Chapter 8

Bioremediation of Contaminated Soils: Effects
of Bioaugmentation and Biostimulation

on Enhancing Biodegradation of Oil
Hydrocarbons

Iwona Zawierucha and Grzegorz Malina

8.1 Introduction

Modern societies still continue to rely primarily on the use of petroleum hydro-
carbons to cover their energy demands. Despite recent technological advances,
accidental spills of crude oil and its refined products occur on a frequent basis
during routine operations such as extraction, transportation, storage, refining and
distribution (Nikolopoulou et al. 2007). The release of oil hydrocarbons into the
environment may pose severe environmental problems due to sustained contamina-
tion of air, water and soil (Scherr et al. 2007). Various physical and chemical
processes have been employed for effective remediation of oil hydrocarbon con-
taminated soil (Khan et al. 2004; Malina 2007). However, most of these techniques
are expensive, and the byproducts may cause secondary contamination of soil and
water, resulting in the need for additional post-treatments (Liang et al. 2009).
Moreover, they require continuous monitoring and control for optimum perfor-
mance. In addition, they do not usually result in a complete destruction of the
contaminants (Gouda et al. 2008). Biological methods, such as bioremediation, are
considered to be relatively cost-effective and environmentally friendly (Hosokawa
et al. 2009). Bioremediation is a treatment method that uses microbiological
restoration potentials for decontamination of polluted sites (Scherr et al. 2007). It
is a relatively simple practical approach for the complete mineralization of hydro-
carbons to carbon dioxide and water under aerobic conditions (Vidali 2001; Sarkar
et al. 2005). However, the rate of hydrocarbon biodegradation in soil is affected by
several physicochemical properties of the soil and contaminants, as well as
biological characteristics of indigenous microorganisms. These include the number
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and species of microorganisms present, concentrations of hydrocarbons and envi-
ronmental conditions (pH, temperature, nutrients, oxygen and moisture content)
suitable for microbial degradation (Betancur-Galvis et al. 2006; Gouda et al. 2008;
Leahy and Colwell 1990; Perfumo et al. 2007; Horel and Schiewer 2009). Two
methods are usually considered to increase the activity of microorganisms, thus
enhancing the biodegradation rates during bioremediation of soil contaminated
with oil hydrocarbons: (a) bioaugmentation through the direct application of
selected oil-degraders to the site, and (b) biostimulation involving the application
of a proper agent to soil to enhance the activity of indigenous microorganisms
(Odokuma and Dickson 2003; Perfumo et al. 2007; Malina and Zawierucha 2007).

Bioaugmentation is a promising and low-cost bioremediation method, in which
effective bacterial isolates or microbial consortia capable of degrading oil hydro-
carbons are introduced to the contaminated soil. Multiplied indigenous microflora
are generally applied in this technique; however, inoculation of soil with exogenous
or laboratory-modified bacterial cultures still arouses many reservations (Gentry
et al. 2004; Fantroussi and Agathos 2005; Zawierucha and Malina 2006). Some-
times, the application of oil-degrading microorganisms may lead to a failure of
bioaugmentation (Vogel 1996; Gentry et al. 2004). This is because the survival and
degrading ability of microorganisms introduced to a contaminated site are highly
dependent on environmental conditions (Vogel 1996). Thus, in many cases, poten-
tially degrading strains isolated from one site are not necessarily applicable to the
other site. Moreover, isolates, including genetically engineered microorganisms,
that are efficient oil-degraders under laboratory conditions, are not necessarily
effective in situ (Sayler and Ripp 2000). In addition, introducing alien species to
soil is not easily acceptable by the public (Hosokawa et al. 2009).

Biostimulation relies on increasing the activity of indigenous bacteria by
providing nutrients, oxygen, surfactants or water to the contaminated soil (Coulon
and Delille 2003) or modifying the environmental conditions (e.g., temperature,
pH, redox potential). It is considered that indigenous bacteria are best adapted to the
environment of the treated site (Rahman et al. 2003). Biostimulation, however, does
not always work well due to the scarcity of indigenous oil-degraders or very high
contaminant concentrations (Ueno et al. 2007).

