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Abstract

The biodegradation of the potent carcinogen, benzo[a]pyrene (BaP), and other priority pollutants was investigated
in un-weathered coal tar contaminated soil over a period of 150 days. Results from the laboratory microcosm
experiments showed that after 60 days, the concentrations of BaP were significantly reduced by 81%, in the
biodiesel amended samples compared to the 26% and 34% depletion in the control and nutrient-only amended
microcosms, respectively. The 3-ring PAH anthracene was also almost completely biodegraded in the presence of
biodiesel. However, phenanthrene degradation was significantly inhibited in these samples as only 3% reduction
occurred as opposed to the 80% depletion observed in the control. A stepwise treatment approach conducted on the
coal tar spiked soil also revealed a higher reduction in BaP (98%) in the biodiesel amended microcosms compared
to the control (29%) and further enhanced the depletion of phenanthrene by 51% after 60 days of adding biodiesel to
soil initially treated with nutrients. Toxicity assays showed that biodiesel amended microcosms stimulated
phosphatase enzyme activity and exhibited a lower toxic response to Microtox Vibrio fischeri. Overall, the pattern
observed in the removal of the PAHs using biodiesel, suggests the co-metabolic action of ligninolytic fungi, probably
via lignin peroxidases, as also evidenced from the visible growth of moulds after 14 days of amendment. The
enhanced removal of carcinogenic PAH and the reduced toxicity observed in soil after biodiesel amendment,
indicates that this bioremediation technique has potential for full scale field trials.

Keywords: Biodiesel; Biodegradation; Coal tar; Toxicity; Soil;
Nutrient; Benzo(a)pyrene

Introduction
Coal tar remains a notable feedstock for the production of many

important aromatic chemicals, accounting for 10-15% of benzene,
toluene, ethylbenzene and xylene (BTEX) production and more than
90% of other heavy chemicals [1]. It is formed by the pyrolysis of coal,
a process which consists of two distinct phases: the splitting of the
weaker C-C bonds between the aromatic units and further reactions of
cracking, hydrogenation and assemblage of the primary aromatic units
to form the resultant products [2]. However, one major concern of coal
utilization is the PAH content. PAHs occur naturally in coals and are
most significantly present in coal tar and creosote as compared to
other known sources [3].

Among the over 100 known PAHs, a list of 16 priority pollutants
have been identified by the United States Environmental Protection
Agency (USEPA) as sources of environmental concern due to their
persistent nature and carcinogenic potential hence, most cleanup
efforts are geared towards reducing these pollutants to safe
environmental limits [4]. The persistence of PAHs is dependent on
environmental factors as well as the chemical structure, concentration
and level of their bioavailability; these factors also contribute to the
level of their toxicity [5]. PAHs are naturally removed from the
environment by microbial degradation, a biological process which is
being extensively employed in the bioremediation treatments of PAH
contaminated sites [6].

Benzo[a]pyrene (BaP) is the most studied of the PAHs and is
considered a target analyte in environmental studies [7] thus, its levels
in the environment are employed as the basis for the formulation of
regulations and clean up endpoints [8]. During degradation, BaP
cannot serve solely as a growth substrate for bacteria therefore,
significant mineralisation of this pollutant requires the presence of co-
substrates as alternate carbon sources [8]. These co-substrates which
include low molecular weight PAHs induce competitive and synergistic
(cometabolic) effects that are capable of enhancing the degradation of
a wide range of PAHs by defined strains [6,9].

Studies have shown that biodiesel can facilitate the degradation of
PAHs by cometabolic transformation, and this has been attributed to
its high degradability and ability to increase pollutant solubilization
[10-12]. However, the possibility of induced toxicity may result after
treatment, as hinted by Taylor and Jones [12], thereby necessitating the
inclusion of ecotoxicological analyses in assessing hydrocarbon
endpoints during remediation treatments [13-15]. In this study, a soil
enzyme activity test (phosphatase assay) and the Microtox® bioassay
were used to ascertain the level of toxicity after soil treatment.

Phosphatases are enzymes that mobilise organic phosphorus by
hydrolysing esters and anhydrides of phosphoric acids into soluble
inorganic forms needed for bacteria metabolism [16]. The presence of
hydrocarbon pollutants in soil can affect the hydrolytic function of
phosphatases and other enzymes involved in the nutrient (N, P, C)
cycles [17] thus, their activity can function as a biological indicator to
determine ecological stress in polluted soils. The Microtox® bioassay
has been identified as one of the most sensitive among other bacterial
assays in detecting toxicity for a wide range of organic and inorganic
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substances [18]. It is a bioluminescence-based assay which measures
the reduction in the light output of the Vibrio fischeri bacteria in
proportion to the concentration of the toxicant on exposure [19].

The purpose of this study was to further investigate the ability of
biodiesel in enhancing the degradation of BaP in un-weathered coal
tar as was revealed in previous work with weathered tar. In addition, a
stepwise biodiesel amendment technique was explored and
comparatively evaluated.

Experimental
The viscous un-weathered coal tar was obtained from Monckton

Coke and Chemical Co. Ltd. The soil was taken from an organic crop
field in agricultural land (Nafferton Farm) in Stocksfield,
Northumberland. The location, supported by chemical analysis
conducted on a sample of it, indicated that there was no previous
history of major organic chemical contamination. Prior to use, the soil
was passed through a 2 mm sieve to remove materials such as leaves,
roots and stones. Biodiesel (rape seed methyl ester, RME- B100) was
provided by Dl Oil Plc and the slow release fertiliser (Westland Feed-
All slow release plant food, NPK 14-5-28) was obtained from
Homebase Ltd, Newcastle upon Tyne.

Laboratory degradation experiments
Three sets of treatments; TC (un-amended control), TNT (nutrient

amended) and TBN (biodiesel amended) were prepared in triplicates
as follows: Aliquots of tar (250 mg) dissolved in dichloromethane (1
mL) were spiked on 20 g of air-dried soil samples and left in the fume
cupboard overnight to allow for solvent evaporation. The spiked soil
samples were transferred to 250 mL brown glass jars containing 30 g of
wet soil. 10 g of biodiesel was added to one set of glass jars. 3 g of slow
release fertiliser was weighed into each jar except the set of control. The
water content was finally adjusted to 50% of the soil’s water holding
capacity and each treatment was mixed thoroughly. All brown jars
were covered with aluminium foil perforated with holes to allow for
aeration and stored in cupboards at room temperature. De-ionised
water was added weekly to compensate for water loss and samples were
stirred every 2 weeks. Treatments were freeze-dried, extracted and
analysed after incubation periods of 0 and 60 and 90 days.

Stepwise amendment technique
This approach involved the addition of biodiesel to the un-

weathered coal tar experiments after 60 days of nutrient
supplementation. In other words, the soil micro-organisms were first
allowed to utilise the slow release fertiliser to degrade PAHs for
duration of 60 days before 10 g of biodiesel was added to the
treatments. The biodiesel amended samples were then incubated for
additional 60 and 90 days, i.e., sampling was done after a total of 120
and 150 days of incubation, respectively. Also allowed to run
simultaneously, were the control and nutrient amended sets prepared
as earlier described. These were also analysed after 120-day and 150-
day incubation periods.

