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Abstract The efficiency of inorganic fertilizers as stim-
ulating agents for the bioremediation of oil-polluted envi-
ronments can be increased with the addition of selected
biostimulating compounds. In this study, the efficacy of
different biostimulation treatments in the remediation of
diesel-polluted soil in purpose-built microcosms has been
evaluated. The treatments involved combinations of inor-
ganic fertilizer with (a) Ivey surfactant, (b) Biorem organic
fertilizer and (c) ethanol. Microbial activity was evaluated
by monitoring the growth of heterotrophic and degrading
bacteria and their dehydrogenase activity and carbon
dioxide production. Hydrocarbon degradation was moni-
tored by gas chromatography/mass spectrometry. The
results showed that all treatments enhanced microbial
activity in comparison with natural attenuation and also
that the combined treatments generally enhanced hydro-
carbon biodegradation in comparison to both natural
attenuation and the single inorganic fertilizer treatment.
The inorganic fertilizer plus Ivey® surfactant was the most
efficient treatment in terms of Total Petroleum Hydrocar-
bon and light and heavy n-alkanes, showing an index of
degradation of 1.4 and 1.3, respectively. Furthermore,
biodegradation of heavy and branched n-alkanes was
higher in microcosms treated with inorganic fertilizer plus
ethanol (Index of degradation values of 1.6 and 1.5,
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respectively) indicating that combined treatments can be
very effective in restoration of contaminated soil.

Keywords Bioremediation - Hydrocarbon pollution -
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Introduction

Bioremediation offers a more environmentally friendly
alternative to the degradation of oil by taking advantage of
oil-degrading microorganisms and by establishing and
maintaining the physical, chemical and biological condi-
tions that favour enhanced oil biodegradation rates in the
polluted environment (Kanaly and Harayama 2000; Bento
et al. 2005; Sarkar et al. 2005). Biological processes have
been successfully used to remediate soils polluted with
petroleum hydrocarbons and their derivatives (Gan et al.
2009; Cunnighan and Philp 2000).

The biostimulating process introduces additional nutri-
ents into a polluted system to increase the numbers of
indigenous microorganisms. Contamination of a zone with
hydrocarbons leads to a rapid depletion of the available
pools of major inorganic nutrients, such as N and P.
Consequently, nutrient supplementation for hydrocarbon
degradation has traditionally focused on the addition of
nitrogen and phosphorus, either in the organic or inorganic
forms (Sarkar et al. 2005; Bento et al. 2005; EPA 2001).

Besides adding nutrients to accelerate the breakdown of
oil by microorganisms, another approach that enhances oil
biodegradation involves increasing oil dispersion by the
addition of either chemical or biological surfactants
(Franzetti et al. 2008; Calvo et al. 2009). In general,
microbial attack takes place at the oil-water interface,
and thus enhanced biodegradation should result as a
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consequence of the increased surface area available for
microbial colonization (Nikolopoulou and Kalogerakis
2008; Mulligan et al. 2001; Banat et al. 2000).

Emulsifiers can emulsify hydrocarbons by enhancing
their water solubility and increasing the displacement of
oily substances from soil particles. For these reasons, the
inclusion of surfactants in the bioremediation treatment of
a hydrocarbon-polluted environment could be beneficial.
Thus, the addition of surfactants and other natural emul-
sifying agents is an important tool for the biotreatment of
hydrocarbon-polluted environments (Calvo et al. 2009;
Ron and Rosenberg 2002).

In order to demonstrate the viability of bioremediation
of an oil-polluted soil, it is necessary to check the rate of
hydrocarbon biodegradation under controlled conditions.
Laboratory feasibility studies involve microbiological and
chemical methods to measure the effectiveness of biore-
mediation under predetermined conditions. In general, soil
microcosm experiments are useful tools for assessing the
biodegradation potential of hydrocarbon contamination
(Sabaté et al. 2004).

In this study, experiments to assess changes in both
microbial activity and hydrocarbon composition during
diesel bioremediation treatments were carried out at the
laboratory scale using soil microcosms. The aim of this
research was to determine the extent of oil hydrocarbon
degradation under different experimental conditions in
which inorganic fertilizer (NPK) was combined with var-
ious useful biostimulating agents like Ivey surfactant®,
Biorem organic fertilizer and ethanol.

