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Introduction

Following the rule of environmental realism [1], in-
vestigations into the pollution of ecosystems should be 
carried out directly in the environment. This suggestion 
supports the application of bioremediation in situ, i.e. at 
the site where pollution appears [2-4]. It should be taken 
into account, however, that under field conditions the ef-
ficiency of contamination removal is determined not only 
by hydrocarbon susceptibility to degradation but also by 
the conditions of the course of the biodegradation process, 
including the type of contaminated soil and climatic pa-
rameters [5, 6].

Biological degradation of hydrocarbons in the envi-
ronment is linked to a number of physical and chemical 
factors, including the concentration and chemical struc-

ture of contaminant, physicochemical properties of soil, 
the content of biogenic salts, moisture content, oxygen 
and other terminal electron acceptor availability, organ-
ic compounds level, temperature and pH of soil [7-11]. 
The rate and efficiency of the purification process of soil 
depends on the occurrence of adequately numerous and 
active microflora in the contaminated soil [12], among 
other things. In the biodegradation of petroleum-derived 
contamination, use is made of either natural autochtonous 
microflora of the soil treated or specialized strains of mi-
croorganisms isolated from environments contaminated 
with petroleum hydrocarbons for a longer period of time.

The effect of soil treatment on the biodegradation pro-
cess ranges from small changes to high stimulation [8, 13-
15]. Therefore, the aim of our study was to evaluate the 
efficiency of selected treatments on changes in the con-
centration of ether-extractable diesel fuel hydrocarbons in 
soil under field conditions.
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Abstract

The effect of soil modification on diesel fuel removal from soil in field conditions was studied.
The experiment was established in the form of microplots. Diesel fuel was introduced into the soil at 

the concentration of 5% (ww. – in count on layer 15 cm depth of plot 1x1 m size). Particular experimental 
variants were modified by means of fertilization, stirring and inoculation with microorganisms active in 
the process of biodegradation of petroleum-derived pollutions. Diesel fuel content of soil was determined 
with the method of ether extraction, i.e. by assaying the concentration of total hydrocarbons. The results 
obtained were elaborated statistically using analysis of variance.

The research carried out demonstrated that the efficiency of diesel fuel biodegradation increased with 
respect to the modifications applied. The greatest changes of extractable hydrocarbons were observed after 
the introduction of select microorganisms into fertilized and stirred soil – to 89% biodegradation of diesel 
fuel.
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Experimental Procedures

The experiment was carried out at the Experimental 
Station in Lipnik at the Agricultural University of Szcze-
cin. It was established in the form of microplots (1x1 m) 
with method of completely randomized blocks in 4 repli-
cations. With respect to the mechanical composition, the 
soil to be examined demonstrated the composition of light 
loamy silty sand with pH KCl 6.53.

Diesel fuel was introduced to the soil at a concen-
tration of 5% (ww.) – when converted into the depth 
of 15 cm – and the following experimental plots were 
established: 0 – contaminated, non-modified soil (con-
trol); I – contaminated, fertilized, stirred soil; and II 
– contaminated, fertilized and stirred soil inoculated 
with microorganisms. Fertilization was carried out at 
the beginning of the research and after 3 months. The 
following treatments were applied: nitrogen fertiliza-
tion – NH4NO3 (100 kg N·ha-1), phosphorus fertiliza-
tion in the form of granulated superphosphate (80 kg 
P·ha-1), and potassium fertilization in the form of potas-
sium salt (100 kg K·ha-1). Stiring (digging up) was car-
ried out every 14 days. The usability of those strains, 
marked as BS 101 (Pseudomonas sp.), BS 126 and BS 
135 (Bacillus sp.), to be applied for biodegradation of 
diesel fuel was evaluated and described in a paper by 
Hawrot and Nowak [16]. Bioaugmentation was carried 
out at the beginning of the experiment by introducing 
2 L  of liquid culture medium with bacteria number 
suitable for biodegradation (107 cellsmL-1) to the soil. 
Cultures were prepared on mineral medium with the 
following composition [g·l-1]: K2HPO4 – 4.35; KH2PO4 
– 1.7; MgSO4 – 0.2; NH4Cl – 2.1; MnSO4 – 0.05; FeSO4 
x H2O – 0.01; CaCl2 x 2H2O – 0.03, and distilled water 
– 1000 mL.

Soil moisture (23%) was determined by Kopecky’s 
method [17]. The soil was kept in fallow in order to elimi-
nate the effect of plants on the efficiency of biodegrada-
tion. A collective soil sample (ca. 500 g) was collected 
at a depth of 0-15 cm from each experimental plot every 
30 days. In order to evaluate the potential migration of 
contamination inside the soil, soil samples were addition-
ally collected at a depth of 15-30 cm. Climatic conditions 
(average monthly air temperature and average monthly 

precipitation) prevailing over the plot experiment period 
were presented in Fig. 1.

