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A b s t r a c t
Accidental oil spills at open sea is a common environmental problem. However, we are faced with a much more severe prob-
lem once the oil spill reaches the shoreline. Current oil spill combating practice is to collect manually the polluted sand and
proceed with disposal or temporary storage in nearby sites.
Addition of mixed bacterial cultures into petroleum contaminated sand was examined. Experiments with sand polluted by
5% (v/w) of crude oil were performed in sterile and non-sterile conditions to see the degradation potential of isolated cul-
tures, their growth characteristics and possible antagonisms between supplemented microorganisms and natural microflo-
ra. During the experiments the oxygen demand was monitored. Correlation between high oxygen demand and high deple-
tion of hydrocarbons was observed. The best TPH removal in sterile conditions was found in samples with the mixed cul-
tures isolated from waste sludge from petroleum refinery Motor Oil Hellas (Korinth Refineries, Greece). For this culture
concentration of hydrocarbons in sterile sand was 73.2% lower than in control sample. In non-sterile sand concentration of
TPH after 14 days was 70.5% lower than in control (sterile sand) without bioaugmentation. The lowest depletion of hydro-
carbons was observed in sample with addition of mixed culture (AM) of Alcanivorax borcumensis (DSM 11573) and
Marinobacter hydrocarbonoclasticus (DSM 8798) (32.9%). Finally, the addition of artificial seawater and fertilizers had
also a positive influence on contaminants depletion by naturally occurring microorganisms (48%).

S t r e s z c z e n i e
Powszechnym problemem środowiskowym są przypadkowe wycieki paliw na otwartym morzu. Z jeszcze bardziej uciążliwym
problemem spotykamy się jednakże w momencie dotarcia wycieku do wybrzeża. Obecne praktyki rekultywacyjne polegają na
zebraniu zanieczyszczonego piasku i jego usunięciu lub okresowym składowaniu na pobliskich terenach. Celem badań było
określenie wpływu inokulacji mieszanymi kulturami bakteryjnymi piasku zanieczyszczonego surową ropą naftową. Badania
prowadzono na piasku zanieczyszczonym 5% (v/w) surowej ropy naftowej w warunkach sterylnych i niesterylnych tak, aby
zaobserwować zdolność wyizolowanych kultur do degradacji zanieczyszczenia, scharakteryzować ich wzrost oraz możliwe
antagonizmy między wprowadzonymi mikroorganizmami a naturalną mikroflorą. Zaobserwowano dodatnią korelację
miedzy ubytkiem tlenu i wysokim ubytkiem węglowodorów. Najwyższy stopień usunięcia TPH w warunkach sterylnych zaob-
serwowano w próbach z mieszaną kulturą wyizolowaną z osadu pochodzącego z rafinerii Motor Oil Hellas (Korinth
Refineries, Grecja). Stężenie ropopochodnych w próbie z tą kulturą i sterylnym piaskiem było o 72.3% niższe niż w kontroli.
W warunkach niesterylnych stężenie TPH po 14 dniach było niższe niż w kontroli (piasek sterylny) o 70.5%. Najniższy
ubytek węglowodorów zaobserwowano w próbach zaszczepionych mieszaniną kultur (AM) zawierających Alcanivorax borc-
umensis (DSM 11573) i Marinobacter hydrocarbonoclasticus (DSM 8798) (32.9%). Wreszcie zaobserwowano, iż dodatek
sztucznie spreparowanej wody morskiej i biogenów miały również pozytywny wpływ na ubytek zanieczyszczeń spowodowany
działalnością autochtonicznych mikroorganizmów (48%).
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1. INTRODUCTION
Open sea and seashore are environments, which are
frequently exposed to crude oil pollution. Explosions,
spills, fires and blowouts occur frequently during
drilling operations. Offshore oil platforms produce a
wide variety of liquid, solid and gaseous wastes and
some of them are discharged directly into the ocean.
Platform collapses or collisions with ships, pipeline
ruptures, leaks and accidents in transferring oil and
gas between facilities, fires and explosions are con-
nected with all steps of extraction and hardly with
transportation of petroleum [1,2]. Crude oil and
petroleum products introduced to the marine envi-
ronment are immediately subjected to a variety of
physical, chemical and biological changes. Abiotic
weathering processes include evaporation, dissolu-
tion, dispersion, photochemical oxidation, water-in-
oil emulsification, adsorption onto suspended parti-
cle material, sinking, sedimentation and biological
processes including ingestion by organisms as well as
microbial degradation. These processes occur simul-
taneously and cause important changes in the chemi-
cal composition and physical properties of the origi-
nal pollutant [1-4].
Increased environmental pollution necessitates the
development of new cost-effective and fast method of
remediation. Among them biological methods using
naturally occurring bacteria are expected to have the
smallest negative influence on the environment dur-
ing the remediation process. They mostly involve
minimal physical disruption of a site, appear to have
no or only minor and short-lived adverse effects when
properly used, often they can be carried out on-site,
and they offer a simpler and more economical solu-
tion for the remediation of polluted areas. They are
cost-effective because they are less labor intensive
and simpler to use, however, they must be specifical-
ly tailored to each polluted site [3, 5, 6].
Bacteria able to degrade hydrocarbons occur in all
environments but in different numbers and commu-
nity structures [7-9]. Generally hydrocarbon utilizers
constitute less than 0.1% of the microbial communi-
ty in unpolluted ecosystems. The highest concentra-
tion even up to 100% is observed in environments
constantly exposed to hydrocarbon pollution as refin-
ery areas [8-14]. Adaptation to high concentration of
pollutants results in high resistance to toxic com-
pounds and high degradation potential of microor-
ganisms especially when these sites are exposed to
pollution for long time. Communities exposed to
hydrocarbons become adapted exhibiting selective
enrichment and genetic changes [10].

