EPA 16 PAH concentrations
compared to those present in the control sediment (Table 2). However,
the perennial ryegrass cultivated on creosote contaminated soil
having the clean soil overlay resulted in a 55% reduction in PAH
concentrations compared to those present in the control soil. In glass
beakers planted with clover there was no significant difference in the
PAH concentrations in either the creosote contaminated or clean soil
overlay treatments compared with the controls (Data not shown).

Effectiveness of Ecopiling as a remediation strategy for PAH
contaminated sediment
Two small-scale field trials were constructed to investigate the
feasibility of remediating creosote contaminated soil/sediment using
Ecopiles (Figure 2). The Ecopiles were monitored over an 86 day
period for water content, pH, TVC and PAH degrader count. PAHs
concentrations were also determined after 0, 56, 161 and 730 days.
Water content and pH values did significantly fluctuate over the course
of the 86 day monitoring period in Ecopile 1 but not in Ecopile 2. The
addition of the spent mushroom compost was intended to increase
aeration and improve soil texture in Ecopile 1. The increased aeration
may have led to the increased water content loss observed. There was
an unusually warm and dry period between day 14 and day 28, which
Total Biomass Stem Biomass
(g)
(g)

Root Biomass
(g)

Ryegrass in Uncontaminated
soil

2.21 ± 0.13

1.07 ± 0.14

1.14 ± 0.22

Ryegrass in PAH sediment +
overlay

1.04 ± 0.14

0.29 ± 0.01

0.75 ± 0.11

Ryegrass + PAH sediment

0.13 ± 0.12

0.04 ± 0.02

0.09 ± 0.13

Table 1: Biomass (dry weight) of perennial ryegrass in sediment treatments after
12 weeks (Values represent the average of three independent replicates (n=3) and
the standard deviation).
PAH Concentration (mg kg-1)

Figure 1: Growth of perennial ryegrass (A) control (uncontaminated soil) (B) PAH contaminated sediment with clean soil overlay and (C) PAH

contaminated
Figure
1: sediment.
Growth of perennial ryegrass (A) control (uncontaminated soil) (B)
PAH contaminated sediment with clean soil overlay and (C) PAH contaminated
sediment.
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Unplanted
Control
soil

Rye Grass
Contaminated
sediment

Ryegrass soil
overlay

Naphthalene

0.000

0.000

0.000

Acenaphthene

1.739

0.725

0.000

Acenaphthylene

0.000

0.000

0.000

Fluorene

4.500

4.416

0.000

Phenanthrene

18.927

17.596

5.564

Anthracene

12.071

7.896

4.182

Fluoranthene

116.928

70.841

48.442
31.626

Pyrene

55.100

41.364

Benzo[a]anthracene

16.303

15.311

11.090

Chrysene

23.395

16.307

13.130

Benzo[b,k]fluoranthene

10.020

9.171

5.948

Benzo[a]pyrene

11.004

8.837

6.246

Indeno[1,2,3,cd]pyrene

13.528

13.569

0.000

Dibenzo[a,h]anthracene

1.039

0.943

0.000

Benzo[g,h,i]perylene

2.433

3.191

2.560

Total

286.985

210.167

128.788

Std dev

16.823

26.444

47.120

Table 2: PAH concentrations in sediments after 12 week of cultivation in the
greenhouse (Values represent the average of three independent replicates, n=3).
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may account for the 8% drop in water content levels in Ecopile 1 within
this period. There was also a steady reduction in pH in Ecopile 1 over
the monitoring period dropping from pH 7.6 to 6.8. Once again, the
addition of the spent compost is thought to be responsible for this as the
compost is high in acidic compounds such as fulvic and humic acids.
The pH of Ecopile 2 remained relatively constant ranging from pH 7.27.5.
Total viable aerobic bacterial counts (TVC) increased in both
Ecopiles over the course of the first 28 days of the trial, rising by nearly
two orders of magnitude and remained constant thereafter (Figure 3).
This rise is likely to be due to a combination of the effect of inoculation
and biostimulation of the indigenous bacterial communities as
a result of the macronutrient addition. There was no significant
difference between the TVC counts of the two Ecopiles at any of the
five sampling times. The addition of the spent mushroom compost did
not significantly effect TVC counts in Ecopile 1 compared to Ecopile
2 (p>0.05). PAH degrader counts also increased in both Ecopiles over

