Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 78 (7) 1035-1043 (2013) UDC 547.21+542.92:504.53.054+665.73/.75
JSCS-4479 Original scientific paper

Degradability of n-alkanesduring ex situ natural bioremediation
of soil contaminated by heavy residual fuel oil (mazut)

MUFTAH MOHAMED ALI RAMADAN?, TATJANA SOLEVIC KNUDSEN?,
MALISA ANTIC3, VLADIMIR P. BESKOSKI12#* MIROSLAV M. VRVIC12#,
JAN SCHWARZBAUER?* and BRANIMIR JOVANCICEVI(C12+#

IFaculty of Chemistry, University of Belgrade, Sudentski trg 12-16, P. O. Box 158, 11001
Belgrade, Serbia, 2Center of Chemistry, Institute of Chemistry, Technology and Metallurgy,
University of Belgrade, NjegoZeva 12, 11001 Belgrade, Serbia, 3Faculty of Agriculture,
University of Belgrade, Nemanjina 6, 11081 Belgrade, Serbia and 4Institute of Geology and
Geochemistry of Petroleum and Coal, Lochnerstrasse 4-20, 52056 Aachen, Germany

(Received 29 August, revised 09 October 2012)

Abstract: It is well known that during biodegradation of oil under natural
geological conditions, or oil pollutants in the environment, degradation of
hydrocarbons occurs according to a well-defined sequence. For example, the
major changes during the degradation process of n-alkanes occur in the second,
slight and third, moderate level (on the biodegradation scale from 1 to 10).
According to previous research, in the fourth, heavy level, when intensive
changes of phenanthrene and its methyl isomers begin, n-alkanes have already
been completely removed. In this paper, the ex situ natural bioremediation
(non-stimulated bioremediation, without addition of biomass, nutrient sub-
stances and biosurfactant) of soil contaminated with heavy residual fuel oil
(mazut) was conducted during a period of 6 months. Low abundance of
n-alkanes in the fraction of total saturated hydrocarbons in the initia sample
(identification was possible only after concentration by the urea adduction
technique) showed that the investigated oil pollutant was at the boundary
between the third and the fourth biodegradation level. During the experiment,
an intense degradation of phenanthrene and its methyl-, dimethyl- and tri-
methyl-isomers was not accompanied by the removal of the remaining n-aka-
nes. The abundance of n-alkanes remained at the initial low level, even at end
of the experiment when the pollutant reached one of the highest biodegradation
levels. These results showed that the non-stimulated biodegradation of some
hydrocarbons, despite their high biodegradability, had not proceeded comple-
tely to the end, even at final degradation stages. Under the condition of reduced
availability of some hydrocarbons, microorganisms tend to opt for the less
biodegradable but more accessible hydrocarbons.
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INTRODUCTION

Biodegradation and the removal of oil-type pollutants (crude oil and refinery
products of petroleum refining) from the environment are difficult to be clas-
sified in one category. Qil is a very complex mixture of hydrocarbons, but also
nitrogen, sulfur and oxygen compounds (NSO). Each class of compounds, and
often individual compounds as well, require specia study aimed at defining the
type of microorganisms and optimal conditions for microbial degradation.1.2

Knowledge about the rate of microbial degradation of individual organic
compounds in ail is mostly based on organic geochemical research. As early as
1984, Volkman et al. classified oils into 9 groups according to their degree of
biodegradation.3 Biodegradation begins with the degradation of lower n-alkanes
(< n-C15), while maximum degraded oils, with completely degraded steranes and
dominated by diasteranes and demethylated hopanes, belong to the ninth group.
In their research, these authors interpreted biodegradation of oil mainly through
the biodegradation of n-alkanes, isoprenoid alkanes and polycyclic alkanes.

In 2003, Head et al. completed the classification of oils according to the
biodegradation level, comparing the degradability of a larger number of classes
of organic compounds.# First, they included mono- and tri-aromatic steroids as
well as phenanthrene with its methyl isomers. According to these authors as well,
biodegradation of n-alkanes starts on the first level. Only in the last phases, do
the degradation of mono- and tri-aromatic steroids, gammacerane, oleanane, Coq
and Cy, steranes, tricyclic terpanes, diasteranes, diahopanes and norhopanes
begin. Among these compounds, only C»1 and Cy, steranes and tricyclic terpanes
can be removed completely.