The major objective of this chapter is to provide various bioremediation strate-
gies based on bioaugmentation and biostimulation for enhancing biodegradation
rates of oil hydrocarbon contaminated land.

8.2 Bioaugmentation

Bioaugmentation can be realized in three ways: (a) the enrichment or isolation of
indigenous microorganisms from the target site, their subsequent culturing and re-
inoculation; (b) isolates or enrichments are not inoculated to the source of the
original culture; and (c) with the use of constructed or force-mutated microorganisms
(Vogel and Walter 2001).
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Bioaugmentation that uses indigenous microorganisms to the sites (soil and
water) to be remediated is defined as autochthonous bioaugmentation (Ueno et al.
2007). Isolated single strains or enriched cultures, which can be obtained “before”
or “after” the contamination of the target sites, are inoculated into the sites to be
remediated (Hosokawa et al. 2009). The use of indigenous microorganisms with
adapted biochemical potentials was proved to be one of the most powerful tools
for bioaugmentation (Devinny and Chang 2000). Bento et al. (2005) noted that the
addition of a bacterial consortium previously isolated from the Long Beach soil
degraded 73-75% of the light (C;,—C,3) and heavy (C,3—C40) fractions of total
petroleum hydrocarbons (TPH) present in the soil, while only 46-49% removal
was obtained as a result of intrinsic biodegradation. Next, in field-scale micro-
cosms, Gouda et al. (2008) observed that about 86% of kerosene was degraded
upon bioaugmentation of clay with indigenous Pseudomonas sp. CK for 20 days,
but only 80% in the case of intrinsic biodegradation of the natural microflora.
Introducing naturally developed microbial consortia may be more effective in
comparison with single strains isolated and applied as pure cultures (Mrozik and
Piotrowska-Seget 2009). This is in agreement with the results of Mancera-Lopez
et al. (2008), who noted that in the bioaugmented systems three indigenous fungi
strains (Rhizopus sp., Penicillium funiculosum and Aspergillus sydowii) removed
47,45 and 40% of TPH, respectively, and these were even higher by 29-36% with
respect to the pure fungi strains. Thus, the most effective bioaugmentation
performance may be approached by the use of multiplied indigenous microorgan-
isms to increase their abundance in soil (Malina and Zawierucha 2007). In the
study of Wu et al. (2008) microcosms were set up with a PAHs contaminated soil
using bioaugmentation with indigenous filamentous fungus, Monilinia sp. W5-2.
After 30 days of treatment, bioaugmented microcosms resulted in a 35% decrease
in the total PAHs, while the control microcosms showed only a 3% decrease.
Bioaugmented microcosms also revealed about 70 and 72% decreases in benzo[a]
pyrene and anthracene, respectively, while the values for the control microcosms
were much lower.

Our respirometry studies conducted to determine the effect of bioaugmentation
for enhancing biodegradation in soils contaminated with oil hydrocarbons at a
former military airport showed the highest biodegradation rates (estimated from
the O, uptake and CO, production rates) for samples to which the bacterial
inoculum containing 4.8 x 10> CFU/ml was added (Zawierucha and Malina
2006). Enhanced biodegradation rates were in this case four times higher than
intrinsic biodegradation rates. Moreover, when the indigenous bacterial consortium
was applied, the increase of biodegradation rate was about 22-—46% higher
compared to the exogenous bacterial consortium. This could be explained by the
autochthonous adaptation that allows microorganisms to be physiologically
compatible with their habitat, as compared to transient autochthonous organisms
that do not occupy a functional niche (Atlas and Bartha 1998). Ueno et al. (2007)
also noticed that bioaugmentation capacity of isolated bacterial species in soil
microcosms contaminated with diesel oil was much higher than that of exo-
genous P. aeruginosa strain WatG. Therefore, it will be more practical to apply
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bioaugmentation with bacteria isolated from the soil that is to be cleaned-up
(Hosokawa et al. 2009).