Biodiesel composition analysis
The composition of the rapeseed biodiesel was determined to

identify and quantify the individual fatty acid methyl esters (FAME)
present in the sample as follows: An aliquot (50 mg) of biodiesel was
weighed into a clean glass vial and 500 µg of squalane was added. A

spatula full of alumina was added to the sample and mixed. The sample
then passed through a silica gel/alumina column by eluting with 70 mL
petroleum ether and 70 mL dichloromethane: petroleum ether solvent
mixture (50:50, v/v) into a 250 mL round bottom flask. The eluted
fraction was concentrated to 10 mL by rotary evaporation. An aliquot
(1 mL) was transferred to a glass GC vial and 50 µg of internal
standard (n-heptadecylcyclohexane) was added for quantitative
analysis by GC and GC-MS. A procedural blank was also run.
Triplicate measurements were conducted for this analysis.

Extraction method
The contents of each brown jar was transferred to pre-extracted

thimbles with solvent washings (dichloromethane) and spiked with
surrogate standard (squalane, Fluka Chemika; 1,1'-1,1’-Binaphthyl,
Kodak, UK). Extraction was performed using Soxhlet method with
dichloromethane and methanol (93:7) as the solvent mixture for a
minimum of 16 h. Extracts were concentrated to 30 mL by rotary
evaporation and an aliquot (1 mL) was transferred to pre-weighed
glass vial and evaporated to dryness under stream of nitrogen to
constant weight to quantify the extractable organic matter (EOM).
After further concentration, extracts were made up to 20 mL in
dichloromethane (DCM) and an aliquot (2 mL) was transferred to a
glass vial for separation by column chromatography.

Soxhlet extracts of the biodiesel amended soil samples were
saponified before column separation in order to reduce the possible
interferences of fatty acid methyl esters in the identification and
quantification of the hydrocarbons fractions. An aliquot (1 mL) was
transferred to 100 mL round bottomed flask containing toluene (6
mL), methanol (6 mL) and refluxed for 1 h in 3 M KOH solution. After
cooling, the content was decanted into a separating funnel with solvent
washings (5 mL of methanol, 5 mL mixture of methanol: toluene -
50:50 v/v, and 10 mL of toluene). Hexane (15 mL) was added and the
separating funnel was shaken and left to stand to allow the separation
of the upper organic layer from the lower aqueous layer. The organic
layer was then transferred using a pipette to a 100 mL round bottom
flask. The process was repeated after two further washings with hexane
to complete removal of the organic layer and the content of the flask
was dried over granular anhydrous Na2SO4. The content was
concentrated to ~2 mL and transferred to a 10 mL glass vial prior to
separation on a chromatographic column.

Sample fractionation
Total petroleum hydrocarbons were separated from the EOM

aliquots by column chromatography using activated (120°C, 2-3 h)
alumina (Merck, UK; 2 g) and silica gel (chromatography grade,
Merck, UK; 7 g) as adsorbents and elution with 70 mL petroleum ether
(BP 40-60°C) and 70 mL dichloromethane: petroleum ether solvent
mixture (50:50, v/v). A procedural blank column was also run. Prior to
analysis of the fractions by gas chromatography-mass spectrometry
(GC-MS), internal standards (p-terphenyl, Fisher Scientific, UK, and
the Supelco, deuterated internal standard mix, comprising
acenaphthene-d10, chrysene-d12, 1,4 dichlorobenzene-d4,
naphthalene-d8, perylene-d12, and phenanthrene-d10) was added to
an aliquot for quantification.
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Toxicity assessment of un-weathered coal tar treatments: Soil
phosphatase activity

Soil phosphatase activity was measured by the method developed by
Tabatabai and Bremner [20] using p-nitrophenyl phosphate as
substrate. This colorimetric method is based on the yellow colour
formation of alkaline solutions of p-nitrophenol formed as a product of
phosphatase activity which is then measured at 400 nm.

Microtox acute toxicity assay
The Microtox toxicity test was carried out using the SDI Model 500

Analyser as specified in the Microtox basic test protocol [21,22]. Prior
to analysis, the tar sample extracts (EOM) were solvent- exchanged
into 1 mL of DMSO which is less toxic than the dichloromethane:
methanol extractant. Aliquots of 1 µL were then diluted with 10 mL of
Microtox diluent before analysis. The concentrations of the solutions
ranged between 2 mg/L to 35 mg/L.

Analytical equipment
The GC-MS analysis was performed on a Hewlett-Packard 6890

instrument fitted with a split/splitless injector (280°C) and linked to a
Hewlett-Packard 5973 MSD which was set with an electron voltage of
70 ev, source temperature 230°C, quadrupole temperature 150°C,
multiplier voltage 1800 V and interface temperature 310°C. An aliquot
(1 µL) of sample dissolved in DCM was injected by an HP7683
autosampler and separation was performed on a fused silica capillary
column (30 m × 0.25 mm i.d) coated with 0.25 µm thick 5%
phenylmethyl polysiloxane stationary phase, using helium as the
carrier gas (flow 1 mL/min, pressure of 50 kPa, split at 30 mls/min).
The GC oven temperature was programmed at 50°C for 2 min and
ramped at 4°C/min to a final temperature of 300°C held for 20 min.
Data acquisition was controlled by a HP PC using Chemstation
software and TPH fraction analyses were made in selected ion mode
(SIM) for greater sensitivity.

Statistical analysis
Data were tested statistically using MINITAB 16.0 software.

Comparison of means was conducted using the One-Way Analysis of
Variance (ANOVA) test at 95% confidence level followed by the
Dunnet’s multiple comparison test set at 5% family error rate. The
student t-test was also used to compare different means at 5% level of
significance.

Results and Discussion

Microbial growth in biodiesel amended laboratory
microcosms

Figure 1 presents different durations from 1 week (7 days) to 90
days of the growth pattern of microorganisms (white moulds)
observed in the biodiesel amended samples in the un-weathered coal
tar (TBN) experiments. It was also evident that when soil was turned
after 2 weeks in order to allow for adequate aeration, growth was
enhanced with the appearance of dense white-green coloured microbes
at the entire surface of the aerated soil after just a week’s interval, as
shown in images of the biodiesel amended samples taken after 2 weeks,
i.e., from week 3 to 90 days.

Extractable Organic Matter (EOM) concentrations
After 60 days incubation, the EOM levels in the biodiesel amended

(TBN) microcosms were reduced by 80% compared to 39 and 25%
depletions seen in the un-amended control (TC) and nutrient
amended (TNT) microcosms, respectively (Figure 2). This large
percentage reduction is mainly attributed to the high degradability of
the FAMEs of the biodiesel component, is very similar to the rate of
degradation (81%) seen in previous work for weathered coal tar after
60 days of incubation with biodiesel. After 90 days, the EOM levels in
the TBN microcosms were reduced by 84% (a further 4%). The TC
samples did not show further reductions (-3%), while TNT treatments
were decreased by 54% (a further 19%).