For the degradation of some compounds, microorganisms and conditions for
degradation are unknown, and these compounds are considered non-biodegrad-
able. Thisis especially true for compounds in the fraction of NSO-compounds.®

In this study, ex situ natural microbial degradation of soil contaminated with
heavy residual fuel oil (mazut) was conducted during a period of 6 months. The
fate of the n-alkanes in the pollutant was monitored. Namely, the main transfor-
mations during the degradation process of n-alkanes, which are the dominant
hydrocarbons in most oils and oil-type pollutants, occur during the second, slight
and the third, moderate level (on the biodegradation scale from 1 to 10).4
According to previous research, in the fourth, heavy level, when intensive
changes of phenanthrene and its methyl isomers begin, the n-alkanes had already
been completely removed. However, in the samples investigated in the present
study, at the very beginning of the biodegradation experiment, n-alkanes within
the fraction of saturated hydrocarbons were present in amount close to the detec-
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tion limit. The question arose as to what their fate would be in case of their mini-
mum availability to the microorganisms.

EXPERIMENTAL

The ex situ natural biodegradation (non-stimulated bioremediation, without addition of
biomass, nutrient substances and biosurfactant) of a soil contaminated with heavy residual
fuel il (mazut) was conducted. The crude oil-polluted soil was excavated contaminated soil
from an energy power plant that, due to a breakdown, had been polluted for a year with heavy
fuel oil and sediment from a heavy oil reservoir.

The crude oil-polluted soil (approximately 150 t; 210 m3) was uniformly distributed over
300 m3 of not rinsed sand from the Sava River (settlement Ostruznica, Serbia). Sawdust from
poplar, beech and oak (approx. 60 m3) was added in order to not only increase the retention
water capacity, but also as an aternative, additional carbon (C) substrate. The entire material
(volume of approx. 600 m3), defined as the substrate for biodegradation, was homogenized,
and then formed into a biopile shape with dimensions of 75 mx20 mx0.4 m (length, width,
height), with bulldozers. Immediately after mixing, approximately 10 m? of the biopile mix-
ture was set aside on the same waterproof asphalt surface to be used as a substrate for
monitoring the natural biodegradation. The experiment was conducted in autumn and winter
with average daily temperatures ranging from 25 to —10 °C. However, due to the intensive
microbiological activity, the temperature of the soil was stable, above 25 °C. After mixing, the
biopile was covered with polyethylene foil to prevent loss of temperature and the direct
influence of the weather conditions on the bioremediation substrate.

From the polluted soil, a consortium of hydrocarbon degrading microorganisms was
isolated and individual components were identified. Analytical Profile Index (API-Biome-
rieux) tests were conducted with isolated cultures of the microorganisms and the following
were identified: Pseudomonas aeruginosa, Rhodococcus sp., Pseudomonas sp., Pseudomonas
fluorescens, Sphingomonas paucimobilis, Pseudomonas luteola, Achromobacter denitrificans,
Senotrophomonas maltophilia and Aeromonas hydrophila. The number of microorganisms
was determined by plating appropriate serial dilutions on agar plates incubated at 28 °C. The
media used were nutrient agar for total chemoorganoheterotrophs (TC) and a mineral base
medium® containing 2 g of standard D2 diesel fuel in 1 L of medium’ for hydrocarbon
degraders (HD). The results are presented in Table |. More detailed characteristics of the
investigated mazut-polluted soil were presented in a previous paper.8

TABLE I. Content of microorganisms (CFU g1) in the investigated oil-polluted sample; TC —
total chemoorganoheterotrophs, HD — hydrocarbon degraders; CFU — colony-forming unit

Specimen Polluted soil Substrate for biodegradation
TC 1.2x10° 9.7x10°
HD 2.7x10° 5.6x10%

During six-month time interval, samples were taken five times (07/09/2009 — P1;
06/10/2009 — P2; 09/11/2009 — P3, 12/01/2010 — P4 and 18/03/2010 — P5).

The organic substance from the 5 soil samples was extracted with chloroform (HPLC
grade, J. T., USA) using a Soxhlet apparatus.