Native populations present in contaminated sites are certainly adapted to the
climatic, physicochemical and nutrient conditions. However, these communities
frequently do not include species with the enzymatic abilities needed to allow
bioremediation to start and/or to proceed at increased rates, thus resulting in
long-time processes. Application to contaminated soils of exogenous microor-
ganism with proven hydrocarbon-degrading abilities may solve this problem.
Possible sources to obtain exogenous microorganisms are remediated or con-
taminated sites, commercial suppliers and genetic engineering (Diaz-Ramirez
et al. 2008).

Biodegradation studies of 4CA in two soil types (loam soil-NN and sandy
clay loam soil-CM) using exogenous 4CA-degrading Klebsiella sp. CA17 for
bioaugmentation were carried out by Tongarun et al. (2008). Biodegradation of
4CA in soil-NN microcosms was substantially enhanced by bioaugmentation
with 4CA-degrading Klebseilla sp. CA17. Compared to that of intrinsic biodeg-
radation (40% of 4CA degradation), the total 4CA biodegradation at the end of
bioaugmentation treatment period finally reached 70 £ 4%. In the case of soil-
CM microcosms, total 4CA degradation was 44%, as compared to rather poor
(10%) intrinsic biodegradation at the end of the treatment period. Moreover,
bioaugmentation of a 4CA-degrading culture was successful in soil-NN, where
the bioaugmented culture survived and maintained its population size, with a
gradual increase, throughout the entire treatment, while it was eventually out-
numbered by indigenous microorganisms in soil-CM. These results may indicate
that the degree of 4CA biodegradation in soil microcosms depends not only on
the site characteristics, for example, soil properties, but also on the character-
istics of the indigenous microbial population, and the stability of population
density of the bioaugmented culture, which definitely affected the efficiency of
biodegradation.

The choice of chronically contaminated areas or the sites where land farming
was applied for remediation for the screening of exogenous bacterial strains
potentially useful in bioaugmentation seems to be an appropriate approach. Ruberto
et al. (2003) observed that in soil with B-2-2, a psychrotolerant hydrocarbon-
degrading Acinetobacter strain previously isolated from a chronically polluted
river degraded 75% of hydrocarbons, whereas autochthonous bacterial commu-
nities were able to degrade important fractions of the gas oil only by 35%. Next,
Jacques et al. (2008) evaluated the capacity of an exogenous microbial consortium
(five bacteria: Mycobacterium fortuitum, Bacillus cereus, Microbacterium sp.,
Gordonia polyisoprenivorans, Microbacteriaceae bacterium — naphthalene-utilizing
bacterium; and a fungus identified as Fusarium oxysporum) obtained from a
petrochemical site treated by means of land farming, to degrade and mineralize
anthracene, phenanthrene and pyrene present in soil at different concentrations.
They noted that the microbial consortium mineralized on average 98% of the three
PAHs present at different concentrations in the soil after 70 days. On the contrary,
the autochthonous soil microbial population showed no substantial mineralization
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of the PAHs. Moreover, bacterial and fungal isolates from the consortium, when
inoculated separately to the soil, were less effective in anthracene mineralization
compared to that of the consortium. These results may indicate synergistic pro-
motion of PAHs mineralization by mixtures of the monoculture isolates (the microbial
consortium). Individual microorganisms can mineralize only a limited range of
substrates; so assemblages of mixed populations with overall broad enzymatic
capacities are required to increase the rate and extent of petroleum biodegradation
(Farinazleen et al. 2004; Heinaru et al. 2005). Enhanced biodegradation of spiked
anthracene (ANT), pyrene (PYR) and benzo[a]pyrene (B[a]P) in soil was also
studied by Hamdi et al. (2007). In this case, bioaugmentation was carried out by
mixing the previously treated aged PAH-contaminated soil containing PYR- and
Bla]P-degraders with the experimental PAH-spiked soil. In the control samples, the
PAH removal was the lowest revealing ANT, PYR and B[a]P dissipation rates of
63, 33 and 35%, respectively, after 120 days. In turn, in bioaugmented samples, the
final degradation rates were higher than those observed in nonamended PAH-spiked
soils, and they were above 96% for ANT and PYR and 60% for B[a]P. Therefore,
the bioaugmentation with exogenous bacteria can be recommended in the case of
more recalcitrant chemicals, or when the local microbial population is insufficient
or inadequate (Mariano et al. 2007).