Many indigenous microorganisms are capable to
degrade petroleum hydrocarbons such as alkanes,
paraffins and aromatics, but in marine environment
biodegradation rates are low and often limited by
such environmental factors as bioavailability, molec-
ular oxygen, and mostly by phosphate and nitroge-
nous nutrients [15]. Stimulation of indigenous organ-
isms by addition of nutrients is the most promising
alternative to combat most of sea and coast oil spills
[3, 12, 16-20]. Also introduction of microbes is bene-
ficial in areas where native organisms grow slowly or
are unable to degrade a particular hydrocarbon [3].
However, it is necessary to remember that addition of
the microorganisms in products sometimes neither
inhibits nor enhances contaminant removal [21]. For
soil remediation, a good tool is slurry-phase biore-
mediation where contaminated soil is combined with
water and other additives in a large bioreactor and
mixed to keep the microorganisms – which are
already present in the soil or added – in contact with
the contaminants in the soil [22]. This slurry-phase
biological treatment can be a relatively rapid process
compared to other biological treatment processes,
particularly for contaminated clays. This technology
is particularly useful where rapid remediation is a
high priority as it provides better conditions for mass
transfer by facilitating better contact between conta-
minated soil and the microorganism [22, 23].
Environmental conditions play a major role in the
level of the biological activity of indigenous microor-
ganisms or microorganisms transferred from other
sites, or pre-cultured microorganisms returned to the
contaminated site. These conditions fall into two gen-
eral categories: those that affect directly the micro-
bial activity, such as temperature, humidity and ionic
strength, and those that alter the mass transfer rate of
the compound from the bulk to the surface of the
microorganisms, for example, clay and organic-mat-
ter content, nutrients content, bioavailability and tox-
icity of pollutant [24, 25]. In sandy beaches, the parti-
cle size of sand grains influences decomposition of
the contaminating hydrocarbons. A lower decompo-
sition was observed in sand with finer sand particles
probably due to poorer drainage and persistent
anaerobic conditions. The porosity of sand in con-
nection with moisture content and gas pressure may
affect the oxygen concentration [7, 26]. Löser et al.
[27] showed that hydrocarbons may be strongly
adsorbed even on coarse-grained and organic-free
soils in microporous spaces and hence, they are no
longer bioavailable to hydrocarbon-degrading
microorganisms. This portion of hydrocarbons
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remains in place after biological remediation [7, 24].
Salinity is another factor particularly for contaminat-
ed sea and costal areas. It is mostly connected with
the reduction of the metabolic activity of many
microorganisms [28]. High salinities or wide salinity
ranges make oil pollution difficult to treat using con-
ventional bioremediation methods. It disrupts cell
membranes, denaturates enzymes, and results in des-
iccating osmotic forces that are lethal to many
microorganisms. In these cases halotolerant or
halophilic microorganisms must be used and the
physicochemical factors must be optimized to allow
successful bioremediation [ 11, 15, 25, 28, 29]. Diaz et
al. [11, 29] proved that crude oil can be degraded
even at NaCl concentrations of up to 100 g/L.
Successful bioremediation of oil spills in marine and
saline environments has often been observed [30, 31].
Microorganisms able to grow in the presence of salt
are found in all three domains of life: Archea,
Bacteria and Eukarya [30]. Yakimov et al. [32] isolat-
ed biosurfactant-producing, n-alkane-degrading,
Gram-negative, aerobic, rod-shaped marine bacteria.
Marinobacter hydrocarbonoclasticus is another marine
bacterium, isolated from Mediterranean Sea near a
petroleum refinery by Gauthier et al. [33] with the
ability to use various hydrocarbons as the sole carbon
and energy source. Dutta and Harayama [34] found
that Alcanivorax sp. transformed alkyled hydrocar-
bons. The results of Kasai et al. [19] showed that
Alcanivorax sp. and Cycloclasticus sp. are two major
populations in chronically polluted environments
with petroleum hydrocarbons. The first one is able to
degrade alkanes whereas the second one is also
involved in the degradation of aromatic compounds.
Both of them mixed with other microorganisms can
and have been used in bioremediation techniques
[19]. This confirms Watanabe [35] suggestion that
some groups of bacteria commonly occur in oil-cont-
aminated marine environment, although other popu-
lations change under different environmental condi-
tions. Marine aerobic bacteria used for bioremedia-
tion purposes of marine contaminated sites were
found among the following genera: Alteromonas,
Pseudomonas, Moraxella, Bacillus, Flavobacterium,
Mycobacterium and Vibrio [36]. Marine bacteria
including members of genera Cycloclasticus,
Flavobacterium, Marinobacter, Moraxella,
Pseudomonas, Sphingomonas and Vibrio are also well
known as PAHs degraders [19].
The aim of this research was to find the best combi-
nation of microorganisms to use for bioaugmentation
of crude oil polluted sandy beaches.