This research was carried out in the laboratory of
Environmental Microbiology during 2010.

Materials and methods
Soil samples

A clay soil sample polluted at the laboratory by adding
20,000 mg/kg of diesel was used in this study. The
chemical and physical characteristics of the clay soil were
determined according to Bremner and Blackmer (1982);
Olsen and Sommers (1982), and the Soil Conservation
Service, Soil Taxonomy (1975). Characteristics of soil
were clay 77 %, sand 15 %, total organic carbon (TOC)
0.89 %, total nitrogen (TN) 0.02 %, phosphorus 432.1 mg/kg
and pH 9.15.

Biostimulating agents
Three different biostimulating agents were used in com-

bination with NPK inorganic fertilizer for this study.
The composition of NPK inorganic fertilizer (18:8:17
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Agroblem SA) was 18 % total nitrogen, 8 % phosphorus
pentoxide (P,0s), 17 % potassium oxide (K,O), 2 %
magnesium oxide (MgO) and 19 % sulphur trioxide (SO3).
Ivey-surfactant® is a commercial surfactant agent com-
prised of several patented and preparatory non-ionic sur-
factant formulations. Biorem is an organic fertilizer
utilized as a bulking agent composed of 31.5 % TOC, 3 %
nitrogen, 0.06 % phosphorus and 1 % potassium; it is made
from cotton fibre seed residue with added nutrients that
retain the humidity and bacteria, enhancing hydrocarbon
biodegradation. Ethanol is classified as a primary alcohol
that contains a hydroxyl group bound to a carbon atom. It
has been used as a co-solvent and organic carbon source for
several bioremediation projects.

Microcosm assays

The microcosms were built in 500 ml Erlenmeyer flasks
each containing 250 g of the polluted soil sample. All
microcosms were treated with NPK fertilizer and were
either or not supplemented with the other biostimulation
agents, as detailed in Table 1. A control assay, without
addition of any biostimulating product, was included to
represent natural attenuation. Microcosms were incubated
at room temperature for 14 days according Calvo et al.
(2008).

Enumeration of culturable bacteria

Three replicate samples from each microcosm incubated at
room temperature were analysed each week for enumera-
tion of aerobic heterotrophic bacteria and degrading bac-
teria. 1 g of soil sample was diluted in 10 ml of sterile
saline solution and 0.1 ml volume of each serially diluted
soil sample was spread onto plates of 1/10 diluted Tripti-
case Soy Agar (TSA, Difco), made by preparing 1/10 TSB
Difco (Tripticase Soy Broth) and adding 1.5 % agar as
previously reported by Sanchez-Peinado et al. (2008).
Hydrocarbon-degrading bacteria were counted in 1 %
hydrocarbon TSA Difco. Test tubes with 20 ml of TSA

Table 1 Experimental design of the bioremediation treatment using
microcosm systems

Treatment NPK g/kg Ivey ul/Kg Biorem Ethanol
of soil of soil g/kg of soil  %(w/w)

Natural - - - -
attenuation

NPK fertilizer 0.3 - - -

NPK + Ivey 0.3 52 - -
surfactant

NPK + Biorem 0.3 - 80 -

NPK + ethanol 0.3 - - 2
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kept at 45 °C were added with 0.2 ml of crude oil; they
were gently shacked and poured into sterile petri dishes and
allowed to solidify. The plates were incubated in triplicate
at 28 °C for 48 h before the colonies were counted.

Biological activity

Dehydrogenase activity was determined by the reduction of
2,3,5-triphenylterazolium chloride (TTC) to triphenyl for-
mazan (TPF). A soil sample weighing 20 g was mixed with
0.2 g CaCOg3. Then, 6 g of the mixed sample was placed
into test tubes and 1 ml of TTC solution (3 %) plus 2.5 ml
of distilled water was added. After 24 h of incubation at
37 °C, the reduced formazan was extracted by adding
methanol. The TPF was determined using a spectropho-
tometer at 485 nm (Tabatabai 1982).

The production of carbon dioxide (CO,) was determined
by gas chromatography (Varian Star 3400 cx, with a TCD
detector). Soil samples for the respiration test were incu-
bated in a closed vessel at 28 °C (Bremner and Blackmer
1982).