the course of the first 28 days of the trial, rising by nearly two orders of
magnitude and decreased by one order of magnitude thereafter.
PAH quantification showed initial PAH levels of 570 ± 63 mg kg-1
and 580 ± 29 mg kg-1 for Ecopiles 1 and 2, respectively. Monitoring
of the bioremediation progress showed that there was a rapid drop in
PAHs concentrations in the Ecopiles (Figure 4). After 56 days, PAH
concentrations remaining in Ecopiles 1 and 2 were 200 and 190 mg
kg-1 respectively, corresponding to 66% and 65% reduction in PAH
concentrations. After 161 days, the levels of EPA 16 PAHs detected
within the Ecopiles soils showed a further reduction in the PAH
concentrations with 86% degraded in Ecopile 1 and 81% degraded in
Ecopile 2. After 730 days, EPA 16 PAH concentrations were reduced
by 96% and 94% in Ecopile 1 and Ecopile 2, respectively (Table 3).
The most recalcitrant PAHs proved to be Chrysene and Benzo[g,h,i]
perylene, which showed very low degradation rates over the 730 day
period. These were followed by Benzo[b,k]fluoranthene and Benzo[a]
pyrene which had 44-62% and 46-65% degradation rates, respectively,

2: (A) Ecopiles two weeks after construction in June 2013 (day 14) (B) Ecopiles 2 months after construction in August 2013 (day 56).
Figure 2:Figure
(A) Ecopiles
two weeks after construction in June 2013 (day 14) (B) Ecopiles 2 months after construction in August 2013 (day 56).

Figure 3: Average TVC and TPH degrader count within the Ecopiles over the 86 day monitoring period. Data points represent the mean 3 readings.

Figure 3: Average TVC and
degrader
Ecopiles
ErrorTPH
bars shown
are thecount
standardwithin
error ofthe
the means
(n=3).over the 86 day monitoring period. Data points represent the mean 3 readings. Error bars
shown are the standard error of the means (n=3).
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over the 730 day period. The other remaining PAHs were degraded
by 80-99%. The PAH analysis of the Ecopile soils suggested that there
was considerably more degradation of phenanthrene, fluoranthene,
benzo[a]anthracene, benzo[a]pyrene and indeno[1,2,3,cd]pyrene
in Ecopile 1 than in Ecopile 2. Many of the unidentified compounds
present in the initial contaminated sediment (unidentified peaks)
were not observed in the GC-FID profiles after 161 days, suggesting
that these compounds were also biodegraded (Figure 5). A control pile
containing just untreated sediment showed a 27.5% reduction in EPA
16 PAH concentrations over the 730 day period.

Discussion
This study examined the feasibility of using Ecopiling as a
possible remediation system for the removal of PAHs from creosote

contaminated sediment. Ecopiling is a modification of traditional
passive composting (biopiling) by incorporating phytoremediation
into the remediation process. The Ecopile process also involves biostimulation of indigenous hydrocarbon degraders, bio-augmentation
through inoculation with known hydrocarbon degrading consortia and
phytoremediation, through the effect of root growth and penetration
throughout the soil and the resulting stimulation of microbial activity
in the rhizosphere. Greenhouse trials were set up to examine the
feasibility of using perennial ryegrass and clover for the purpose of
phytoremediating creosote contaminated soil. When grown in creosote
contaminated sediment both ryegrass and clover plants had significant
reductions in biomass production. Liste and Felgentreu [19] found
that ryegrass was the most PAH-tolerant in their study of plant species
growing in soil from a coal gasification site (PAH content: 71.4 mg

Figure 4: Levels of EPA 16 PAHs in the Ecopiles over the 730 day monitoring period. Data points represent the mean of triplicate extractions. Error bars shown are the standard error of the

means 16
(n=3).
Some error
bars are
hidden behind
the the
datapoint
Figure 4: Levels of EPA
PAHs
in the
Ecopiles
over
730symbols.
day monitoring period. Data points represent the mean of triplicate extractions. Error bars shown are
the standard error of the means (n=3). Some error bars are hidden behind the datapoint symbols.

Ecopile 1
Initial concentration
(mg Kg-1)

Final
concentration
(mg Kg-1)

Ecopile 2
% Degraded

Initial concentration
(mg Kg-1)

Final
concentration
(mg Kg-1)