Quantitative determinations of diesel fuel in the soil 
were carried out following the Polish Norm PN-75/C-
04573/10 for assays of the contents of substances extract-
able with organic solvents. The etheric extraction method 
using Soxhlet’s apparatus was applied for determination 
of total petroleum hydrocarbon (TPH).

The results obtained were subjected to a statistical anal-
ysis of variance. A combination of effects and errors was 
applied, which enabled us to consider block variability.

Results

At the beginning of the research, in soil samples con-
taminated with 5% diesel fuel and collected from a depth 
of 0-15 cm, ether extraction revealed 3.75% of petroleum 
products extractable with petroleum ether. Thus, the ef-
ficiency of extraction accounted for 75%. In soil samples 
collected at a depth of 15-30 cm, 0.02-0.06% of ether ex-
tracts were determined in all of measurement date, even 
at increased precipitation in July and September (Fig. 1). 
During the study, soil moisture and pH in KCl ranged be-
tween 21.6-42.8% (mean 29.4%) and 6.50-6.75 (in plot 
0, I) and 6.25-6.35 (in fertilized, stirred, inoculated soil), 
respectively.

The content of diesel fuel in the soil was expressed 
in percentages as compared to values reported for plot 0 
(control – contaminated, untreated soil).

In plot 0, the concentration of diesel fuel was observed 
to decrease gradually with time. The relatively greatest 
changes were reported between day 90 and day 150 of 
measurements when diesel fuel concentration ranged 
from 3.50% to 2.60% (31% decrease in the petroleum 
hydrocarbon concentration). Fertilization and stirring in-
creased the efficiency of biodegradation, thereby decreas-
ing the amount of petroleum hydrocarbons extracted with 
petroleum ether. This amount gradually decreased from 
the first measurement up to 1.68% of diesel fuel on the 
last date, which was 45% of initial content (Fig. 2). Treat-

Fig. 1. Characteristics of climatic conditions during the experi-
mental period.

Fig. 2. Effect of various treatments on changes in the concentra-
tion of ether-extractable diesel fuel hydrocarbons (percentages 
in relation to the untreated soil).
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ment of contaminated soil with fertilization, stirring and 
selected microorganisms produced the highest reduction 
in extractable hydrocarbons. The level of diesel fuel sig-
nificantly decreased starting from the first measurement 
up to 0.4% on the last date. It was only 11% of the values 
reported in the first measurement and indicated an 89% 
decline in petroleum hydrocarbons in the soil examined, 
compared to the initial level, within only 150 days of the 
experiment.

The bioaugmentation increased biodegradation of the 
diesel fuel by 34% in comparison to fertilization and stir-
ring alone.

An analysis of variance confirmed a highly significant 
effect of the treatments applied in contaminated soil biore-
mediation on the concentration of ether extracts (Table 1).

Discussion of Results

The presence of bacteria enables the biotransforma-
tion and elimination of contamination from our environ-
ment. Compared to a number of other remediation treat-
ments, the biological methods are relatively inexpensive, 
uncomplicated and enable effective degradation of pollu-
tion without great interference in the environment.

A crucial element to increase the efficiency of bio-
degradation is biostimulation, including fertilization, 
aeration or bioaugmentation – introduction of microor-
ganisms active in the process of petroleum-derived hy-
drocarbons to the environment [18, 19]. In fertilization, 
it is vital to provide an appropriate ratio of carbon intro-
duced with the contamination to the amount of nitrogen. 
As postulated by Xu et al. [20], in soils contaminated 
with petroleum-derived products the losses of nitrogen, 
mainly as a result of denitrification, are substantially 
higher than those reported in the non-contaminated soils. 
The efficiency of biodegradation may be limited by an-
other factor as well, namely phosphorus content [21]. 
During biodegradation of petroleum hydrocarbons under 
field conditions, the level of degradation is limited, to a 
great extent, not only by a suitable content of nutrients 
but also by oxygen availability, which may pose multi-
ple problems with respect to strictly controlled labora-
tory conditions [18].

Fertilization and stirring increased the diesel fuel loss 
in the soil 55% compared to the initial level and 24% 
compared to the unfertilized, unstirred control. The ob-
servation that the efficiency of hydrocarbon biodegrada-
tion increased with increasing treatment ranging from 
simple fertilization and mixing to bioaugmentation con-
firms the observations of others [8, 14, 15]. Carmichael 
and Pfaender [13] and Palmroth et al. [22] did not observe 
any significant effect of hydrocarbon biodegradation 
following nutrient addition alone. Maybe the nutrients 
stimulated the growth of heterotrophic microorganisms 
and they did not influence microorganisms active in the 
biodegradation process.