Hydrocarbon analysis

Total petroleum hydrocarbons (TPH) were determined
from the soil samples with a mixture of hexane: acetone 1:1
(v/v) and determined by gravimetric analyses according to
Aguilera Vazquez et al. (2001).

N-alkanes and Polycyclic Aromatic Hydrocarbon (PAH)
were determined by gas chromatography/mass spectrome-
try (GC/MS) according USEPA (United States Environ-
mental Protection Agency) (1996, 2000). Analysis of each
hydrocarbon fraction was performed from the aforemen-
tioned extracted fractions using a Hewlett-Packard 6890
gas chromatography (GC) system equipped with a mass
spectrometry (MS) HP-5-MS capillary column (30 m x
0.32 mm L.D.). Helium (1.6 ml min_l) was utilized as the
carrier gas. Determinations were performed using the fol-
lowing temperature programme: 40 °C held for 1 min,
followed by heating at a rate of 4 °C/min up to 310 °C and
holding the final temperature for 1.5 min. The injector and
detector temperatures were 250 °C and 300 °C, respec-
tively. N-alkanes and Polycyclic Aromatic Hydrocarbon
(PAH) were detected using a mass detector 5872 (Hewlett-
Packard) and the library utilized was Wiley 275
respectively.

Statistical analyses

The mean, variance and standard deviation of the micro-
biological and chemical parameters were calculated from
the values obtained from each of the triplicate samples.
Differences between biological: heterotrophic aerobic

bacteria, degrading aerobic bacteria, dehydrogenase activ-
ity and CO, production and chemical parameters: TPH,
light n-alkanes, heavy n-alkanes and branched alkanes in
the different soil samples were tested by Student’s ¢ tests.
Cluster analysis comparing biological and chemical vari-
ables was used to evaluate the effect of biostimulating
agents on the bioremediation process. Single linkage and
Pearson correlation have been used to calculate distance or
similarity. The statistical significance was evaluated at
P < 0.05. All statistical analyses were carried out using the
SPSS (Statistical Package for the Social Sciences) 15.0
software.

Results and discussion

Biodegradation is nature’s way of recycling wastes by
breaking down organic matter or inorganic compounds into
nutrients that can be used by living organisms (Gan et al.
2009). However, the addition of nutrients such as N and P
has been reported to enhance bioremediation processes by
increasing the microbial biomass (Bento et al. 2005; Sarkar
et al. 2005). In this context, supplementation of soil with
inorganic fertilizers represents one of the most commonly
used approaches in soil bioremediation. Unfortunately, in
many cases the application of NPK fertilizers as the sole
stimulating agent is not sufficient to totally restore polluted
soil (Cunnighan and Philp 2000). This study evaluated the
possibility of improving hydrocarbon biodegradation in a
clay soil polluted with diesel by the joint application of an
NPK fertilizer and other commercial biostimulating prod-
ucts. Three different stimulating agents were tested in
combination with NPK fertilizer. Ivey surfactant was
included due to the capacity of this product to facilitate the
bioavailability of hydrocarbons. Biorem was selected as an
organic fertilizer and bulking agent and, finally, ethanol
was added as a carbon source that is easily metabolized by
soil bacteria.

Microbial activity was evaluated following growth of
heterotrophic and degrading microorganisms, dehydroge-
nase activity and production of CO, (respiration test).
Figures 1 and 2 show the increase in the number of
heterotrophic and hydrocarbon-degrading bacteria in the
diesel-contaminated microcosms. In these assays, the
behaviour of natural attenuation (non-treated microcosms)
was compared with the evolution of microbial populations
in microcosms amended with NPK fertilizer as the sole
stimulating agent and with joint applications of NPK fer-
tilizer and Ivey surfactant, Biorem or ethanol. The results
of this study showed that the joint applications increased
the number of heterotrophic bacteria in the polluted soil
after 14 days of soil incubation. This positive effect was
particularly apparent with the joint application of NPK
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—l—-NPK
—O—NPK + Biorem