% Degraded

Naphthalene

35.50 ± 0.11

0.15 ± 0.07

99.58

35.43 ± 0.04

0.15 ± 0.07

99.57

Acenaphthylene

12.91 ± 0.38

0.45 ± 0.49

96.51

12.78 ± 0.15

0.7 ± 0.85

94.52

Acenaphthene

4.02 ± 1.19

0.15 ± 0.07

96.27

4.35 ± 0.04

0.15 ± 0.07

96.55

Fluorene

54.8 ± 4.98

0.30 ± 0.28

99.45

51.07 ± 0.04

0.5 ± 0.02

99.02

Phenanthrene

160.85 ± 0.20

0.55 ± 0.21

99.66

152.75 ± 3.78

0.55 ± 0.07

99.64

Anthracene

17.69 ± 3.56

1.90 ± 1.13

89.26

21.47 ± 0.31

1.75 ± 0.21

91.85

Fluoranthene

141.13 ± 26.43

2.65 ± 1.34

98.12

153.78 ± 10.8

4.45 ± 1.06

97.11

Pyrene

63.31 ± 12.06

5.90 ± 2.82

90.68

71.63 ± 4.16

6.6 ± 0.71

90.79

Benzo[a]anthracene

35.92 ± 7.32

1.15 ± 0.35

96.80

36.39 ± 1.68

2.2 ± 0.99

93.95

Chrysene

2.11 ± 0.00

2.10 ± 0.28

0.31

3.39 ± 0.08

3.55 ± 1.2

0.00

Benzo[b,k]fluoranthene

7.24 ± 1.30

2.70 ± 0.56

62.70

7.74 ± 2.10

4.3 ± 8.4

44.46

Benzo[a]pyrene

5.74 ± 0.73

2.00 ± 0.35

65.19

5.23 ± 2.33

2.8 ± 4.2

46.41

Indeno [1,2,3 cd] pyrene

26.54 ± 3.71

1.60 ± 0.28

93.97

20.40 ± 3.09

2.05 ± 0.78

89.95

Dibenzo [a,h] anthracene

0.77 ± 0.00

0.15 ± 0.07

80.42

1.53 ± 0.38

0.45 ± 0.99

70.50

Benzo [g,h,i] perylene

1.38 ± 0.50

1.35 ± 0.35

2.09

2.07 ± 0.27

1.9 ± 0.71

8.25

Total

570.00 ± 63.91

23.00 ± 8.65

95.95

580.00 ± 29.21

32.10 ± 8.97

94.46

Table 3: Percentage degradation of individual PAHs within the Ecopiles after 730 days (n=3).
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Figure 5: GC-FID chromatograph showing detection of PAHs in Ecopile 1 at day O (red trace) and after 161 days (black trace).