The availability of suitable terminal electron accep-
tor (for example oxygen, nitrate, iron, manganese, sulfate, 
etc.) rather than nutrients alone, will also be a factor that 
determines the extent of biodegradation. Stirring provided 
oxygen and the nitrogen fertilizer provided nitrate.

Fertilization, stirring and bioaugmentation increase the 
percentage of biodegradation up to 89% and accounted 
for a 34% increase in bioremediation compared to just fer-
tilizing and stirring alone and 58% increase compared to 
untreated control. The effectiveness of the applied mixed 
bacterial inoculum under laboratory conditions and dur-
ing soil bioremediation with the ex situ method has also 
been confirmed in previous experiments of Nowak and 
Hawrot [23] as well as Hawrot and Nowak [24].

Similar results have been obtained by many authors 
[6, 8, 25-28]; however, another [29] did not observe dif-
ferences between fertilized objects and those additionally 
inoculated. In both cases they got about 60-65% of the 
decrease of diesel fuel (in relation of contaminated soil, 
without modification).

References

	 1.	 MAŁACHOWSKA-JUTSZ A., MROZOWSKA J., KOZIEL-
SKA M., MIKSCH K. Enzymatic activity in soil contaminat-
ed with petroleum products in the process of its detoxication 
(in Polish). Biotechnologia 1 (36), 79, 1997.

	 2.	 MACDONALD J. A., RITTMANN B. E. Performance stan-
dards for “in situ“ bioremediation. Environ. Sci. Technol. 
27, 1974, 1993.

Table 1. Results of a statistical analysis of the level of substances extractable with petroleum ether in soil, in a plot experiment.

Variation source Sum of squares Degrees of freedom Mean of squares F Value P Value

Blocks 0.013884 3 0.004628

1 62.99966 3 20.99989 5239.957 0.00**

2 8.387779 5 1.677556 418.589 0.00**

1*2 6.702780 15 0.446852 111.500 0.00**

Error 0.276528 69 0.004008

Factors: 1 – bioremediation treatment, 2 – measurement period, ** – the highly significant effect of a factor (at P<0.05)



Hawrot M., Nowak A.646

	 3.	HART  S. In situ bioremediation: Defining the limits. Envi-
ron. Sci. Technol. 30, 398, 1996.

	 4.	PI ECHOWIAK K., KACZOREK E., OLSZANOWSKI A. Ef-
fect of a weak electric field on biodegradation of petroleum prod-
ucts in soil (in Polish). Zesz. Nauk. Polit. Śl. 45, 119, 2000.

	 5.	P ETERS R. W., MONTEMAGNO C. D., SHEM L., LEWIS 
B.-A. G. Surfactant flooding of diesel-fuel-contamined soil. 
ACS Symposium Series on Remediation: Removal of Or-
ganic and Metal Ion Pollution 509, 85, 1992.

	 6.	Ł EBKOWSKA M., SZTOMPKA E., MUSZYŃSKI A., KAR-
WOWSKA E., MIAŚKIEWICZ-PĘSKA E., LISIK R., WÓJ-
TOWICZ J. Microbiological purification of grounds from pe-
troleum products (in Polish). Ogólnopol. Symp. Nauk.-Tech. 
“Bioremediacja gruntów” Wisła-Bukowa, pp. 117-121, 1998.

	 7.	VAN  DEN BERG R., VERHEUL J. H. A. M., EIKEL-
BOOM D. H. In situ biorestoration of an oil contaminated 
subsoil. Wat. Sci Tech. 20 (3), 255, 1988.

	 8.	 DEMQUE D. E., BIGGAR K. W., HEROUX J. A. Land 
treatment of diesel contaminated sand. Can. Geotech. J. 34, 
421, 1997.

	 9.	N ELSON E. C., WALTER M. V., BOSSERT I. D., MAR-
TIN D. G. Enhancing biodegradation of petroleum hydro-
carbons with guanidinium fatty acids. Environ. Sci. Technol. 
30, 2406, 1996.

10.	SWANNELL R. P., LEE K., MCDONAGH M. Field evalu-
ations of marine oil spill bioremediation. Microbiol. Rev. 60 
(2), 342, 1996.

11.	MARGESIN R., SCHINNER F. Low-temperature biore-
mediation of a waste water contaminated with anionic sur-
factans and fuel oil. Appl. Microbiol. Biotechnol. 49, 482, 
1998.