2. MATERIALS AND METHODS
Unpolluted sand was collected from one of the
beaches in northwestern Crete. Experiments were
performed in triplicate in dark sterile BOD bottles
(1 L.) equipped with OxiTop measuring head. Two
base modifications of experiments were using sterile
sand and not-sterile sand to see biodegradation of
crude oil and changes in microorganisms’ activity also
in non-sterile conditions.
To each bottle 50 g of sand was added. To each of bot-
tle, 2.5 ml of autoclaved (121°C at 1.5 atm. for
25 min.) crude oil (1.91 g) and 20 ml of autoclaved
artificial seawater supplemented with nitrogen N and
phosphorus were added. Crude oil was purchased
from petroleum refinery Motor Oil Hellas (Korinth
Refineries, Greece).
Artificial seawater was prepared with recipe based on
Difco Artificial Sea Water. Media contained: NaCl
(24g/L), MgCl2*6H2O (11g/L), Na2SO4 (4g/L),
CaCl2*6H2O (2g/L), KCl (0.7g/L), KBr (0.1g/L),
H3BO3 (0.03g/L) (all for preparing artificial seawa-
ter). As source of N and P (NH4)2SO4 in concentra-
tion 1g/L, K2HPO4 in concentration 0.8g/L and
KH2PO4 in concentration 0.2g/L were used, pH was
adjusted to 7.0.
Seven days bacterial cultures pregrown on Marine
Broth (Difco) with 1% of crude oil were centrifuged
and resuspended in used media (artificial sea water).
Before centrifugation crude oil was collected from
the surface by pipette. OD660 of media with cultures
was measured (data shown in table 1). Modifications
used in sterilized and non-sterilized conditions were
the same: C (control without bioaugmentation), K
(culture isolated from waste sludge from petroleum
refinery Motor Oil Hellas (Korinth Refineries,
Greece)), PR (culture isolated from refinery sludge
from Athens on media saturated with gasoline), COR
(culture isolated from refinery sludge from Athens
on media saturated with crude oil), PM culture iso-
lated from wastewater treatment plant in Chania on
media saturated with gasoline), AM (mixture of pure
cultures of Alcanivorax borcumensis and Marinobacter
hydrocarbonoclasticus mixed in ratio 1:1). Alcanivorax
borcumensis (DSM 11573) and Marinobacter hydro-
carbonoclasticus (DSM 8798) strains were purchased
from German Collection of Microorganisms and cell
culture. Bottles with sand, artificial seawater and bac-
teria were stirred and incubated at 27°C for 14 days.
Biological oxygen demand was measured every day
and calculated with formula showed below. After the
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end of experiment samples were collected and kept
frozen till time of TPH (FT-IR) measurement.