Figure 1: Visible microbial growth in biodiesel amended
experiments from 2 weeks to 90 days incubation period; also
showing no visible growth for all samples at 1 wk period. TC=un-
amended control; TNT=nutrient amended; TBN=coal tar (un-
weathered) spiked biodiesel amended samples.

Figure 2: EOM concentrations at days 0, 60 and 90 for un-
weathered coal tar spiked soils. Error bars indicate +/- one standard
deviation from the mean (n=3). TC=un-amended control;
TNT=nutrient amended; TBN=biodiesel amended samples.
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Biodiesel composition
Figure 3 shows the chromatogram of the rapeseed biodiesel used in

this study, while Table 1 reports the percentage chemical composition
of the fatty acid methyl esters which was compared with a typical
rapeseed oil-based biodiesel reported by Stauffer and Byron [23].

Figure 3: Partial gas chromatogram of the rapeseed biodiesel used
for this study; the abbreviated names for the fatty acids are
represented by the ‘C’ followed by the total number of carbon atoms
(including the carboxylic group) present in the chain, and a colon
with the number of carbon to carbon double bonds present in the
chain.

In both cases, the totals do not add up to 100% due to the non-
inclusion of compounds of very small proportions. The most abundant
compound of the rapeseed biodiesel analysed is shown to be methyl
octadecenoate, i.e., the methyl ester of oleic acid (C18:1; 84.3%)
followed by methyl esters of palmitic, linoleic, stearic and gadoleic
acids (C16:0, C18:2, C18:0 and C20:1, respectively) in decreasing order

of abundance (Table 1). Some other FAMEs of <1% composition are
also shown in the chromatogram below. The saturated FAMEs
constituted only 9.4% of the calculated total of 99.5% (Figure 4).

Fatty acid methyl esters of
rapeseed biodiesel (RME)

Concentration (%) by mass

RME
analysed RME [23]

C14:0 0.1 0.1

C16:0 5.7 4.8

C16:1 0.2 0.2

C18:0 2.3 0.4

C18:1 84.3 61.6

C18:2 4.1 20.6

C18:3 N/A 9.2

C20:0 0.8 0.6

C20:1 1.4 1.4

C22:0 0.4 0.4

C22:1 0 0.3

C24:0 0.1 0.1

C24:1 0.1 N/A

Table 1: Chemical composition of the rapeseed biodiesel used for this
study in comparison with typical oil-based rapeseed biodiesel reported
by Stauffer & Byron [23]. Abbreviated names for the fatty acids are
represented by ‘C’ followed by the total number of carbon atoms
(including the carboxylic group) present in the chain, and a colon with
the number of carbon to carbon double bonds present in the chain.

Concentrations of PAHs (µg/g)

TC TNT TBN

Day 0 Day 60 Day 90 Day 0 Day 60 Day 90 Day 0 Day 60 Day 90

Mean S.d Mean S.d Mean S.d Mean S.d Mean S.d Mean S.d Mean S.d Mean S.d Mean S.d

Naphthalene
299.5
0

51.
7 1.99 1.1 1.43 0.4

222.6
9 6.3 6.57 2.2 2.00 0.4 21.87 13.4 44.53 10.5 9.68 14.6

Acenaphthylene
191.4
7

41.
8 22.05

31.
4 4.61 2.4

124.3
6 7.1 72.28

17.
5 64.63 10.5 97.83 23.8 76.26 2.2 32.19 19.8

Acenaphthene 14.06
14.
1 0.85 1.4 0.14 0.1 5.22 1.0 2.59 0.4 2.10 0.2 4.78 1.1 3.24 0.1 1.63 0.9

Fluorene 88.00
14.
3 9.81

13.
1 2.97 1.9 71.46 5.1 45.33 7.0 39.83 10.6 62.08 26.4 57.72 0.8 36.00 21.8

Phenanthrene
220.6
3

45.
8 43.51

42.
2 27.79

17.
1

170.0
2

14.
2

193.9
4

17.
5

141.9
9

108.
0

190.7
2 8.4

184.4
7 13.1

160.6
4 95.7

Anthracene 54.01 7.7 30.26
24.
3 3.93 2.4 45.53 5.5 31.19 11.8 7.86 2.9 41.76 7.1 1.17 0.3 1.46 1.6

Fluoranthene
162.4
0

28.
2

131.6
1

71.
4 87.78

44.
7

129.3
6

12.
3

173.0
5 8.7

184.8
1 19.2

140.0
0 3.6

149.6
7 4.9

117.5
8 55.9
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Pyrene
122.3
1

25.
3

124.2
0

30.
0

103.3
1

44.
7 99.80 0.4

125.7
7 2.5

129.2
0 10.5

101.1
5 3.1

100.6
8 2.3 78.19 44.1

Benzo[a]anthracene 74.16
12.
6 54.80

18.
4 39.74 11.9 62.47 7.1 41.93 9.0 48.17 5.3 59.66 8.6 34.19 1.9 21.45 11.9

Chrysene 59.53 8.8 46.71
12.
9 40.25 9.4 49.23 3.9 35.04 9.8 45.00 3.1 52.62 6.8 42.76 1.1 25.36 14.2

Benzo[b]fluoranthene 60.78 9.2 53.17
10.
6 53.00 9.5 52.92

12.
5 37.08

16.
9 37.49 3.4 54.66 15.0 49.68 6.0 24.04 13.7

Benzo[k]fluoranthene 60.18 11.5 30.40 11.5 28.25 5.5 51.33 3.5 30.18 1.3 40.84 2.8 48.55 5.1 20.18 1.8 18.18 9.8

Benzo[a]pyrene 63.60 8.4 46.77
12.
6 35.00 8.7 54.75 6.5 36.04 11.2 34.68 2.7 42.89 7.9 8.06 2.2 4.96 2.5

Indeno[1,2,3-cd]
pyrene 10.03 3.7 5.59 1.5 5.78 1.0 8.77 3.4 4.98 1.6 5.23 1.0 7.91 2.3 3.81 0.3 2.20 1.1

Dibenzo[a,h]anthracen
e 42.11 8.7 27.35 6.3 26.50 4.1 36.16 5.9 23.75 5.4 25.31 5.0 34.23 6.3 20.77 2.0 12.16 5.8

Benzo[g,h,i]perylene 46.72 8.4 28.27 8.4 27.34 4.5 40.15 7.1 24.69 5.6 26.36 5.0 38.41 7.0 21.02 2.1 13.09 6.5

Table 2: Concentrations and standard deviations of the 16 EPA priority PAHs in the un-weathered coal tar spiked soil at days 0, 60 and 90.
TC=untreated control, TNT=nutrient-amended and TBN=biodiesel amended microcosm.

Figure 4: GC-MS chromatograms showing depletion of benzo (a)
pyrene by biodiesel amendment in un-weathered tar (TBN) after 60
days incubation, relative to control (TC) and nutrient amended
(TNT) experiments.

Anthracene (Anth) was also almost completely degraded in the
presence of biodiesel by 97% relative to 44 and 31% decrease in the un-
amended and nutrient microcosms, respectively (p=0.025).
Phenanthrene (Phe) was only reduced by 3% in the TBN microcosms,
while 80% depletion was seen in the TC samples (p=0.001, Figure 5).
No depletion of Phe was, however, observed in the TNT treatments.