Another bioaugmentation approach involves the use of genetically engineered
microorganisms (GEMs) with increased capacity to degrade and tolerate toxic
compounds. Mutations and horizontal gene transfer using molecular biology are
employed to improve the microbial degradation activity (Rodrigues et al. 2006).
The aim of the application of genetically modified bacterial strains is to enhance
the ability of newly generated strains to degrade a broader range of xenobiotics,
and to increase the degradation effectiveness in comparison with “wild” (natural)
strains (Mrozik and Piotrowska-Seget 2009). Filonov et al. (2005) studied the
effectiveness of a genetically tagged, plasmid-containing, naphthalene-degrading
strain Pseudomonas putida KT2442 (pNF142: TnMod-OTc) in the experimental
soil contaminated with naphthalene. They noted that the concentration of naph-
thalene in the experimental soil block, into which laboratory naphthalene-degrading
strain KT2442 was introduced, decreased from 2.0 to 0.2 mg/g, whereas in the
control soil block, which contained only indigenous naphthalene degraders, the
concentration decreased only to 0.6 mg/g over the same time period (20 days).
Moreover, 20 days after introducing the strain KT2442, the number of bacterial
cells increased from 10° to 6 x 10° CFU/g of soil, amounting to 90% of the total
population of naphthalene degraders. Mishra et al. (2004) also noted that the TPH
level in the microcosm soil bioaugmented with a recombinant Acinetobacter
baumannii pJES strain was reduced by 39.6% at the end of a 90 days treatment,
while in the untreated soil this reduction was only by 6.9%. Next, Massa et al.
(2009) compared two bacterial strains, the natural isolate Arthrobacter sp. FG1
and the engineered strain Pseudomonas putida PaW340/pDHS5, for their effi-
ciency in degrading 4-chlorobenzoic acid (4-CBA) in a slurry phase system.
The recombinant strain was obtained by cloning the Arthrobacter sp. FG1 deha-
logenase encoding genes in P. putida PaW340. The 4-CBA-grown engineered
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strain appeared to be significantly more efficient in the 4-CBA degradation than
the “wild” Arthrobacter in soil slurries regardless of the presence or absence of
indigenous bacteria, which did not affect biodegradation. On the other hand, Lima
et al. (2009) examined the efficacy of bioaugmentation with rifampicin-resistant
mutant of Pseudomonas sp. ADP for bioremediation of an atrazine-contaminated
land. They observed that, for a more moderate level of soil contamination (ca. 7 g
of atrazine per g of soil), bioaugmentation using one single inoculation with
P. ADP could be sufficient for successful treatment. The atrazine removal was
of 99% after 8 days of the treatment. Therefore, the use of GEMs has been
suggested to improve or accelerate the remediation of sites polluted with xeno-
biotics (Filonov et al. 2005; Lima et al. 2009).