M(O2) – molecular weight of oxygen (32 000 mg/mol),
R – gas constant (83.144 l.mbar/mol.K),
T0 – Reference temperature (273.15 K),
Tm – Measuring temperature,
Vtot – Bottle volume (theoretical volume) [ml],
Vl – Volume of sample [ml],α – Bunsen absorption coefficient (0.03103),Δp(O2) – Difference of the partial oxygen pressure
[hPa].
Extraction of sand samples was done using sonication
with guidelines that for 10g sand sample 10 ml of
CCl4 (with 3g of Na2SO4) is used and extraction is
done for 15 minutes following the method 8015AZ
(Office of Laboratory Licensure, Certification &
Training – Arizona Department of Health Service,
Revision 1.0, 1998).
THP concentration in samples was measured by FT-
IR (Perkin Elmer Spectrum 1000 with variable path-
length liquid cell (Graseby Specac ZnSe 7009) with
pathlength 0.05 cm. Spectrum for TPH concentration
calculation was taken between 3100 and 2750 cm-1.

2.1. Adhesion of cultures to sand and production of
biosurfactants
Additional test of adhesion of bacteria to sand was
done with the use of the method described by
Huysman and Verstraete [37] and Mehmannavaz et al.
[38]. All five mixed cultures of bacteria were used in
this experiment: K, PR, PM, COR and A+M. All cell
cultures were firstly pregrown on Nutrient Broth
(Fluka) prepared with addition of NaCl to get the
end concentration of this salt about 2.5% (w/v). After
24 h of cultivation cultures were centrifuged and
resuspended in physiological salt (8.5 g NaCl/L) to
get the end OD600 about 0.34-0.39. Ten milliliter of
microorganism’s suspension was added to 1 g of ster-

ile sand and vigorously shaken for 1 minute. As a con-
trol 1 g of sterilized sand with 10 ml of physiological
salt was used. All test were done in triplicate. After
15 minutes of settlement OD660 was measured taking
one milliliter of the aqueous layer from the top of
sample. Following formula was used for percentage
adhesion calculation.

ODi – OD660 of initial suspension,

ODe – average OD660 of end suspension,

ODc – average OD660 of control suspension.

Three cultures of the best degraders (K and PR) and
one of the worst degraders (culture COR) were test-
ed for biosurfactants production with drop-collapsing
test [39, 40]. Cultures used for test were firstly pre-
grown on artificial seawater supplemented with N
and P sources as previously and with 5% of crude oil
(v/v). After 14 days crude oil was collected from sam-
ples surface. Test was performed using a 10-µl drop of
each enriched bacterial culture placed on a surface of
the top of a petri dish immersed in paraffin. The
diameter of the each drop was compared to a diame-
ter of water’s drop. The profile of each drop was also
compared.
Statistical analyses were done with the Statistica 5.1
software package.