Since the removal of LMW PAHs was successfully achieved in the un-
amended soil samples, it shows that the depletion of Phe was not
enhanced by the addition of nutrients.

In this study, the inhibitory effect on Phe degradation observed in
the nutrient amended microcosms (TNT) may have occurred due to a
possible nutrient-induced microbial shift for the degradation of
naphthalene which appeared to be the most dominant of the PAHs in
the hydrocarbon pollutant. Occurrences of nutrient-induced changes
to microbial populations in hydrocarbon polluted sites during
bioremediation have been reported by other researchers [24-26]. The
possibility of naphthalene toxicity could also have occurred in the
nutrient amended treatments. A study carried out by Bouchez,
Blanchet [27] reported the inhibitory effect of naphthalene (500 ppm)
on the growth of the phenanthrene degrading Pseudomonas sp. strain,
S Phe Na 1, an occurrence which was, however, relieved when
naphthalene was consumed by the Pseudomonas stutzeri strain, S Nap
Ka 1, that was later added to the medium. Stringfellow and Aitken [28]
also corroborated these findings in their work when they showed that
naphthalene and other 2-ring PAHs, 2-methylnaphthalene and 1-
methylnaphthalene, strongly interfered with Phe degradation. The
inhibition of Phe degradation by naphthalene, even at very low
concentrations (5 ppm), has also been reported by Shuttleworth and
Cerniglia [29].

In the TC samples, naphthalene was almost completely removed as
the initial concentration was reduced by 99%. Since inhibition of Phe
degradation was not observed in the TC samples, it could be inferred
that the volatilisation and/or degradation of naphthalene may have
occurred more rapidly compared to the nutrient amended
microcosms, thereby preventing any form of inhibitory action on the
degradation of other LMW PAHs. It is also possible that losses
recorded for Phe in these un-amended samples may have also
occurred by volatilization [30]. In the TBN treatments, the mean
concentration of naphthalene after 60 days incubation was, however,
significantly (p<0.01) higher than the control and Phe inhibition was
also observed. It suggests that losses of naphthalene by volatilisation or
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degradation may have been reduced by the presence of biodiesel,
which in turn, inhibited the degradation of other LMW PAHs
especially Phe, during the 60 day incubation period.

Figure 5: Summed ion mass chromatograms (m/z
178+202+228+252+276) of un-weathered coal tar profile at the
start of the experiment (TC-0=untreated control at day 0), and for
treatments at days 60 (TNT=Nutrient amended, TBN=Biodiesel
amended microcosms); Phe, Phenanthrene; Anth, Anthracene; FL,
Fluoranthene; PY, Pyrene; B(a)A, Benzo[a]anthracence; Ch,
Chrysene; B(b,k)F, Benzo[b-,k]fluoranthene; BjF,
Benzo[j]fluoranthene; BeP, Benzo[e]pyrene; BaP, Benzo[a]pyrene;
Per, Perylene; IN, Indeno[1,2,3 c-d] pyrene; DB-
Dibenzo[a,h]anthracene; BPer- Benzo[g,h,i]perylene.

The results (Table 2) also show that the amendment techniques did
not positively affect the rate of degradation of other 3-ring PAHs.
Acenaphthylene (Acy) and acenaphthene (Acn) showed significantly
(p≤0.02) higher depletions in the TC samples (88 and 94%,
respectively) compared to TNT (42 and 50%, respectively) and TBN
microcosms (22 and 32%, respectively). Fluorene (Fl) was also
significantly (p=0.001) reduced by 89% in the un-amended samples

compared to 36 and 7% depletions observed in the nutrient and
biodiesel amended microcosms, respectively. Although volatilisation is
probably also contributory to the losses observed in the un-amended
samples [31], the degrading activities of the indigenous microbes
cannot be ruled out. It has been demonstrated previously that
autochthonous microorganisms have high degradation potential for
three ring PAHs (Fl and Phe) during natural attenuation, as reported
for contaminated mangrove sediments [32]. Bacterial strains
(Sphingomonas sp.) that are capable of growing solely on Ace and Acn
as carbon sources, independent of fertiliser amendments, have also
been isolated from former cokeworks sites [33].

Also, no degradation was observed for the 4-ring PAHs,
fluoranthene (FL) and pyrene (PY) in the TBN and TNT microcosms.
The TC samples showed depletion for FL (19%), while PY was not
degraded as well (Table 2). The decrease in benzo[a]anthracene –
B[a]A and chrysene (Ch) in the treatments was also not significantly
(p>0.05) different from the un-amended control although depletion of
B(a)A was more in the TBN microcosms (43%) compared to TNT
(32%) and TC (26%). Degradation of the other five ring PAHs,
(benzofluoranthenes) was also not significant (p>0.05) in all the
experiments, results showed an enhanced depletion of
benzo[k]fluoranthene in the presence of biodiesel (58%) compared to
the TNT (41%) and TC (49%) samples.

Biodiesel amendment also promoted the degradation of the other
five and six-ring PAHs, indeno [1,2,3-cd] pyrene (IndPY; 52%),
dibenzo [a,h] anthracene (DBAnth; 39%) and benzo [g,h,i] perylene
(BPer; 45%) compared to TNT (43, 34 and 39%, respectively) and TC
(44, 35 and 39%, respectively). According to these results, the rate of
disappearance of these recalcitrant PAHs was unaffected by the
addition of nutrients only. However, their bioavailability to
degradation was increased by the addition of biodiesel.

After 90 days of incubation, the percentage reductions for the 2-3
ring PAHs were still low in the amended experiments (TBN and TNT)
compared to the un-amended control, with exception of naphthalene
which had been almost completely removed after 60 days of incubation
in the nutrient amended and control samples (Table 2). Phe was
reduced to 16% in the nutrient and biodiesel amended experiments,
while 87% depletion occurred in the control. The 4-ring PAHs, FL and
PY were still not degraded in the TNT samples. However, reductions
occurred in the TBN samples by 16 and 23%, respectively, although not
significant, compared to the TC experiments where compounds were
degraded by 46 and 16%, respectively (p>0.05).

The results (Table 2) also showed that the degradation of the 5-6
ring PAHs were significantly (p ≤ 0.03) enhanced in the biodiesel
amended samples compared to the control after 90 days. Benzo [b] and
[k] fluoranthene were depleted by 56 and 63%, respectively, compared
to 13 and 53%, respectively, in the control. BaP was further reduced to
88% in the TBN microcosms, while 45% depletion was seen in the TC
samples. IndPY, DBAnth and BPer were reduced by 72, 64 and 66%,
respectively, compared to 35-44% depletions revealed in the TC
microcosms. In the TNT samples no further reductions occurred for
these recalcitrant PAHs apart from BaP which was further reduced by
2%.

Stepwise degradation of PAHs using biodiesel
Growth of microorganisms: On close inspection, microbial growth

became visible in the biodiesel amended samples (TBN60) after 3
weeks of biodiesel application i.e., Day 81 (Figure 6).
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Figure 6: Microbial growth on addition of biodiesel after 60 days of
nutrient amendment of un-weathered coal tar spiked soil
microcosms.