The novel approach, the so-called immobilized bioaugmentation based on
delivering microbial cultures in an immobilized form, is applied to achieve
more complete and/or more rapid degradation of hydrocarbons in soil. Such
treatment offers the protection of inoculated microorganisms from sub-optimal
environmental conditions (improper pH, presence of toxic substances, etc.), and it
reduces their competition with indigenous microflora. Moreover, immobilization
increases the biological stability of cells, including plasmids (Cunningham et al.
2004). For immobilization, both natural and synthetic materials are used. The first
group includes dextran, agar, agarose, alginate, chitosan polyacrylamides, and
k-carrageenan, while the second includes poly(carbamoyl)sulphonate, polyacryl-
amide and polyvinyl alcohol (Mrozik and Piotrowska-Seget 2009). Immobilized
matrix may also act as a bulking agent in contaminated soil, facilitating the
transfer of oxygen crucial for rapid hydrocarbon mineralization (Cunningham
et al. 2004; Liang et al. 2009). Results obtained by Oh et al. (2003) indicate that
the inoculum immobilized on diatomaceous earth could be very effective for
retaining microbial cells in association with the sand contaminated with
crude oil. Cunningham et al. (2004) examined the potential of immobilized
hydrocarbon-degrading microorganisms for the cleanup of diesel-contaminated
soil, and compared it with the liquid-culture bioaugmentation. Using polyvinyl
alcohol (PVA) cryogelation as an entrapment technique, they noted that bioaug-
mentation with a liquid enrichment culture reduced by 36.7% of oil and grease
contents after 32 days of treatment, while the immobilized system resulted in the
48.1% reduction. Moreover, the reductions of diesel in these bioaugmentation
systems were about 25.3-36.7% higher as compared to the non-amended (control)
treatment pile. Next, Liang et al. (2009) explored the role of bio-carriers, such as
activated carbon and zeolites, in immobilizing indigenous hydrocarbon-degrad-
ing bacteria and enhancing biodegradation in crude oil contaminated soils. They
observed high microbial colonization of both zeolites and activated carbon.
Microbial biomass reached concentrations of 10'C cells/g of activated carbon
and 10° cells/g of zeolites, indicating that the first carrier was better for the
enrichment of bacteria. Total microbial and dehydrogenase activity were 12 and
3 times higher, respectively, in activated carbon than in zeolite. Moreover, the
activated carbon bio-carrier enhanced the biodegradation of crude oil resulting in
the removal of 48.9%, in comparison to the intrinsic biodegradation (13.0%), and
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liquid-culture bioaugmentation (free-living bacteria) — 37.4%. According to the
authors, the bio-carrier improved the mass transfer of oxygen and nutrients, as
well as the water-holding capacity of the soil, which were the limiting factors for
biodegradation of crude oil.

The successful soil bioaugmentation requires the knowledge of not only types
and contents of contaminants but also microbial strains or their consortia that are
suitable for biodegradation. The selection of a culture appropriate for bioaugmenta-
tion should take into consideration the following features of microorganisms: fast
growth rate, ease of cultivation, resistance to high contaminant concentrations
and ability to survive in a wide range of environmental conditions (Mrozik and
Piotrowska-Seget 2009). Moreover, for designing an optimum bioaugmentation
method, it is necessary to evaluate the fractions of bioavailable contaminants
to determine the required concentrations of a degrading inoculum to be added
(Zawierucha and Malina 2006).

8.3 Biostimulation

Biostimulation is a technique that relies on increasing the activity of the indigenous
bacteria by adjusting the factors that may limit their activity, mainly oxygen and
nutrients. The main aim of biostimulation is to provide bacterial communities with
a favorable environment, in which they can effectively degrade contaminants
(Mohan et al. 2006; Ueno et al. 2007).

8.3.1 Biostimulation by Oxygen Supply

Bioremediation of hydrocarbon contaminated soils under aerobic conditions is
preferable to improve degradation yields, given that the most common microbial
degraders are aerobic (Menendez-Vega et al. 2007). Oxygen is supplied to soil to
stimulate microbial activity and enhance aerobic biodegradation rates in the case
when O, is considered as a limiting factor. Commonly used oxygen supply techniques
may include tilling, forced aeration and chemical methods (Atlas 1991; Brown
and Crosbie 1994; Riser-Roberts 1998). Tilling is recommended as a physical method
to accelerate biodegradation during land farming, but it is effective only for top
soils. Forced aeration techniques, including injection of aerated water, air or pure
oxygen, are commonly used for enhancing biodegradation in soils and ground-
water contaminated with petroleum hydrocarbons (Brown and Crosbie 1994;
Riser-Roberts 1998). Chemical methods involve addition of alternative oxygen
sources, such as oxygen-releasing compounds ORC®™, or agents such as potas-
sium permanganate (KMnQO,), hydrogen peroxide (H,O,) and ozone (Os) (Riser-
Roberts 1998).