—X—Natural attenuation
—&—NPK + Ivey
—O—NPK + Ethanol

Fig. 1 Number of total heterotrophic bacteria in natural attenuation
microcosm (control) and in treated microcosms. Data are means of
three replicates

log UFC/g of soil
~

0 7 14
Time [days]

——NPK

—O—NPK + Biorem

—X—Natural attenuation
—&— NPK + Ivey
—O—NPK + Ethanol

Fig. 2 Number of degrading bacteria in natural attenuation micro-
cosm (control) and in treated microcosms. Data are means of three
replicates

fertilizer and Ivey surfactant after 7 days of treatment
(Fig. 1), suggesting that the use of Ivey-sol surfactant
formulations, as part of a well-designed bioremediation
process, will provide a mechanism for desorbing and
mobilizing the target contaminants from the surface of the

soil to make them more available to indigenous
microorganisms.
Regarding  hydrocarbon-degrading  microorganisms

(Fig. 2), application of NPK and NPK + Ivey surfactant
rapidly stimulated the growth of hydrocarbon-degrading
microorganisms with respect to not only natural attenuation
but also Biorem and ethanol addition. At the end of the
assays (14 days), all treated microcosms contained a higher
number of degrading bacteria than the control microcosm
(natural attenuation).

According to Balba et al. (1998) hydrocarbon-degrading
microorganisms, the number of total heterotrophic bacteria
and hydrocarbon-utilizing bacteria in a contaminated soil
can provide useful information on the biological activity
in soil. In this sense, Al-Awadhi et al. (1996) reported a strong
correlation between microbial counts and hydrocarbon
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degradation and indicated that such analysis could be a
useful tool for following changes concerning microbial
activity in hydrocarbon degradation. Under the experi-
mental conditions utilized in the present study, the total
microbial counts increased by approximately two orders of
magnitude (P < 0.05) over the 14 days of incubation.
These results suggest that the soil samples contained
indigenous microbial populations capable of supporting
bioremediation and that none of the nutrients added
inhibited microbial growth; furthermore, no toxic effect
was observed on the microbial populations.

Microbial activity was evaluated by determining dehy-
drogenase (DH) activity and the production of CO,. The
dehydrogenase activity in soil can be used to monitor
activity as an index of the total oxidative activity. In gen-
eral, the biological oxidation of organic compounds is
considered to be a dehydrogenation process catalysed by
dehydrogenase enzymes (Paul and Clark 1989). Because
the analytical method used in this study to determine the
dehydrogenase activity need 24 h of incubation, the study
has considered the first data obtained at the beginning of
experiments as dehydrogenase activity at 24 h. These
results were compared with the DH values obtained in a
control soil sample without oil pollution and with activity
shown at the end of treatment. Thus, to find the effect of
the pollutant over the enzymatic activity and estimate the
efficiency of the bioremediation treatment, this study
established the following indexes:

IDjo4n/n = DH activity at the beginning of the experi-
ment (Dj4,)/DH activity of non polluted soil (D,,).
ID44m» = DH activity at the end of the process (Dy4q)/
DH activity of non polluted soil (D,,).

ID144/24n = DH activity at the end of the process (Dy4q4)/
DH activity at the beginning of experiment (Dj»4).

The results obtained showed that pollution with diesel
produced and important stimulation of dehydrogenase
activity. Since the IDj4p,, (Table 2) were very similar in
all microcosms and always close to 2, further natural
attenuation, NPK treatment and NPK + ethanol treatment
had analogous behaviour with a diminution in the enzy-
matic activity with time. In contrast, combined treatment
NPK + Ivey surfactant maintains the level of activity
(Table 2).

Joint applications of NPK fertilizer and Ivey surfactant
and combination of NPK fertilizer and Biorem increased
dehydrogenase activity at the end of treatment. However,
this positive effect was much more evident (443.58
TPF g~ ') when the polluted soil samples had been treated
with NPK fertilizer plus Biorem (Table 2).