Growth (white-coloured biomass) appeared to concentrate at one
side of the soil surface before gradually spreading across the entire soil
after about 8 weeks. Growth continued with the appearance of dense
green coloured microbes after 60 days of biodiesel addition (Day 120).

Analysis of EOM levels at the end of incubation periods
Sixty days after biodiesel addition, a decrease of 25% in EOM

concentration was recorded for the amended microcosms (TBN60) i.e.,
day 120 samples (Figure 7).

Figure 7: EOM concentrations for the stepwise amendment
experiment. Error bars indicate +/- one standard deviation from the
mean (n=3). TC=untreated control; TNT=nutrient-amended;
TBN60=biodiesel amended microcosms.

This was observed to be considerably lower compared to previous
experiments where depletion was 80% (Figure 2), when biodiesel was
added at the start of the experiment and left for the same 60 days
before treatment analysis. One possible reason for this could be that
there was a prolonged adaptation of the indigenous microorganisms to

the newly introduced carbon source (FAMEs) which is evident in the
initial slow growth of microbes (Figure 6) Also, the slow degradability
of biodiesel may have resulted from low nutrient availability. An earlier
report by Gong et al. [34] showed, through soil respiration curves, that
nutrient supply and aeration were major determinants of the
degradability of polyunsaturated fatty acids in sunflower oil, which was
employed in the solubilization and removal of PAHs.

At the end of 150 days incubation period, a further 9% reduction
was observed in the TBN60 microcosms. For the TC samples, no
further reduction was observed in their EOM concentrations during
the 120 days incubation period. However, a 7% reduction was noticed
after 150 days. The TNT treatments showed a further reduction of
24%, a rate almost similar to the TBN60 experiments. A further 2%
decrease was, however, recorded after 150 days (Figure 7).

Increased degradation of benzo[a]pyrene (BaP) in biodiesel
amended microcosms by stepwise amendment

As shown in Figure 8 and Table 3, BaP was significantly (p=0.007)
reduced by 98% in the TBN60 samples after 120 days following the
stepwise amendment technique compared to the control (TC) and
nutrient amended microcosms.

Figure 8: GC-MS chromatograms showing increased degradation of
benzo(a)pyrene by stepwise amendment using biodiesel (TBN60)
compared to the control (TC) and nutrient amended (TNT)
microcosms at 120 day incubation period.

The chromatograms of each of the triplicate samples (TBN60-120
[1], TBN60-120 [2], TBN60-120 [3]; Figure 8) showed a consistently
high degradation for this potent carcinogen when treatments were
amended with biodiesel after 60 days of nutrient supplementation. The
TC samples did not show any further reductions for BaP after the 45%
decrease seen in the 90 day samples. However, a 50% decrease was
revealed in the TNT microcosms after the 120 days of incubation.
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After 150 days, i.e., at the end of the experiment, degradation of BaP
further increased by 1% (i.e., a total of 99% decrease) for the TBN60
microcosms with 0.65 ppm mean concentration, while no further

degradation was observed in the TNT and TC samples and their final
mean concentrations showed 42.86 µg/g and 39.53 µg/g, respectively,
(Table 3).

Concentrations of PAHs (µg/g)

TC TNT TBN TBN60

Day 0 Day 120 Day 150 Day 0 Day 120 Day 150 Day 0 Day 120 Day 150

Mean S.d Mean S.d Mean S.
d Mean S.d Mean S.d Mean S.d Mean S.d Mean S.d Mean S.d

Naphthalene 299.5 51.7 1.65 0.3 0.97 0.1 222.69 6.3 1.42 0.2 1.59 0.3 21.87 13.4 1.13 0.4 0.87 0.7

Acenaphthylene 191.47 41.8 8.2 1.6 3.28 0.2 124.36 7.1 31.95 6 39.75 14.5 97.83 23.8 5.65 4.4 6.42 4.6

Acenaphthene 14.06 14.1 0.25 0 0.04 0 5.22 1 1.38 0.3 1.5 0.2 4.78 1.1 0.53 0.3 0.53 0.3

Fluorene 88 14.3 4.2 0.6 0.68 0.1 71.46 5.1 13.4 8.2 20.72 10.3 62.08 26.4 11.62 6.7 11.23 6.9

Phenanthrene 220.63 45.8 29.75 5 5.23 0.6 170.02 14.2 47.71 22.3 60.17 30.7 190.72 8.4 93.68 78 118.93 82.2

Anthracene 54.01 7.7 1.99 0.7 4.8 0.6 45.53 5.5 4.66 2.3 19.05 7.7 41.76 7.1 0 0 0 0

Fluoranthene 162.4 28.2 94.06 28.1 45.65 2 129.36 12.3 199.62 9 227.43 6.6 140 3.6 124.2 67.2 135.12 61.9

Pyrene 122.31 25.3 90.1 17 60.11 5.3 99.8 0.4 139.56 1.7 168.85 5.3 101.15 3.1 70.09 36.5 94.43 48.6

Benzo[a]anthracene 74.16 12.6 41.73 9 31.04 1 62.47 7.1 33.7 2.6 53.32 1.9 59.66 8.6 13.55 8 13.48 7.6

Chrysene 59.53 8.8 45.2 9.3 32.18 0.9 49.23 3.9 32.87 2.1 47.76 1.7 52.62 6.8 32.62 15.2 24.11 12.5

Benzo[b]fluoranthene 60.78 9.2 57.79 18.8 53.81 2 52.92 12.5 38.22 2.7 57.46 1.3 54.66 15 29.51 14.5 25.47 15.3

Benzo[k]fluoranthene 60.18 11.5 36.85 3.1 26.54 2.2 51.33 3.5 20.74 2.4 30.47 1.1 48.55 5.1 21.48 10.4 14.89 5.7

Benzo[a]pyrene 63.6 8.4 45.45 10 39.53 1.4 54.75 6.5 27.31 3.1 42.86 2.3 42.89 7.9 1.07 1.7 0.65 0.5

Indeno[1,2,3-cd]pyrene 10.03 3.7 6.61 1.3 6.55 0.3 8.77 3.4 4.29 0.1 5.93 0.9 7.91 2.3 2.69 1.4 2.09 1.1

Dibenzo[a,h]anthracene 42.11 8.7 30 5 29.14 2.2 36.16 5.9 19.54 0.4 30.26 1.5 34.23 6.3 13.62 7.1 10.83 5.1

Benzo[g,h,i]perylene 46.72 8.4 31.07 5 31.53 2.6 40.15 7.1 21.21 0.7 33.25 0.8 38.41 7 14.23 7.5 12.48 6.2

Table 3: Concentrations and standard deviations of the 16 EPA priority PAHs in the un-weathered coal tar spiked soil at days 0, 120 and 150.
TC=untreated control, TNT=nutrient-mended and TBN60=biodiesel amended (after 60 days of nutrient treatment) microcosms.