In our study, we tested the effectiveness of diverse sources of oxygen (aerated
water, aqueous solutions of HO, and KMnO,) to enhance biodegradation of oil
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hydrocarbons in soil at a former military airport (Malina and Zawierucha 2007).
Based on respirometric tests the highest CO, production rates (71-97% higher
compared to a control) were achieved when the aqueous solution of KMnQy, in
concentration of 20 g/L. was applied. On the other hand, on average, only 15%
increase of CO, production rates was observed when the aqueous solutions of H,O,
were used, whereas aerated water did not cause any improvement of the biodegra-
dation rates (addition of aerated water resulted in a decrease of CO, production
rates as compared to a control). Most probably, the amount of added water led to
excessive soil moisture that could reduce, in fact, the air-filled porosity and,
consequently the oxygen contents in soil (Malina 1999).

Potassium permanganate is known to readily oxidize alkene carbon—carbon
double bonds (Wolfe and Ingold 1981; Walton et al. 1992). Brown et al. (2003)
observed the concentration reduction of benzo[a]pyrene (72.1%), pyrene (64.2%),
phenanthrene (56.2%) and anthracene (53.8%) in soil, after 30 min of oxidation
using 160 mM KMnO,. They suggested that permanganate oxidation could be
applied in remediation technology for soils contaminated with oil hydrocarbons.
While hydrocarbons are not completely mineralized by permanganate oxidation
reactions, their structure is altered by polar functional groups providing vast
improvements in aqueous solubility, increased bioavailability for microorganisms,
thus biodegradation enhancement.

Hydrogen peroxide is known in environmental applications as a chemical
oxidizing agent, disinfectant and source of oxygen (Hamby 1996; Olexsey and
Parker 2006; Goi et al. 2006). Aerobic biodegradation of hydrocarbons in soil can
benefit from the presence of oxygen released during the H,O, decomposition
(Sturman et al 1995). On the other hand, it can be toxic to microorganisms
(Riser-Roberts 1998) as high contents of H,O, (100-200 mg/l) can inhibit bacterial
metabolism (Huling et al. 1990). However, Tsai and Kao (2009) noted that 43 and
47% of TPH were removed from soil using 15 and 30% aqueous solution of H,0,,
which corresponded to the H,O, concentrations of 150 and 300 mg/L, respectively,
after 40 h of treatment, while the TPH removal using 1% aqueous solutions of H,O,
was only of 1.1%. These results indicate that the TPH oxidation can be enhanced by
higher H,O, concentration. Moreover, Goi et al. (2006) noted that the efficiency of
H,0, application was strongly dependent on the soil matrix. Treatment of shale and
transformer oils adsorbed on peat (a model of organic-rich soil) resulted in lower
degree of oil removal, and required more H,O, than the treatment of oil in sand
matrix representing the mineral part of soil.

Aerated water can be an effective O, carrier for aerobic biodegradation of oil
hydrocarbons in soil, and it may facilitate the transport of substrates to bacterial
cells (Malina 2007). For example, Liu et al. (2001) found a 50% increase of
phenanthrene biodegradation when increasing the soil water content to 200% of
the soil field capacity. But on the other hand, at higher water contents, near or over
saturation, all the pores are filled with water, which limits the oxygen transfer that
determines the activity of aerobic microorganisms, thus biodegradation of con-
taminants may be hampered (Ramirez et al. 2009), and which could actually be the
case in our experiment (Malina and Zawierucha 2007).
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8.3.2 Biostimulation by Nutrients Supply