In contrast, in the control microcosms and when the soil
microcosms had been treated with NPK fertilizer alone and
NPK fertilizer and ethanol, a decrease in dehydrogenase
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Table 2 Microbial activity estimated by dehydrogenase and production of CO, in diesel polluted soil microcosms under the experimental

condition studies

Treatment Dehydrogenase % CO, 24 h
IDizann ID 144/ ID144/24n To days T14 days

Natural attenuation 2.46 0.40 0.16 0.05 £ 0.008 0.03 £ 0.000
NPK 2.46 0.44 0.18 0.05 £ 0.008 0.18 £+ 0.034"
NPK + Ivey 1.89 2.48 1.31 0.32 £ 0.016 0.07 £ 0.010°
NPK + Biorem 2.46 14.84 6.02 0.05 £ 0.008 0.99 £ 0.185"
NPK + ethanol 2.46 0.39 0.16 0.05 £ 0.008 1.83 £ 0.186"
Pa * * * k

P* from one-way ANOVA, **#* #** * < (0,001, 0.01, 0.5, respectively

Labels: (a) indicates statistically significant difference between t+ = 0 days and 7 = 14 days, using Student’s ¢ test; P < 0.05

activity was detected after 14 days of incubation (Table 2).
Obviously, these results do not correlate with the high
number of bacteria counted in these microcosms. However,
Balba et al. (1998) indicated that dehydrogenase activity is
correlated with the total metabolic activity of soil micro-
organisms, and this can be modified by different biotic and
abiotic factors. Thus, it has been reported that factors such
as nitrate, nitrite and ferric ion concentrations or modifi-
cations in the biodiversity of the microbial communities
can affect the dehydrogenase activity in a soil (Sarkar et al.
2005; Margesin et al. 2000). More experiments are being
conducted by us in the laboratory of Environmental
Microbiology (University of Granada, Spain) to address
this issue.

Soil respiration (production of CO,) can be considered
as a parameter of the total biological activity and results
from the degradation of organic matter. According to this
parameter, the microcosms amended with NPK fertilizer
and ethanol produced the highest levels of CO,. It seems
that ethanol enhances bacterial metabolism, suggesting that
its addition at low concentrations would stimulate indige-
nous microorganisms tolerant to diesel pollution. In the

Table 3 Variation in water content of soil microcosms during bio-
remediation treatment

Treatment % of humidity % of moisture

lost

fo days ta days
Natural 9.05 24775 £05 2251 +£23
attenuation

NPK 22.76 2724 £12 21.04 £22
NPK + Ivey 3.84 2471 £ 0.5 2376 £ 04
NPK + Biorem —-0.57 2797 £03 28.13+ 14
NPK + ethanol 29.61 26.78 + 0.4 18.85 + 0.5

Pa 3k *

P from one-way ANOVA, *#* #* * <001, 0.01, 0.5, respec-
tively. Labels: (a) indicates statistically significant difference between
t = 0 days and T = 14 days, using Student’s ¢ test; P < 0.05

same way, Biorem treatment also enhanced CO, produc-
tion, showing that in soil with a clay texture the application
of a bulking agent would be an efficient tool for soil
remediation.

Moisture is also an important variable in soil habitats
(Scheutz and Kjeldsen 2004). In general, microbial growth
decreases the soil water content as a consequence of
microbial metabolism, and previous results obtained in the
laboratory of Environmental Microbiology (University of
Granada, Spain) regarding the bioremediation of hydro-
carbon-polluted soils also demonstrated the fact that
moisture is one of the most important parameters to be
taken into account, with values higher than 13 % being
necessary for optimal microbial activity and hydrocarbon
degradation (Calvo et al. 2009). Thus, the application of
products that maintain humidity could be useful (particu-
larly in arid and semiarid climates) for enhancing soil
microbial activity and also for increasing hydrocarbon
degradation. The data obtained have shown that the joint
application of NPK fertilizer and Biorem or Ivey® sur-
factant reduced the amount of water lost in the micro-
cosms, suggesting that these treatments ensure adequate
conditions for bioremediation (Table 3).