From these extracts, the hydrocarbons (saturated and aromatic) were isolated by column
chromatography: the extracts were saponified with a 5 % solution of KOH in methanol and
after standing overnight, neutralized with 10 % hydrochloric acid. The products were dis-
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solved in a mixture of dichloromethane (containing 1 % methanol) and hexane (1:40), and
separated by column chromatography on alumina and silica gel. The hydrocarbon fractions
were eluted with hexane (saturated hydrocarbons) followed by dichloromethane (aromatic
hydrocarbons). A detailed description of the analytical procedure was discussed in previous
papers.2:10

Hydrocarbons were analyzed by the gas chromatography—mass spectrometry (GC-MYS)
techniques. An Agilent 7890N gas chromatograph fitted with a HP5-M S capillary column (30
mmx0.25 mm, 0.25 um film; temperature program: 80 °C for 0 min; then 2 °C min® to 300
°C and held for 20 min) with helium as the carrier gas (flow rate 1 cm® min'l) was used.
Detailed analyses of the target compounds were conducted in the single ion monitoring mode
(SIM), comprising the following ion chromatograms: 178 (phenanthrene), 192 (methyl-phe-
nanthrenes), 206 (dimethyl-phenanthrenes) and 220 (trimethyl-phenanthrenes). A detailed
description of the instrumental techniques was discussed in a previous paper.11

The saturated hydrocarbon mixture was separated into n-alkane and branched and cyclic
alkane fractions by urea adduction.? The n-alkanes in the urea adducts were analyzed by gas
chromatography (GC). The gas chromatographic analyses were conducted on a GC8000
instrument (Fisons Instruments, Italy) equipped with a 30 mx0.25 mm i.d.x0.25 pm film ZB1
fused silica capillary column (Phenomenex, Germany). The chromatographic conditions were
as follows: 1 ul split/splitless injection at 80 °C oven temperature (injector temperature 270
°C, splitless time 60 s), 3 min hold, then programmed at 5 °C min'! to 300 °C. The carrier gas
was hydrogen at a velocity of 40 cm s1.

RESULTS AND DISCUSSION

Total ion chromatograms (TICs) of saturated hydrocarbon fractions isolated
from the ail pollutant at the beginning of the biodegradation (P1) and after 6
months (P5), at the end of the experiment, are shown in Fig. 1. In similar
samples, P1 and P5, the peaks originating from n-alkanes were of very low
intensity. Based on these chromatograms, a precise conclusion about the extent
of microbial degradation of the investigated oil pollutant could not be made.

Mass fragmentograms of phenanthrene, methyl-, dimethyl- and trimethyl-
-phenanthrenes obtained by GC-MS analysis of aromatic fractions isolated from
extracts of samples P1-P5 are shown in Fig. 2. In the initial sample (P1), the
distributions of these aromatic hydrocarbons were typical for oil. Considering the
fact that most of n-alkanes in the initial sample have already been degraded (Fig.
1), and that phenanthrene and its methyl-isomers were still preserved, it could be
concluded that the investigated sample of oil pollutant was at the third, moderate
level of the Head scale of oil biodegradation at the beginning of the experiment.4

In the samples from P1 (the beginning of ex situ natural bioremediation, 7th
September 2009) to P5 (the end of the experiment, 18" March 2010), a gradual
degradation of phenanthrene and its methyl-, dimethyl- and trimethyl-isomers
was registered (Fig. 2). On the scale from 1 to 10 of the Head classification of
oils according to biodegradation level,4 sample P5 can be classified as > 6, the
severe level.
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Fig. 1. Total ion chromatograms (TICs) of the saturated hydrocarbon fractions isolated from
the ail pollutant. P1 (beginning of the experiment) and P5 (after the six-month
bioremediation).

Considering the fact that in the initia sample, the amount of n-alkanes
within the saturated hydrocarbons fraction was very low (Fig. 1), these com-
pounds were concentrated by urea adduction technique to facilitate their analysis.
Due to their ability to form channel inclusion compounds with urea molecules, n-
akanes can be successfully concentrated, i.e., separated from branched, cyclic
and polycyclic alkanes in amixture of saturated hydrocarbons.12