Additional nutrients (mainly nitrogen and phosphorus) introduced into contami-
nated soil in the form of organic and/or inorganic fertilizers may enhance intrinsic
biodegradation of petroleum hydrocarbons by improving the C:N:P ratio (Sarkar
et al. 2005). In theory, approximately 150 mg of nitrogen and 30 mg of phosphorus
are utilized in the conversion of 1 g of hydrocarbon to cell materials (Rosenberg and
Ron 1996). Based on this, the optimal C:N:P mole-ratio recommended for enhanc-
ing hydrocarbon removal is 100:10:1 (Malina 1999). However, as the soil environ-
ment is very complex and heterogeneous, the effectiveness of nutrient sources tends
to be affected by the soil physicochemical properties (Malina 2007). We compared
various sources of nutrients (N, P) with different C:N:P ratios for enhancing
biodegradation of oil hydrocarbons in soil (Zawierucha et al 2008). The highest
enhanced biodegradation rates (2-26 times higher than intrinsic biodegradation
rates) were observed at the C:N:P ratio of 100:10:5. Moreover, the best results were
achieved when the combination of (NH4),SO, and Na,HPO, was used, as the
enhanced biodegradation rates were 120-1,556% higher compared to the intrinsic
biodegradation rates. Ubochi et al. (2006) examined the potential of biostimulation
treatment options in oil contaminated soil with different contents of the NPK
fertilizer in soil. They noted that the application of 60 g NPK fertilizer was the
best treatment option with the removal of 50.5% of crude oil while in the control
(no nutrient addition) the removal was only of 29.5%. However, the effectiveness of
biostimulation depends not only on the proper C:N:P ratio but also on the type of
soil. Aspray et al. (2008) observed that for the sandy gravel and silty clay soils
contaminated with petroleum hydrocarbons, both O, consumption and CO, pro-
duction showed enhanced microbial activity when amended with NH4NO;,
whereas, these results differed for the sandy loam soil. In this soil amended with
nitrogen, inhibition of respiration was observed. Moreover, the form of nutrients
(especially nitrogen) supply plays a role in effective fertilization (Chaillan et al.
2006). The amendment with nitrogen (particularly using inorganic fertilizers) can
have no effect or, when applied at high concentrations, even deleterious effects
(Bento et al. 2005; Walworth et al. 2007). Inorganic nitrogen fertilizers composed
of nitrate and ammonium salts increase the salt concentration of soil pore water,
lowering the soil osmotic potential and, thus inhibiting the microbial activity
(Walworth et al. 2007). In addition, Sarkar et al. (2005) found that the microbial
population in the fertilizer-amended soils dropped appreciably, suggesting a toxic
effect due to fertilizer-induced acidity and/or NH; overdosing. Therefore, the
fertilizers must be precisely dosed taking the local environmental conditions into
consideration. The effectiveness of hydrocarbon biodegradation is not proportional
to the nutrient concentrations and over-fertilization may inhibit decomposition of
less biodegradable compounds (Chaillan et al. 2006). It is also recommended that
the C:N:P ratio should be calculated on the basis of the concentration of saturated
hydrocarbons, degradation of which is most sensitive to the level of nutrients in soil
(Chaineau et al. 2005).
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8.3.3 Biostimulation by Surfactants Supply