Chromatographic analysis was used to estimate the
degradation of TPH, light n-alkanes (C10-C20), heavy
n-alkanes (C21-C40) and branched alkanes. A degradation
index (Id) was also considered using the natural attenuation
microcosm as a reference and was calculated by the fol-
lowing expression: [% of degradation in each treatment/%
of degradation in natural attenuation treatment]. The results
showed that the removal efficacy varied depending on the
type of hydrocarbon (Table 4) and that treatment with NPK
plus Ivey® surfactant was the most efficient in terms of the
removal of TPH (Id = 1.4) and light n-alkanes (Id = 1.3).
There was also a high rate of the degradation of heavy
n-alkanes and branched alkanes in microcosms supple-
mented with NPK fertilizer plus ethanol, with Id values of
1.6 and 1.5, respectively (Fig. 3). These results suggest that

)
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Table 4 Index of biodegradation (Id) and percentage of hydrocarbon removal in soil microcosms treated with NPK fertilizer, NPK fertil-
izer 4 Ivey surfactant, NPK fertilizer + Biorem, NPK fertilizer + ethanol

Treatment Alkanes <20 Alkanes >20 Branched alkanes TPH

% Id % Id % 1d % 1d
Natural attenuation 64.0 £ 1.29 1.0 57.1 £ 2.59 1.0 63.8 £ 2.05 1.0 41.4 4+ 9.08 1.0
NPK 36.5 £ 1.09 0.6 66.5 + 0.57 1.2 66.5 + 0.57 1.1 37.8 £ 1.07 0.9
NPK + Ivey 84.7 £ 0.73 1.3 71.1 &£ 1.33 1.3 71.1 &£ 1.33 1.1 57.4 + 1.96 14
NPK + Biorem 42.7 + 0.07 0.7 64.1 + 0.04 1.1 64.1 &+ 0.04 1.0 342 + 17.79 0.8
NPK + ethanol 41.6 + 0.22 0.7 92.6 £+ 0.03 1.6 92.6 £+ 0.03 1.5 42.0 + 0.22 1.0
Pa sfkosk skskok skekok sfekosk

P* from one-way ANOVA, **#* #** * <(.001, 0.01, 0.5, respectively

Fig. 3 Index of degradation of 1.7
light and heavy n-alkanes,
branched alkanes and TPH in 15

diesel-polluted soil microcosms
after application of
biostimulating treatments

0.9

Index of degradation (Id)

0.7

0.5 1
Natural attenuation NPK NPK + Ivey NPK + Biorem NPK + Ethanol

[ light n-alkanes [ heavy n-alkanes [l branched alkanes W TPH

combined treatments would be a suitable choice for the
bioremediation of hydrocarbon-polluted clay soil. Figure 4
shows the reduction in the hydrocarbon chromatogram
areas detected in soil samples from the NPK + Ivey sur-
- factant microcosm at the end of treatment and illustrates
the usefulness of this combined biostimulating treatment.

NPK + Ethanol Normally, hydrophobic organic chemicals (HOC) exhi-

bit limited bioavailability to microorganisms as the con-
taminants tend to partition onto the soil matrix. This
partitioning can account for as much as 95% or more of the
NPK total contaminant mass. Thus, this limits the concentration

of HOC, such as hydrocarbon compounds, that are avail-

MM able to the microbial population. Hence, these compounds
can persist in the soil matrix for long periods of time. The

use of Ivey surfactant formulations, as part of a well-
designed bioremediation process, will provide a mecha-
| l I | nism for desorbing and mobilizing the target contaminants
L1 from the surface of the soil to make them more available to
microbial populations. Many authors have reported that the
NPK + Ivey rate of hydrocarbon degradation can be significantly

| | J LLL I I [ 1, affected by the rate of desorption of these compounds from

! o - soil particles (Singh et al. 2007; Haritash and Kaushisk
Fig. 4 Chromatograms of soil samples obtained after 14 days of 2009). For this reason, the application of surfactants has
treatment from each of the soil microcosms studied been considered as a useful tool in bioremediation

Natural attenuation

NPK + Biorem

i {l

Uk,
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processes to accelerate the microbial biodegradation
capacity. Figure 3 shows that the addition of inorganic
fertilizer plus Ivey-sol© generally enhanced hydrocarbon
biodegradation. Moreover, the numbers of heterotrophic
and hydrocarbon-degrading bacteria were significantly
enhanced (P < 0.05). Consequently, as previously reported
by other authors, the results of this study confirm that the
application of surfactants as stimulating agents improves
bioremediation, at least under the present experimental
conditions.