3. RESULTS
As shown in Fig. 1, the depletion of TPH after 14
days of incubation in sterile sand ranged between
27.5 and 73.2%. The highest depletion of crude oil in
sand was observed for Korinth culture (K=73.2%).
This culture was isolated with different method than
cultures PM, COR and PR and on media with higher
concentration of TPH. The lowest depletion was
noticed for culture isolated during enriched experi-
ment from Athens refinery sludge on crude oil
(COR=27.5%). Another good culture of degraders
was AM mixture of two pure strains (Alcanivorax bor-
cumensis (DSM 11573) and Marinobacter hydrocar-

(1)

Table 1.
Initial OD660 of water with cultures added to sand

C A+M K PM PR COR

Sterilized sand 0.00 0.2035 0.5724 0.4550 0.4040 0.4300

Non-sterilized sand 0.00 0.0849 0.2650 0.2398 0.2397 0.2238

( )[ ] 100
ODi

ODc-ODe-ODi ∗ [%] (2)
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bonoclasticus (DSM 8798)) known as organisms with
ability for pollutants removal. The loss of TPH after

14 days of cultivation was 58.1%. Mixed cultures iso-
lated on media with gas oil during enrichment, from
municipal sludge (PM) and refinery sludge (PR),
resulted in losses of TPH by about 45.2%.
In non-sterile conditions the highest depletion of
crude oil was also observed with culture K. The
depletion of TPH with culture K compared to the
control was 70.5% (Fig. 2). The depletion observed
with cultures PM and PR was about 58-60%, where-
as bioaugmentation of sand with mixture of pure bac-
teria’s cultures AM and mixed culture COR did not
increase depletion. In sample inoculated with AM
culture (Alcanivorax borcumensis (DSM 11573) and
Marinobacter hydrocarbonoclasticus (DSM 8798))
depletion rate was lower than by indigenous culture
with addition only of salt water, nitrogen and phos-
phorus sources (32.9 and 48.0 respectively).
Changes of BOD were observed during experiments.
In sterile sand the lowest oxygen demand was
observed in sample inoculated with COR culture
(Fig. 3). Value was up to 61.6 mgO2/l. A bit higher
activity was measured in samples inoculated with cul-

ture AM ((A+M) of Alcanivorax borcumensis (DSM
11573) and Marinobacter hydrocarbonoclasticus
(DSM 8798)) and PR (up to 277.2 and 369.6 mgO2/l
respectively). From the beginning of experiment the
highest oxygen demand was noticed in sample inocu-
lated with culture K, the culture with the highest
depletion of TPH. After 1st day BOD for that culture
was 4.5 times higher than in sample PM and 9 times
higher that value noticed in the rest of samples. At
11th day of experiment BOD was 1540 mgO2/l and
later exceed measurable value of OxiTop head.
In non-sterile sand BOD was increasing also in con-
trol sample (Fig. 4). Measured BOD values during
the experiment were the same till 3rd day of experi-
ment and later even higher than in sample inoculated
with mixture of Alcanivorax borkumensis and
Marinobacter hydrocarbonoclasticus. Slightly higher
oxygen demand was observed in sample with culture
COR and PM. After first day the highest BOD value
was noticed in sample inoculated with culture PR
(123 mgO2/l). At the end of experiment the highest
oxygen demand was noticed in sample inoculated
with culture K (616 mgO2/l) and PR (431 mgO2/l).
BOD in the rest samples including the culture with
only the indigenous population was about
308-370 mgO2/l after 14 days.