A critical aspect of bioremediation of oil-contaminated soils is the availability of
contaminants for microorganisms limited by their water solubility (Menendez-Vega
et al. 2007). This problem can be solved using natural and synthetic surfactants
(Lai et al. 2009). Hydrocarbon-degrading microorganisms produce a variety of sur-
face-active natural agents (the so-called biosurfactants) that improve bioavailability.
However, synthetic surfactants may still be required when the contaminants are highly
hydrophobic, and/or firmly sorbed in clay particles or soil organic matter (Menendez-
Vega et al. 2007). Surfactants contain both hydrophobic and hydrophilic fractions and
are useful in reducing the interfacial tension between hydrocarbons and soil water,
thereby improving the water solubility of hydrophobic substances (Urum et al. 2006;
Zawierucha et al. 2007). Consequently, surfactants increase bioavailability of hydro-
carbons to microorganisms and in turn their biodegradation (Lee et al. 2005). In our
study on the effect of surfactant (Tween 80) on biodegradation of oil hydrocarbon and
microbial activity in soil, the highest O, consumption and CO, production rates, as
well as dehydrogenase activities were observed at the surfactant dose of 1% (v/v)
(Zawierucha et al. 2007). In this case, the O, consumption and CO, production rates
were 115 and 49% higher, respectively, while the dehydrogenase activity increased
98%, as compared to a control (no addition of the surfactant). These results indicate
that surfactants can improve biodegradation effectiveness in the soil contaminated
with oil hydrocarbons, which was also postulated by Bento et al. (2005), Rous et al.
(1994) and Xie (2003). The potential application of biosurfactants, surfactin (SF) and
rhamnolipid (RL), for enhanced diesel biodegradation was investigated by
Whang et al. (2009). They observed that, compared to the control treatment (no bio-
surfactants added), application of RL or SF resulted in diesel emulsification, and
therefore enhanced biodegradation. Lai et al. (2009) compared the effectiveness of
biosurfactants with that of synthetic surfactants in heavily oil-polluted soil. They
found that biosurfactants exhibited much higher TPH removal efficiency than the
synthetic ones. By using rhamnolipids, surfactin, Tween 80, and Triton X-100 in the
concentration of 0.2% (w/w), the TPH removal for the soil contaminated with
3,000 mg TPH/kg dry soil was of 23, 14, 6, and 4%, respectively, and it increased to
63, 62,40, and 35%, respectively, for the soil contaminated with 9,000 mg TPH/kg dry
soil. Moreover, the biosurfactants-enhanced TPH removal efficiency did not vary
significantly with the contact time. These results indicate the superior performance of
biosurfactants over synthetic surfactants in terms of mobilization of oil pollutants from
the contaminated soil, and thus confirm their use as biostimulation agents for biore-
mediation. Biosurfactants are preferred to chemical surfactants, as they have lower
toxicity and shorter persistence in the environment (Nievas et al. 2008). The potential
advantages of biosurfactants for enhancing bioremediation of hydrocarbon contami-
nated soils also include their unusual structural diversity that may lead to unique
properties, as well as their biodegradability. Moreover, biosurfactants could easily
be produced from renewable resources via microbial fermentation, making it an
additional advantage over chemically synthetic surfactants (Mulligan 2005).
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8.4 Conclusions

Technologies employing biological treatments are developing worldwide over the
last decade, and are viewed as ready-made approaches for bioremediation of
petroleum contaminated sites. This chapter presented the potential of oil hydro-
carbons biodegradation enhancement in contaminated soils by applying various
bioaugmentation and biostimulation methods. Based on our extensive review of
literature and practical experience, bioremediation is not a panacea for all problems
associated with oil hydrocarbon contaminated soil. The successful bioremediation
requires the strategies tailored for the site-specific environmental parameters of
both contaminated soils and contaminants. The key parameters to select the appro-
priate bioremediation strategy includes number and activity of microorganisms;
types, concentrations and bioavailability of contaminants; oxygen and nutrients
supply, and characteristics of soil. In the case of bioaugmentation, an additional
database needs to be established, containing abilities of microorganisms to degrade
oil hydrocarbons, together with their proliferation in the respective ecosystems, as
well as their cellular resistance to xenobiotics and adaptation potentials to environ-
mental conditions.

Although both bioaugmentation and biostimulation alone appeared to be effec-
tive in enhancing intrinsic biodegradation of oil hydrocarbons in soil, the simulta-
neous action of these techniques seems to improve the biodegradation rates more
efficiently.
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