Improved degradation of phenanthrene in biodiesel
amended microcosms by stepwise amendment

Contrary to previous experiments where inhibitory effects on
phenanthrene (Phe) degradation was observed for the biodiesel
amended samples, a 51% reduction in this 3-ring PAH was revealed in
the TBN60 microcosms following the stepwise amendment technique.
It therefore suggests that the degradation of Phe gradually began to
increase concurrently with the nutrient-limited growth of fungal
microbes on the FAMEs of biodiesel introduced after 60 days of
incubation. There is also the possibility of the adaptability to Phe by
the soil microorganisms after the first 60 days of pre-exposure to this
compound which may have reduced the inhibition on Phe
degradation, in agreement with the findings of Romero et al. [35].

The earlier suggestion that Phe inhibition in the TNT samples
resulted from a nutrient induced microbial shift for naphthalene
degradation and/or naphthalene toxicity also seemed to be reinforced
following the 72% degradation of Phe observed in these microcosms
after 120 days of incubation (Table 3). It was observed in these
experiments that as naphthalene concentration reduced to 2 µg/g (after

90 days incubation, Table 2), a degradation of 16% in Phe was noticed
and, when concentrations were reduced to 1.42 µg/g, an increased
degradation of 72% was realised (after 120 days incubation). Although
these reductions in the amended samples were not significant (p=0.3)
compared to the control (TC) experiments, no further reduction in
Phe was observed in the TC microcosms at this incubation period, as
reduction still remained at 87%, which was similar to the percentage
decrease recorded after the 90 days incubation period in the control.

At the end of the experiment, Phe was almost completely removed
in the TC samples as 98% degradation was recorded. No further
reductions were, however, observed in the amended microcosms
which further confirm the ability of indigenous microorganisms to
degrade low molecular weight PAHs independent of any form of
amendments.
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Effects of the step wise amendment technique on other LMW
and HMW PAHs in the biodiesel amended microcosms

Although the extent of degradation was not significant (p>0.05)
compared to the control, high reductions of between 81-95% were
observed in the TBN60 microcosms for the 2-3 ring PAHs
naphthalene, acenaphthylene, acenaphthene and fluorene, following
the stepwise amendment technique after 120 days of incubation (Table
3). Depletions of these compounds in the TNT and TC samples were
between 74-99% and 95-99%, respectively. Anthracene also showed a
complete removal of 100% degradation in the TBN60 microcosms
compared to 90 and 96% losses in the TNT and TC samples,
respectively.

The 4-ring PAH, benzo[a]anthracene – B(a)A, was also significantly
(p=0.007) degraded by 77% in the TBN60 microcosms compared to
the TNT (46%) and TC (44%) samples (Table 3). Fluoranthene (FL),
pyrene (PY) and chrysene (Ch) were, however, not significantly
(p>0.05) depleted in the TBN60 microcosms compared to the control.
Interestingly, FL and PY still remained un-degraded in the TNT
samples even after 120 days of incubation. Reports by Lotfabad and
Gray [36] have shown that Phe can act as an inhibitor for FL and Ch
degradation which can in turn inhibit the degradation of PY. This lag
in degradation, that seems to be more pronounced in the TNT
samples, may indicate the negative effect of competitive inhibition of
substrates on their rates of degradation, especially for the more
hydrophobic 4- ring PAHs.

The rate of degradation of the 5-ring PAHs, the benzofluoranthenes,
were not significantly (p>0.05) different in the TBN60 microcosms
compared to the control (Table 3). However, Figure 4 revealed an
almost complete removal of benzo (j) fluoranthene in the TBN60
microcosms relative to the TNT and TC experiments. For the other 5
and 6-ring PAHs, the results showed significantly (p≤0.02) enhanced
degradation of indeno [1,2,3-cd] pyrene (IndPY), dibenzo [a,h]
anthracene (DBAnth) and benzo [g,h,i] perylene (BPer) for TBN60
microcosms (60-66%) compared to the control (29-34%). Depletions
of these compounds were between 46-51% in the TNT treatments
which were also lower compared to the biodiesel amended
microcosms.

After 150 days of incubation, increased depletions were still seen for
the 5-6 ring PAHs in the TBN60 microcosms compared to the other
experiments (Table 3). The benzo (b)-, and (k)-, fluoranthene were
degraded by 53 and 69%, respectively, relative to TNT (-9 and 41%,
respectively, and TC samples (11 and 56%, respectively; p≤0.009).
Degradation in the HMW PAHs, indeno [1,2,3-cd] pyrene (IndPY),
dibenzo [a,h] anthracene (DBAnth) and benzo [g,h,i] perylene (BPer)
were reduced by 68-74% in the TBN60 treatments compared to TNT
(16-32%) and TC (31-35%) microcosms (p=0.001).

Toxicity assessment of 90-day experiments using phosphatase
enzyme assay

Results of the 60-d toxicity evaluation showed a significant (p=0.00,
student t-test) 29-fold increase in enzyme activity in the TBN
experiments compared to the insignificant reductions in amounts in
the TC and TNT microcosms (p>0.05 student t-test) (Figure 9). This
enhanced phosphatase activity following the increased degradation of
toxic HMW PAHs (especially benzo[a]pyrene) in these biodiesels
amended experiments indicates a high phosphorus mineralisation in
these treatments. Although enzyme activity reduced slightly after 90
days of remediation, TBN experiments still exhibited the highest

amount of phosphatase activity (22.13 µmol p-nitrophenol/g soil/h)
which was 10 and 8 times more than the TC (2.19 µmol p-
nitrophenol/g soil/h) and TNT (2.74 µmol p-nitrophenol/g soil/h)
microcosms, respectively. These results showed that the untreated
control (TC) had the least phosphatase activity at the end of the
experiment (p=0.027, ANOVA) compared to the amended treatments.
Overall, the soil microcosms can be ranked as TBN>TNT>TC in terms
of observed amounts in phosphatase enzyme activity.

A negative correlation (r=-0.96) was also established between
phosphatase activity and the extractable organic matter (EOM)
concentrations for the TBN treatments as activity increased at
decreasing levels of EOM (Table 4). However, positive correlations
were seen for the TC (r=0.676) and TNT (r=0.989) treatments which
showed consistent reductions in phosphatase activity even at reduced
levels of EOM (Table 4). Although several factors influence enzymatic
activities, response levels could also be associated with the amount of
constituent toxicants, especially the more recalcitrant 5-6 ring PAHs as
is the case with the TBN microcosms which had lower concentrations
of these compounds compared to the TC and TNT treatments. Baran
et al. [37] in their work, also came to a similar interpretation when
reporting the differing effects of the types and amounts of PAH on the
activities of dehydrogenase, urease, protease and phosphatase enzymes
from different pollution sources.

Figure 9: Soil phosphatase activity for control (TC), nutrient
amended (TNT) and biodiesel amended (TBN) treatments at days
0, 60 and 90 for un-weathered coal tar spiked soil. Error bars
indicate +/- one standard deviation from the mean (n=3).