Figure 1.
Influence of bioaugmentation with mixed culture on TPH
depletion [%] in sterile sand polluted with 5% of crude oil

Figure 2.
Influence of bioaugmentation with mixed culture on TPH
depletion in non-sterile sand polluted with 5% of crude oil

Figure 3.
Biological oxygen demand’s changes during experiment in
sterilized soil polluted with crude oil
* After 11th day for sample K value was higher than measurable by
OxiTop measuring heads

Figure 4.
Biological oxygen demand’s changes during experiment in
non-sterilized soil polluted with crude oil

e
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3.1. Adhesion of cultures to sand and production of
biosurfactants
Very low adhesion of cultures to sand grains was
observed (Fig. 5). The highest value, about 5%, was
noticed for culture PR and K. No adhesion was
observed for the rest of cultures (culture COR was
adhered in 0.4%, and PM, AM (Alcanivorax borcum-
ensis (DSM 11573) and Marinobacter hydrocarbono-
clasticus (DSM 8798)) in less than 0.1%).
Cultures of the best degraders (K and PR) and one of
the worst degrading cultures (COR) were tested with
drop-collapsing test for ability of biosurfactants pro-
duction (Fig. 6). All tested cultures had ability to pro-
duce surfactants. The highest increase of drop diam-
eter was observed for culture PR (44%). Cultures K
and COR were characterized by lower production of
biosurfactants. The increased drop diameter was 32.4
and 35.3% respectively.

4. DISCUSSION
Sand is normally a nutrient-poor environment for
microorganisms and the presence of polluting sub-
stances can decrease number of microorganisms even
further, making natural attenuation extremely slow.
The aim was to find one or two groups of high effi-
cient hydrocarbon-degraders and introduce them
with nutrient supplements (N & P) to polluted sandy
beaches to enhance biodegradation. Sterile sand was
used to see activity and ability of cultures for deple-
tion of TPH and non-sterile sand to see behavior of
applied cultures in non-sterile ecosystem. Artificial
seawater was used as a medium for dilution and sup-
plementation of biogens. Tested cultures were mostly
from polluted areas as refinery sludge. For compari-
son purposes, an AM mixture of pure culture of
Alcanivorax borkumensis (DSM 11573) and pure cul-
ture of Marinobacter hydrocarbonoclasticus (DSM
8798) were used. The best depletion of crude oil in
sterile and non-sterile conditions characterized cul-
ture K isolated from refinery waste sludge from
petroleum refinery Motor Oil Hellas (Korinth
Refineries, Greece). It was 73.2% in sterile sand and
70.5 in non-sterile conditions. Depletion of crude oil
in sterile sand was lowest for COR culture (27.5%).
The same tendencies were observed in non-sterile
conditions. High depletion of crude oil during 14
days of experiment was also observed in samples
inoculated with mixture of two pure bacteria cultures
(A. borkumensis (DSM 11573) and M. hydrocarbono-
clasticus (DSM 8798) signed as AM and it was almost
60% in sterile sand. Alcanivorax is well known bacte-

ria that take primary role during degradation of alka-
nes in saline conditions. Also Marinobacter can
degrade hydrocarbons [25, 32, 33]. In not sterile sand
depletion was lower than by indigenous cultures of
microorganisms (32.9 and 48.0 respectively). Rahman
et al. [8, 9] observed that individual bacteria cultures
showed less growth and degradation than mixed bac-
terial consortia. An effective degradation of crude oil
would require simultaneous action of several meta-
bolically versatile microorganisms [8].
It is important to notice that different interactions
between different microorganisms, as cometabolism
and antagonism, can be observed under mixed cul-
ture conditions especially after bioaugmentation.
These processes might be very important for biore-
mediation results. Mostly biodegradation of toxic
organic compounds by the bacterial consortium is
higher than by single strain. Intermediates produced
by one organism can facilitate total removal of pollu-
tant strain but antagonistic relations can make it
lower [14].
Depletion of TPH by indigenous culture was 48.0%
after 14 days of experiment. Microscopic studies of
sand from samples showed that artificial seawater

Figure 5.
Adhesion of culture to sand grains [%]