Parallel with the mass fragmentograms of phenanthrene and its methyl-iso-
mers, gas chromatograms of the urea adduct from samples P1-P5 are given in
Fig. 2. Although the amount of n-alkanes within the total mixture of saturated
hydrocarbons, both at the beginning and at the end of the experiment, was very
low (Fig. 1), they were successfully concentrated by the urea adduct technique.
Accordingly, in the gas chromatograms of all the investigated samples, a homo-
logous series of alkanes, ranging from C4g to C3; and maximizing at n-Cpg, was
identified. It is noticeable that the abundance and the distribution of the n-alkanes
during the biodegradation of the oil pollutant did not change. Considering the
fact that phenanthrene and its methyl-isomers, although less biodegradable com-
pounds, were efficiently degraded from samples P1 to P5, this observation was
surprising. According to the generally accepted principles of oil biodeg-
radation,3413 n-alkanes should have already been completely removed at the
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biodegradation level 4 and 5.4 Due to this, it could be stated that their appearance
in sample P5, which is obviously at a biodegradation level > 6, was unexpected.

o 13210 1 25-DAIP
< 9P Phenanthrenes ™o T/
I . 2.7-DMR
5] \
=1 1
8 z.m)\u{]‘ H
g P 5
é 30 ! / “\G—Il/)‘{l{’
}\ Rl 31 T
k) LAt Wl
g e \ ., ol HERTY R LS
35.00 40.00 45.00 50,00 55.00 60,00
Retention time, min.
& 19Mp) Phenanthrenes i
g
g N
LA
<7 \ | f ' Py
v Ui ol i
S \J \ PSRRI
é oo ‘} L«R“JNA’ )\\ \"«»»JU\ JU AR \‘J S
35,00 40.00 4500 50,00 55.00 60.00
Retention time, min.
£ 1Up3 phenanthrenes 1
g
g N
i LI
£ 50 f § il
S ¥ 1 | } P
2 i ) L
5 PJ\ }|\ ﬂ{ ‘U lj M‘\\/\ W“ﬂ"’ \J ' ‘“‘/I“\r\ [\ S
o ; W e g b
o [125add ’.V“,"’,J ,“:v:“:"‘t“‘j’ . NA ‘fvt') ..............
35.00 40.00 45.00 50.00 55.00 60.00
Retention time, min.
= 191p4 Phenanthrenes |
51
k: i
e _ { h Q
3 30 (\ W f\
o ]
.g | | i ’ ‘i'\
= J [ il \J h IO
2 O honr e ol _',;\f,' gAY g JV \’:‘».(\ e
35.00 40.00 45.00 50,00 55.00 60.00
Retention time, min.
= 10%ps Phenanthrenes !
g
—5 /
Z s |
= 'V ! ‘ fl
2 M A ]
2
= th '} ’ I
] i 0 | Wt L
2 ol o AL L
35.00 40.00 45.00 50,00 55.00 60,00

Retention time, min,

n-C,,
504P1 n-Alkanes
= 40]
Z 40
2 301
<
(=%
3 207
]
107 T T T T
10 15 20 25 30
Retention time, min.
P2 n-Alkanes
E 30
o
3
g
2 201
&
23
~
l[)- T T T T
10 15 20 25 30
Retention time, min.
P3 n-Alkanes
> 60
E
g
240
Q
&
2
& 207
1 T T T T
10 15 20 25 30
Retention time, min.
P4 n-Alkanes
% 409
g
230
=4
&
%20
o
] 04 T T T T
10 15 20 25 30
Retention time, min.
P5 n-Alkanes
> 807
£
g" 607
§ 40
o
3
2 209

10 15 20 25 30

Retention time, min,

Fig. 2. Mass fragmentograms of phenanthrene (P), methyl-phenanthrenes (MP), dimethyl-
-phenanthrenes (DMP) and trimethyl-phenanthrenes (TMP), obtained by gas chromato-
graphy—mass spectrometry (GC-MS) analysis (using the Single lon Monitoring, SIM method)
of the aromatic fractions and the gas-chromatograms (GC) of the urea adducts of the saturated
fractions (n-alkanes), isolated from the oil-type pollutants taken from the soil during the six-

month biodegradation, P1-P5.
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n-Alkanes are significantly more biodegradable compounds than aromatic
hydrocarbons, including phenanthrene and its methyl-isomers. However, the
results obtained in this study undoubtedly show that under conditions of reduced
availability of a certain class of compounds, microorganisms opt for those that
are, athough less biodegradable, more accessible, i.e. those that are found in
higher amounts in a substrate. In this case, the reason for lower biodegradability
might be the smaller amounts of n-alkanes in the pollutant. On the other hand,
this observation could also be caused by their protection by incorporation, i.e.,
the formation of inclusions with non-biodegradable components, such as humic
substances or fulvic acids, present in recent sediments as native organic com-
pounds.