Biorem is a bulking agent that increases the porosity and
oxygen diffusion in soils. The addition of bulking agents
such as Biorem tends to have a priming effect on microbial
populations and they might also play a role in reducing soil
bulk density, as well as serving as an additional organic
material during bioremediation (Vasudevan and Rajaram
2001)]. The results showed that this treatment led to a
remarkable stimulation of microbial activity, with a high
capacity for maintaining moisture (28.13 %) and an aver-
age rate of biodegradation (51.27 %). Similar data were
reported by Rhykerd et al. (1999), who demonstrated that
bulked soils showed a more rapid reduction in TPH (82 %
in 12 weeks) compared with the non-bulked control (33 %
in 12 weeks). They concluded that bulking agents and
tillage enhanced bioremediation processes, possibly by
reducing the size of oil-saturated aggregates, and thereby
exposing more of the oil to microbial activity.

Treatments with NPK fertilizer plus ethanol produced
better results than with NPK fertilizer alone (P < 0.05)
(Table 4). Lovanh et al. (2002) studied the effect of ethanol
on BTEX biodegradation kinetics in aerobic continuous
culture experiments to determine how ethanol affects
benzene, toluene, ethylbenzene and xylene (BTEX) bio-
degradation kinetics. In all cases, the presence of ethanol
increased microbial biomass, which is conducive to faster
degradation rates. Under carbon-limiting conditions (1 mg/L
influent benzene), the data and model simulations showed
an increase in benzene removal efficiency when ethanol
was fed at low concentrations because its positive effect on
cell growth. High ethanol concentrations, however, had a
negative effect, causing oxygen limitation.

Further, it has also been reported that addition of ethanol
can stimulate metabolism for denitrifying bacteria which
become enriched after the application of this compound,
and consequently resulting in anaerobic hydrocarbon bio-
degradation (Chen et al. 2008). The results seem indicate
that the low ethanol concentration used in these experi-
ments could have enhanced the metabolic activity of some
microbial groups including anaerobic microorganisms such
as denitrifying or sulphate-reducing bacteria. However, this
observation must be considered with care since soil is a
very complex habitat and its microbial activity can be
affected by many different biotic and abiotic parameters.

541

Treat 0 5 10 15 20 25

(l4daysy  ~~ T TTTTTTTTTTTTTTTTTT
Natural attenuation
NPK + Ethanol
NPK

NPK + Biorem | J

NPK +IVEY o e o o e e e o e e o e e e o e e e

Fig. 5 Dendrogram using single linkage and Pearson correlation

Finally, the cluster analysis comparing biological and
chemical variables was used to evaluate the effect of bio-
stimulating agents on the bioremediation process. Figure 5
shows three groups of similarity, one of them including
natural attenuation, ethanol and NPK with less than 2 %
dissimilarity. The Biorem treatment also showed high
similarity with the aforementioned group (5 % dissimilar-
ity). Finally, the NPK + Ivey surfactant treatment showed
the highest percentage of dissimilarity (25 %), suggesting
that the application of a surfactant introduces changes to
the soil system and leads to important modifications in
microbial behaviour, which could explain the efficiency of
this treatment in the remediation of hydrocarbon-polluted
clay soil.

Conclusions

Studies of biodegradation using soil microcosms can be
used to assess the biodegradation potential of hydrocarbons
present in a contaminated soil to determine the most
appropriate bioremediation strategy for large-scale appli-
cations. Our studies showed that the application of nutri-
ents and biostimulation agents increased hydrocarbon
biodegradation, although the efficiency of the treatments
was affected by the type of stimulating agent applied and
obviously by the type of hydrocarbon. The results showed
that the use of inorganic fertilizers, such as NPK, plays an
important role in the bioremediation of oil-contaminated
soil, particularly in soils in which the microbiological
population is adapted to pollutants. However, the efficiency
of the inorganic fertilizer used in the present study was
clearly enhanced when applied together with the Ivey
surfactant or with ethanol, suggesting that, via different
mechanisms, these stimulating agents can increase the
effectiveness of bioremediation within a short period of
time. Obviously, our study was performed in clay soil
microcosms artificially contaminated with diesel. In this
context, more experiments are needed to determine the
most favourable procedure that could be applied for the
bioremediation of a natural environment.
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