Treatmen
t

Incubatio
n period
(days)

Phosphatase
enzyme
activity (µmol/g
soil/h)

Extractable organic
matter (EOM, mg/g)

Pearson
correlation
coefficient
(r)

Control 0 4.58 ± 1.14 5.95 ± 1.04 0.676

(TC) 60 3.89 ± 0.34 3.63 ± 1.02  

 90 2.19 ± 0.42 3.80 ± 0.09  

Nutrient-
amended 0 4.04 ± 0.80 10.4 ± 1.63 0.989

(TNT) 60 3.03 ± 0.60 6.77 ± 2.66  

 90 2.74 ± 0.45 4.74 ± 0.90  

Biodiesel
-
amended

0 0.99 ± 0.60 162.34 ± 15.04 -0.959
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(TBN) 60 29.00 ± 2.80 32.92 ± 7.06  

 90 22.13 ± 14.27 25.54 ± 5.86  

Control 60 3.89 ± 0.34 3.63 ± 1.02 0.885

(TC) 120 4.76 ± 0.58 3.90 ± 0.42  

 150 3.86 ± 0.30 3.37 ± 0.32  

Nutrient-
amended 60 3.03 ± 0.60 6.77 ± 2.66 0.899

(TNT) 120 2.34 ± 0.47 5.14 ± 1.23  

 150 1.66 ± 0.18 5.02 ± 0.12  

Biodiesel
-
amended

60 2.36 ± 0.25 189.66 ± 12.29 0.985

(TBN60) 120 0.93 ± 0.66 142.22 ± 98.93  

 150 0.80 ± 0.55 125.72 ± 76.92  

Table 4: Correlation data of the phosphatase enzyme activity and the
extractable organic matter (EOM) for the control, nutrient and
biodiesel amended microcosms of un-weathered coal tar spiked soil.

Soil amendment with an additional carbon source and nutrients
have also been reported to reduce the impact of PAH toxicity on soil
enzymatic activity [37]. The addition of compost, manure or straw to
PAH polluted soils have revealed increases in microbial and enzymatic
functions which have been attributed to increased total organic carbon
(TOC) on amendment; increased resistance to denaturation as
enzymes form stable complexes (enzyme-humus) with the organic
matter (in the case of compost) and; the generation of enzyme
stimulatory components from the mineralization process e.g., straw
[37-41]. The utilization of biodiesel as an additional carbon source in
this study therefore explains the large differences in phosphatase
enzyme activity between these samples and the other treatments (TC
and TNT) which could also be ascribed to increased TOC content as
well as the production of stimulatory enzymatic effects from the
degradation of its component fatty acid methyl esters (FAMEs).

Toxicity assessment of stepwise amendment experiments by
phosphatase enzyme assay

Phosphatase activity was measured after the 120 and 150 days
incubation periods for these experiments. From the results presented
in Figure 10, the biodiesel amended treatments (TBN60) showed the
least phosphatase activity compared to the control (TC) and nutrient
amended (TNT) samples for both incubation periods.

The day 120 results (Figure 10, Table 4) showed that enzyme activity
was reduced significantly by 61% (p=0.025, student t-test) in the
TBN60 microcosms and 23% decrease (p>0.05, student t-test) was also
observed in the TNT samples compared with their day 60 samples.
Although a 22% rise in activity was exhibited by the control (TC)
samples at this period of incubation (120 d), it was, however, not
statistically different (p>0.05, student t-test) from the amounts
recorded previously for 60 d microcosms. At the end of the experiment
(150 d), phosphatase enzyme activity further decreased by 66% in the
TBN60 treatments, with results showing significantly reduced amounts
(0.8 µmol p-nitrophenol/g soil/h, p=0.011) compared to results from
60 d (2.36 µmol p-nitrophenol/g soil/h, Figure 10 and Table 4). A

further 29% reduction (p=0.02, student t-test) was observed in the
TNT treatments compared to activity recorded at 60 d, while enzyme
activity levels dropped by 19% (p>0.05, student t-test, nearly equal to
the initial amounts recorded in day 60, for the TC samples. Overall, the
soil microcosms can be ranked as TC>TNT>TBN in terms of observed
amounts in phosphatase enzyme activity.

Figure 10: Soil phosphatase activity for control (TC), nutrient
amended (TNT) and biodiesel amended (TBN60) treatments at
days 60, 120 and 150 for un-weathered coal tar spiked soil. Error
bars indicate +/- one standard deviation from the mean (n=3).

The decline in the phosphatase enzyme activity observed in the
TBN60 treatments after biodiesel addition at 60 d may be due to an
overall reduced biological activity in these microcosms, inferred from
the high residual EOM levels at the end of the experiment (Table 4).
This significant reduction following the slow utilization of biodiesel as
an additional carbon source, may have resulted from the nutrient-
limited growth of microorganisms within these treatments which had
probably induced a lower demand for phosphorus and a consequent
decline in the release of the phosphatase enzymes. Similar changes in
phosphatase activities caused by low nutrient availability that occur
during the mineralisation of high C content materials have also been
reported e.g., by Albrecht et al. [42]. In their work, the second stage
composting of sewage sludge and green waste showed a remarkable
decrease in microbial and phosphatase enzyme activity with a
consistent reduction in the lipid component (CH2-groups) of the
sludge. Cometabolic degradation of lignin substances by enzymes such
as lignin peroxidases, laccases and manganese-dependent peroxidases
during the production of humic substances was also observed [43]. The
first stage of composting was, however, characterized by an increase in
phosphatase enzymatic activity which was attributed to the high
nutrient content of the sewage sludge [42].

The negative effect of increased incubation time on phosphatase
enzyme activity for organic and nutrient amended treatments
inclusive, has also been demonstrated [e.g., 44]. Their study revealed
that although available phosphorus (P) increased with time in both
amended and un-amended treatments, reduced activities were,
however, recorded for all the phosphatase enzymes (acid and alkaline
phosphomonoesterases and phosphodiesterases) when incubation
period was increased from 25 to 87 days. This same trend was also
observed in this study (Figure 10) as all treatments exhibited a steady
decrease in phosphatase activity when incubation time increased from
60 to 150 days, except for the increase noticed in the control at day
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120, which, however, reduced after 150 days of incubation (Figure 10,
Table 4).

It is also possible that soil toxicity was induced by the residual
components of the fatty acid methyl esters after the 90 days of
incubation. The reversibility of the transesterification process produces
methanol, a water soluble compound that has been reported to elicit
cytotoxic effects by altering acid phosphatase activity in multi-cellular
organisms [45] and also able to reduce microbial growth at high
concentrations in the soil [46]. Studies by Sannino and Gianfreda [47]
also corroborate the stimulatory and inhibitory effects of methanol on
soil phosphatase enzyme activities. It is also not unlikely that the 60-
day pre-exposure of soil enzymes to toxic coal tar PAHs after nutrient
supplementation may have consequentially reduced the sensitivity of
the phosphatase enzyme activity to stimulation. This can be inferred
from the lack of stimulatory effect on addition of biodiesel, even
though degradation of LMW and HMW PAHs still occurred in these
treatments consequent to the increase in PAH bioavailability.

The phosphatase enzyme activity data in Table 4 showed a strong
positive relationship with EOM levels for the various incubation
periods in all treatments as calculated coefficient values (r) revealed
0.885, 0.899 and 0.985 for the TC, TNT and TBN60 microcosms,
respectively. This highlights the observation that at reduced EOM
concentrations, enzyme activities were at reduced levels throughout
the experiment.