kg-1). However, they reported up to a 50% decrease in root and shoot
yield in ryegrass. The reduction in growth was thought to be due to
toxicity of low molecular weight constituents. Yu et al. [20] showed that
both phenanthrene and pyrene signiﬁcantly decreased the biomass of
ryegrass plants. While in an earlier report, Yu et al. [21] found no effects
on plant growth or any sign of stress in white clover and perennial
ryegrass grown in soil spiked with phenanthrene and pyrene at rates
up to 375 mg kg-1. Saison et al. [22] found that the growth of Italian
rye-grass (Lolium multiflorum var. Fastyl) and red clover (Trifolium
pratense) on coking plant soils with 2077 mg PAH kg-1 soil was similar
to plant growth in an uncontaminated control. In the current study
we found that sowing the plant seeds in a thin layer of clean soil led
to significant improvements in plant biomass. Seed germination is a
very sensitive phase of plant growth, and many classical toxicity assays
are based upon germination or seedling emergence in the presence
of contaminants. Henner et al. [23] found that seed germination was
strongly inhibited by low molecular weight, water-soluble compounds,
for example toluene, styrene and naphthalene. Kuiper et al. [24] also
found that naphthalene reduced seedling emergence. Seedlings grown
in naphthalene contaminated (200 mg Kg-1) soil produced no above
ground growth. Liu et al. [25] found the high levels of phenanthrene
(200 mg kg-1) exhibited toxic effects on ryegrass but this toxicity was
only observed after 75 days. The analysis of the soils in the current study
showed that there were low molecular weights PAHs present which may
have been responsible for the reduced biomass observed.
In the greenhouse trials the growth of ryegrass in the creosote
contaminated soil did result in greater PAH degradation than in the
unplanted controls. Glass beakers with greater ryegrass biomass had
greater levels of PAH biodegradation. Yu et al. [21] showed that
ryegrass enhanced the dissipation of phenanthrene and pyrene
through the signiﬁcant (p<0.05) increase in peroxidase activities
in soil. Olson et al. [26] found that planting soil with perennial ryegrass
led to 85% dissipation of PAHs in contaminated soil. There are also many
other reports of successfully using ryegrass in PAH phytoremediation
studies (e.g., Ref. [27] and Ref. [28]).
The effectiveness of phytoremediation of PAHs in contaminated soil
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can be enhanced through the introduction of PAH degrading microbes.
Afzal et al. [29] studied the effect of Italian ryegrass when it was grown
in non-sterilised soil polluted with hydrocarbons and inoculated with
different alkane-degrading strains of Pantoea sp. and Pseudomonas sp.
This inoculation had a beneficial effect on plant biomass production
and hydrocarbon degradation. Teng et al. [30] examined the effects of
inoculation with Rhizobium meliloti on phytoremediation of aged PAHs
by alfalfa. Planting with uninoculated Alfalfa and Alfalfa inoculated
with R. meliloti signiﬁcantly lowered the initial soil PAH concentrations
by 37.2 and 51.4% respectively compared with unplanted control soil.
However, the inoculation of soils with hydrocarbon degraders is not
always guaranteed to be successful in increasing biodegradation
rates. Pritchard et al. [31] bioaugmented PAH contaminated soil
with a PAH degrading Sphingomonas sp., along with macronutrients.
However, PAH degradation rates were not enhanced compared to
untreated controls. On further analysis they found that undetermined
compounds in the alkaline fraction of creosote extracts caused the
highest level of inhibition in PAH degradation activity. It is generally
accepted that microbes introduced into soil through liquid applications
show poor survival rates [32]. For successful bioaugmentation, the
added microorganisms must fill a unique metabolic niche in the soil
microbial community or be protected by encapsulation [33,34]. In the
current study, a constructed functional microbiome of PAH degrading
bacteria (previously isolated from the same site) were encapsulated in
calcium alginate beads. It has been previously shown that this is a useful
way of inoculating polychlorinated biphenyl and diesel degrading
microbes into soil [14,16]. These beads degrade slowly over time, giving
the inoculum time to adapt to the conditions of the soil and protecting
them from predation and competition.
In the current study, we also report a 95% reduction in PAH
concentration after 730 days in Ecopile 1 and a 94% reduction in
Ecopile 2. There have been a number of studies demonstrating the
successful use of biopiling to remediate PAH contaminated soil. Lors
et al. [35] used large field scale windrows (5000 tons each) to remediate
soils heavily contaminated with PAHs (3000 mg kg-1). After 181 days
they reported 85% degradation of EPA 16 PAHs. This reduction of
PAH concentration was linked to the bacterial community, which
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was characterised by having a high diversity and the persistence of
an introduced bacterial consortium during the entire biotreatment
process. Llado et al. [36] used a dynamic biopile as a remediation
strategy for a creosote-contaminated soil. This led to a 98% depletion
of the low molecular weight PAH fraction while some high molecular
weight PAHs (4-5 rings) were either partially or not degraded at all
after a 180-day treatment. They found that additional biostimulation
was necessary after the biopiling process to remove these residual
PAHs. Gandolfi et al. [37] constructed small scale biopiles and used
compost amendments on PAH contaminated soil. Their results showed
that the addition of compost was effective in enhancing the degradation
of PAHs (particularly the four-ringed PAHs) and in reducing the
over-all toxicity of the soil. In the current study the addition of spent
mushroom compost initially significantly enhanced the degradation
of EPA 16 PAHs (by 30%) in the compost amended Ecopile compared
to the Ecopile without compost. However, after 730 days there was no
significant difference in the concentrations of the 16 EPA PAHs.
One of the possible disadvantages of using a phytoremediation
system to remediate toxic compounds from the soil is the potential
for transfer of the toxic components or their metabolites into plant
tissues and so enter into the ecosystems food chain via herbivorous
primary consumers. This is unlikely to be an issue with PAHs as their
low water solubility and high log Kow values result in very little plant
uptake and translocation. For example, Reilley et al. [38] found the total
accumulation of pyrene and anthracene in roots and shoots of different
plants accounted for <0.03% of total added PAHs. Thus, uptake of PAH
by vegetation is insignificant. The potential for dermal contact and dust
generation is reduced in the Ecopile system as the contaminated soil is
covered with a layer of clean soil and the roots of the plants prevent soil
erosion by the wind and thus reduce the generation of contaminated
dust particles leaving the site during the remediation process.

Conclusion
The creosote contaminated sediment used in this study was found to
significantly inhibit the growth of ryegrass and clover, and consequently
reduced the effectiveness of the phytoremediation of the PAHs. The
use of a thin layer of clean soil over the PAH contaminated sediment
significantly increased the growth of ryegrass with a corresponding
increase in PAH degradation. The incorporation of spent mushroom
compost, as a soil conditioning agent, had no significant effect on the
PAH levels within the Ecopiles after 730 days. Ecopiling proved to be
an effective bioremediation technique for the removal of PAHs from
industrial clayey sediments, with a reduction of 94-96% in the sum of
EPA 16 PAH concentrations in the sediment after 730 days. One of the
key advantages to this system is the reduced costs of the remediation
process, as once constructed, there is little additional cost in terms of
labour and maintenance (although the longer process time may incur
additional monitoring costs). The other major advantage is that the
aesthetics and many ecological functions are rapidly restored to the
site. Ecopiling is a relatively slow process but it is a useful technique for
remediating abandoned or very large sites where the cost of thermal/
chemical treatment would be prohibitively high.
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