Figure 6.
Biosurfactants’ activity measured by drop-collapsing test
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washed out almost all crude oil from sand grains. The
positive influence of simple aqueous suspension to
enhance degradation was observed also by
Abbondanzi et al. [41]. Addition of fertilizers results
in stimulation of their activity and degradation [4,6].
Two other cultures PM and PR enriched on media
saturated with petroleum hydrocarbons showed posi-
tive influence on TPH depletion in sand. In sterile
condition depletion was about 45% and in non-ster-
ile conditions it was about 59%. The high level of
indigenous microbial activity suggests a potential for
biodegradation, especially when addition of fertilizer
can relieve environmental nutrient limitations [6, 24].
Bioaugmentation is technology which has got many
advantages especially when pollutants are really toxic
and lack of appropriate microorganisms is observed
but determination of the potential success of bioaug-
mentation requires understanding of some factors
like survival and activity of added microorganisms
[17, 24]. Experiments with sand were performed in
BOD bottles to see oxygen demand during the degra-
dation of hydrocarbons in soil slurry. Respirometry of
polluted soil can be helpful method for evaluation of
biological activity and valid alternative to classical
biomass determination methods in soil [42, 43]. For
some cultures increase of BOD values was correlated
with increasing depletion rate. Such tendencies were
also observed by Michel et al. [44] and Löser et al. [45]
during degradation of diesel-fuel in sandy soil.
The highest oxygen demand was observed for K cul-
ture isolated from waste sludge from petroleum
refinery Motor Oil Hellas (Korinth Refineries,
Greece) characterized as culture of the best
degraders. At the end of experiment BOD values for
this culture were more than 1540 mgO2/l and
677 mgO2/l respectively for sterile and non-sterile
conditions. It is also necessary to notice that biomass
of microorganisms added to sand was always two
times higher in sterile sand than in non-sterile sand.
That could have influence of BOD values. More
important than BOD values themselves are tenden-
cies observed in both types of sand. The oxygen
demand at the end of experiment in non-sterile sand
inoculated with K culture was 1.8 times higher than in
control. PM culture was the next very active culture
in sterile sand but in natural sand PR culture was the
most active. The activity of PM culture in sterilized
sand resulted in BOD of about 801 mgO2/l and in
non-sterile conditions it was almost the same as in
control without bioaugumentation (BOD 370 mgO2/l
and 339 mgO2/l for culture and control respectively).

At the end of experiment BOD for culture PR was
339 and 431 mgO2/l in sterile and non-sterile sand
respectively. In both types of sand for AM mixture of
cultures of Alcanivorax borkumensis (DSM 11573)
and Marinobacter hydrocarbonoclasticus (DSM 8798)
increase of BOD was not observed and all the time
they were close to control sands. Molina et al. [18]
noticed that abundance of oil-degrading bacteria was
not consistent with the extent of oil degradation and
even low number of bacteria was able to degrade
hydrocarbons. Also Aldrett at al. [21] noticed that
high microbial counts were not indicative of higher
degradation extent.
Some cultures were not adapted to such high pollu-
tion (5% of crude oil in sand (v/w)) as for example
COR culture. In sterile and non-sterile sand activity
of this culture was the same as of indigenous microor-
ganisms. In non-sterile conditions biogenes and arti-
ficial seawater, which washed crude oil from sand
grains, added to natural sand, resulted in high activi-
ty of sand indigenous microorganisms. It was also
correlated with degradation of crude oil. Probably
indigenous microorganisms were adapted to pollu-
tion by hydrocarbons and washing of sand with water
resulted with dissolution of some hydrocarbons frac-
tion. Addition of fertilizer is well known procedure
during remediation of polluted sites. Hydrocarbons
pollution causes lack of nitrogen and phosphorus that
are necessary for biomass production. Addition of
these two biogens results in increase of microorgan-
isms’ population. Michel et al. [44] noticed that sup-
plementation with N and P increase degradation
rates. Results in soil supplemented with these two
components were about 15% higher than without
supplementation. Venosa et al. [46], Bachoon et al.
[12] and Oh et al. [47] noticed that addition of suffi-
cient amount of inorganic nutrients can be some-
times the most effective treatment for the enhance-
ment of oil degradation. Initial degradation of
aliphatic and aromatic hydrocarbons in microcosm
with nutrients can be 17 to 40 times higher than in
microcosm pure with nutrients [47].
One of the most important factors influencing
biodegradation of contaminants in soil is adhesion.
This process has influence on vertical transport, dis-
tribution and survival of microorganisms in soil envi-
ronment. Microorganisms adhere to soil particles by
electrostatic interactions and high adhesion is con-
nected with low mobility of strains in environment.
Sometimes it can be useful process during bioaug-
mentation of polluted soil. The reversibility of bacte-
rial adsorption to soil particles depends on their