Toxicity evaluation by microtox assay: Seven samples (all in
triplicate), were selected for toxicity evaluation using the Microtox
bioassay. These included the day 0 (control and biodiesel amended)
and day 60 (control, nutrient and biodiesel amended) samples from the
90-day incubation experiments (a total of 5 triplicates) and; the
biodiesel amended microcosms for days 60 and 120 (a total of 2
triplicates) from the stepwise amendment experiments. Tests were also
conducted for phenol which was used as the positive control. The
mean EC50 of each sample at incubation time of 5 and 15 minutes is
shown in Table 5.

Sample Mean concentration
(stock, mg/L)

Basic test Microtox EC50
(mg/L)

5 min 15 min

TC (day 0) 2.99 0.86 ± 0.11 1.0 ± 0.21

TBN (day 0) 27.1 9.87 ± 1.62 9.55 ± 1.63

TC (day 60) 1.99 1.34 ± 0.41 1.23 ± 0.28

TNT (day 60) 3.5 0.95 ± 0.29 1.15 ± 0.36

TBN (day 60) 5.5 2.12 ± 0.45 1.88 ± 0.36

bTBN60 (day 60) 31.6 15.0 ± 3.04 16.21 ± 4.46

bTBN60 (day 120) 23.7 6.93 ± 4.47 6.38 ± 4.84

Phenol 100 17.16 ± 1.18 20.21 ± 2.35

Table 5: The mean EC50 of selected control, nutrient- amended and
biodiesel amended microcosms from both experiments. EC50 values
are expressed as mean ± standard deviation; TC=untreated control,
TNT=nutrient amended, TBN=biodiesel amended, TBN60=Biodiesel
amendment after 60 days of nutrient supplementation. Incubation
time is shown in parentheses. b=stepwise amendment experiment.

At 5 min incubation time, the results showed that biodiesel
amendment of PAH contaminated soil can lower soil toxicity as the
day 0 microcosms showed significant reductions by 11 fold (p=0.011,
student t-test) relative to the untreated control. After 60 days of
incubation, the Microtox EC50 reduced significantly by 4.7 fold
(p=0.001, student t-test) for the TBN microcosms as a more toxic
response was produced. However, these microcosms still showed the
least toxicity (p=0.025, ANOVA) as their mean EC50 was the highest
(2.12 mg/L,) compared to the untreated control (TC, 1.34 mg/L) and
the nutrient amended treatments (TNT, 0.95 mg/L). Although the
mean EC50 increased for the untreated control after the 60 days
incubation, implying a less toxic response compared to the freshly
spiked day 0 control, these values were, however, not statistically
significant (p=0.119, student t-test). Data from the 15 min incubation
periods did not change significantly (p>0.05, student t-test) from the
corresponding results obtained for the 5 min exposure to Vibrio
fischeri in all treatments.

Toxicity evaluation of the stepwise amendment experiments also
showed a significant reduction in soil toxicity on amendment with
biodiesel after 60 days of nutrient supplementation. The high mean
EC50 obtained for these TBN60 soil samples (15 mg/L) was consistent
with the low toxic response also observed for the TBN (day 0)
experiments (9.87 mg/L, Table 5). After an additional 60 days of
incubation (120 d), the mean EC50 also reduced but, by only 2 fold
(6.93 mg/L) which was not statistically different (p>0.05 student t-test)
from the EC50 of the 60 d treatments (15 mg/L) which showed lower
toxicity. Again, data from the 15 min incubation periods did not
change significantly (p>0.05, student t-test) from the corresponding
results obtained for the 5 min exposure to Vibrio fischeri in all the
treatments. The reference toxicant (phenol) also showed results that fell
within acceptable limits: EC50 :5 min-between 13 and 26 mg/L [48].

According to Baker and Herson [49], supplemental carbon
additions increase soil microbial biomass and the biodegradation rates
of contaminants as well as reduce the impact of high concentrations of
toxic organics on soil micro-organisms (i.e., lessen the per microbe-
toxin concentration), as corroborated by [50]. This resultant reduction
in toxic concentrations may be the reason for the low toxicity
responses, evidenced by the high mean EC50 values when compared to
the control, on amendment of PAH-contaminated soil with biodiesel.
Following biodegradation and biodiesel breakdown, toxic response was
seen to increase significantly for the non-stepwise amended
experiments, while increase was not significantly noticed in the
stepwise amended treatments. This increased toxicity may have been
induced by the possible occurrence of residual toxic intermediates
from the cometabolic degradation or transformation of recalcitrant
PAHs [51], high acidity from the hydrolysis of the fatty acid methyl
esters [52] or increased bioavailability of PAHs from the solvency effect
of biodiesel [53,54].

The insignificant rise in toxicity noticed in the stepwise amended
experiments was probably due to the presence of substantial amounts
of biodiesel in the microcosms after the 60 day amendment period
(i.e., 120 d), as only 25% reduction in EOM levels occurred in these
samples after the incubation period. It is possible that a reduction in
the impact of PAH toxicity may have occurred steadily in these
treatments following the slow degradation of biodiesel. The enhanced
degradation of the LMW and HMW PAHs especially phenanthrene
and benzo[a]pyrene in these samples over the increased incubation
time of 120 days could also be contributory factors. However, these
results have shown that it is possible to achieve increased PAH
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bioavailability, high removal of LMW and HMW PAHs and an
insignificant increase in soil toxicity from the slow breakdown of
biodiesel, as was evident in the application of the stepwise amendment
technique.

Conclusions
In this study, biodiesel amendment enhanced the biodegradation of

recalcitrant, high molecular weight PAHs in un-weathered coal tar
experiments. Treatments showed significant depletion in
benzo[a]pyrene (BaP), a potent carcinogen, and other 5 and 6 ring
high molecular weight PAHs, after 60 days of amendment. The visible
growth of fungal hyphae and moulds observed in all biodiesel-
amended microcosms after amendment suggests that fungi, most
probably, lignin peroxidases (LiPs), may be responsible for the
cometabolic degradation of these compounds following the complete
degradation of anthracene-the simplest PAH substrate of the lipid
peroxidases, and the preferential degradation of rapeseed methyl esters
as additional carbon source likely played a part in the degradation of
the PAHs. The application of the stepwise amendment approach also
showed significantly higher reductions in BaP (98%) 60 days after
adding biodiesel to nutrient treated samples. The inhibitory effect on
phenanthrene degradation was also relieved as more than 50%
reduction was then recorded for this compound.

The toxicity evaluation of the coal tar remediated soil showed that
amendment with biodiesel stimulated phosphatase enzyme activity
and decreased the impact of PAH toxicity in the soil samples compared
to the un-amended (control) and nutrient amended microcosms.
Results obtained from the Microtox bioassay also revealed that the
biodiesel treated experiments exhibited lower toxic responses to Vibrio
fischeri for the different exposure periods (5 and 15 min incubation),
compared to the other treatments. Significant reduction in toxicity was
also observed when soil samples were amended with biodiesel after 60
days of nutrient supplementation.
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