12.	KUR EK E., KUPLA D., CHMIEL M. Biodegradation of hydro-
carbons by bacterial strains isolated from contaminated soil (in 
Polish). I Konf. Nauk.-Techn. “Technologie odolejania gruntów, 
odpadów i ścieków” Gorlice-Wysowa Zdrój, 91, 1997.

13.	CARMICHAEL L. M., PFAENDER F. K. The effect of in-
organic and organic supplements on the microbial degrada-
tion of phenanthrene and pyrene in soils. Biodegradation 8, 
1, 1997.

14.	BENKA-COKER M. O., EKUNDAYO J. A. Applicability 
of evaluating the ability of microbes isolated from an oil 
spill site to degrade oil. Environ. Monit. Assess. 45, 259, 
1997.

15.	NOWAK A., HAWROT M., DUDZIŃSKA A. Research into 
biodegradation of petroleum products in soil and the effect 
of different treatments intensifying the rate of that process 
(in Polish). Chem. Inż. Ekol. 5 (11), 1013, 1998.

16.	HAWROT M., NOWAK A. Evaluation of microorganisms 
activity in a process of diesel fuel biodegradation during cul-
turing under laboratory conditions (in Polish). Pol. J. Natur. 
Sci. 15 (3), 619, 2003.

17.	KOĆMIT A., NIEDŹWIECKI E., ZABŁOCKI Z. Soil sci-
ence with elements of geology (in Polish). AR Szczecin, 
1997.

18.	BALBA M. T., AL-AWADHI N., AL.-DAHER R. Bioreme-
diation of oil-contaminated soil: microbiological methods 
for feasibility assesment and field evaluation. J. Microbiol. 
Meth. 32, 155, 1998.

19.	IWAMOTO T., NASU M. Current bioremediation practice 
and perspective. J. Biosc. Bioeng. 92 (1), 1, 2001.

20.	XU J. G., JOHNSON R. L. YEUNG P. Y., WANG Y. Ni-
trogen transformations in oil-contaminated, bioremediated, 
solvent-extracted and uncontaminated soil. Toxicol Environ. 
Chem. 47 (1), 109, 1995.

21.	RUBERTO. L., VAZQUEZ S. C., MAC CORMACK W. P. 
Effectiveness of the natural bacterial flora, biostimulation 
and bioaugmentation of the bioremediation of a hydrocar-
bon contaminated Antarctic soil. Int. Biodeter. Biodegrad. 
54, 115, 2003.

22.	PALMROTH M. R. T., PICHTEL J., PUHAKKA J. Phy-
toremediation of subarctic soil contaminated with diesel 
fuel. Bioresource Technology 84, 221, 2002.

23.	NOWAK A., HAWROT M. Effect of bioremediation treat-
ments on degradation of diesel oil in soils with variable 
mechanical composition and different contents of organic 
matter (in Polish). Zesz. Probl. Post. Nauk Rol. 492, 211, 
2003.

24.	HAWROT M., NOWAK. A. Biodegradation of diesel oil ex 
situ and the effect of contamination on the number and activ-
ity of soil microflora. Zesz. Probl. Post. Nauk Rol. 501, 151, 
2004.

25.	RIIS V., MIETHE D., BABEL W. Degradation of refinery 
products and ois from polluted sites by the autochthonous 
microorganisms of contaminated and pristine soils. Micro-
biol. Res. 150, 323, 1995.

26.	KOŁWZAN B., PIEKARSKA K., MOSKAL J. M., PAW-
LIK M., DACH J., CZAJKOWSKI A., CZAJKOWSKI J. 
Purification of grounds contaminated with petroleum prod-
ucts on a bioremediation (in Polish). Ogólnopol. Symp. 
Nauk.-Tech. „Bioremediacja gruntów” Wisła-Bukowa, pp. 
123-137, 1998.

27.	SZTOMPKA E. Biodegradation of diesel oil in the ground 
(in Polish). VI Ogólnopol. Symp. Nauk.-Tech. “Biotechno-
logia Środowiskowa” Wrocław, pp. 243-252, 1999.

28.	BOSZCZYK-MALESZAK H., BIESZKIEWICZ E., LE-
LAS A., DUKIELSKA A., KACIESZCZENKO J. Effect of 
selected biotic and abiotic factors on the course of petroleum 
products biodegradation in soil (in Polish). Zesz. Nauk. 
Polit. Śl. 45, 109, 2000.

29.	MARGESIN R., SCHINNER F. Bioremediation of diesel-
oil-contaminated alpine soils at low temperatures. Appl. Mi-
crobiol. Biotechnol. 47, 462, 1997.