W . P r z y s t a ś , N . P a s a d a k i s , N . K a l o g e r a k i s

112 A R C H I T E C T U R E C I V I L E N G I N E E R I N G E N V I R O N M E N T 3/2010

properties and soil properties [38]. Short test allow to
notice that cultures K and PR, the most active (BOD)
cultures in natural sand, were characterized also as
cultures that can to the highest extent adhere to sand
grains. This adhesion to sand was only about 5-6%.
Other cultures didn’t adhere even in such low per-
centage. Adhesion of bacteria investigated by
Mehmannavaz to garden soil was from 30-83%, much
higher [38] Probably 5% adhesion will not influence
on degradation of hydrocarbons in sand.
Production of surfactants by bacteria and fungi is
often observed during cultivation on media with
hydrocarbons [30, 32, 48-50]. This is important factor
that can increase biodegradation of hydrocarbons.
Biosurfactants enhance the remediation of oil-conta-
minated soil and water by decreasing surface tension.
They increase the solubility and by thus mobility of
hydrophobic hydrocarbons which may promote
degradation [38, 50-53].
Drop collapsing test was performed for 3 cultures
with different potential for degradation of petroleum
hydrocarbons (K, COR and PR cultures). All of these
cultures had ability to produce biosurfactants. The
highest activity was observed for PR culture (44.1%
increase of drop diameter) and the lowest for K cul-
ture (32.4% increase of drop diameter). Bio-
surfactant production can help microorganisms dur-
ing biodegradation of pollutants but it is not the most
important factor. Culture COR was good producer of
biosurfactants but was the worst mixed culture of
degraders. Another explanation is difference
between soil and water environment. Micro-
organisms that can degrade hydrocarbons in seawater
really well don’t have to play dominant role in degra-
dation of TPH in soil (data not shown).
This research should be complemented with field
scale experiments using large bioreactors with full
control capabilities. A fully instrumented slurry-
phase bioreactor can offer such conditions. Slurry
phase bioreactors improve the contact between
microorganisms and contaminants, nutrients, termi-
nal electron acceptors, substrate and microorganism-
s’ distribution [54]. Also some toxicological tests
should be performed. Addition of microbial cultures
can have toxic effect because of interactions between
native and introduced microorganisms and accumu-
lation of chemicals (intermediates) of degradation
with greater toxicity than those recoverable from
untreated pollutants [21, 31].

5. CONCLUSIONS
The previous results and the subsequent discussion
lead to the following conclusions:
1. Hydrocarbon degraders with different degradation

potential and tolerance to high salinity can be iso-
lated from different environments including places
with very high concentration of pollutant as refin-
ery sludge and also other sites less polluted with
petroleum hydrocarbons as municipal wastewater
treatment sludge.

2. Type and concentration of pollutant during the
enrichment of hydrocarbon-degraders is impor-
tant and have to be sufficient to create consortia
with resistance to pollution and depletion poten-
tial. Bacteria enriched on media with higher con-
centration of pollutant were better degraders.

3. Mixed cultures of microorganisms isolated from
high-polluted areas are better degraders of hydro-
carbons than cultures containing one or mixture of
two pure strains.

4. Cultures for bioaugmentation before application
in environment should be examined for individual
pollutant, environment, place and content of cont-
aminants. Cultures should be tested in non-sterile
conditions especially when indigenous microflora
posses high depletion potential. In such cases, it is
enough to stimulate this indigenous microflora by
addition of sufficient amount of fertilizers.
Allochtonic cultures, very active in sterile condi-
tions, after inoculation in natural environment can
even inhibit pollutant removal.
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