CONCLUSIONS

The ex situ natural biodegradation (non-stimulated bioremediation, without
the addition of biomass, nutrient substances and biosurfactant) of soil contami-
nated with heavy residual fuel oil (mazut) was conducted during a period of 6
months. The low abundance of n-alkanes in the total saturated hydrocarbons
fraction in the initial sample (identification was only possible after concentration
by the urea adduction technique) showed that the investigated oil pollutant was at
the boundary between the third and the fourth biodegradation level on the Head
biodegradation scale from 1 to 10.4 During this experiment, intensive degrada-
tion of phenanthrene and its methyl-, dimethyl- and trimethyl-isomers was not
accompanied by the complete remova of remaining n-akanes. Contrary to
expectations, the abundance of n-alkanes remained at the initial low level even at
the end of the experiment when the pollutant attained a degradation level > 6.

According to these results, it can be concluded that during biodegradation of
oil pollutant, under the condition of reduced availability of a certain class of com-
pounds (caused by their low amount), microorganisms opt for those which are
more accessible, i.e., those which are found in a substrate in higher amounts,
even if these compounds are |ess biodegradable.
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U3BOJ

OETPAOJABMIHOCT HOPMAJIHUX AJIKAHA 3A BPEME EX SITUTIPUPOIHE
BUOPEMEIWJAITUJE 3EMJBUIITA 3ATABEHOI MA3YTOM

MUFTAH MOHAMED ALI RAMADAN1, TATJAHA IIOJIEBUR KNUDSENZ, MAJIUIIA AHTI/I’Bs, BIIADVUMUP I1.
BEIIKOCKH "%, MUPOCJIAB M. BPBUR' %, JAN SCHWARZBAUER® 1 BPAHUMHP JOBAHYHREBUE "
¢ eMHjCKkH gakyaTeT, YHHBEPIHTET y beorpany, Crygentcku tpr 12—16, 11001 beorpaz, ZHEHTH[J 3a
xeMHjy, HHCTHTYT 3€ XeMH]y TEeXHOJIOTHJY H MeTanyprjy, Fberomesa 12, 11001 beorpaz,
3HOE0HPHBpEﬂHH @axynrer, Yaupepsurer y beorpagy, Hemamwunna 6, 11081 beorpan u 4Institute of
Geology and Geochemistry of Petroleum and Coal, Lochnerstrasse 4-20, 52056 Aachen, Germany

Iobpo je mo3Haro za ce y Toky duonmerpagauvje HadTe y TPUPOSHUM T'eOJIOMKUM YCII0-
BHUMa, Wi HadTHOT 3arahiBava y KUBOTHOj CpEIHHH, erpaialidja yI/bOBOLOHHUKA OOUTpaBa
npemMa peduHMcaHOM pacnopeny. Ha npumep, IiaBHE IPOMEHE Yy TPOLECY pasrpajme
HODMaJIHHX a/IkaHa fielllaBajy ce y TOKy Apyror, ,0maror”, u Tpeher, ,ymepeHor*, cTynma (Ha
ckanu Ouoperpapjauuje of 1 mo 10). IIpema fgocajalilbUM HCTPaKUBaBHMMA, Y YETBPTOM
CTYNBY, KaJa MOYHbY WHTEH3WBHE NMpoMeHe (peHaHTpeHa M HEeroBUX MEeTHI H3oMepa, HOp-
MaJIHM alkaHM cy Beh y MOTIYHOCTH YKIOKBeHHU. Y OBOM pafly Y TOKY IepHopa ol 6 mMecelu
W3BOheHa je ex situ mpupongHa duopemMenujauuja (HecTuMynucaHa duopemendjanuja 6e3 mo-
IaTka Ouomace, XpaH/BUBUX cacTojaka U duocypdakTaHaTa) 3eMJBbUILNTA 3aral)eHOT Ma3yTOM.
Hucka oOMIHOCT HOPMAJIHUX alKaHa y (pakUuju yKyNHUX 3acHMheHHX ajlKkaHa y IOYETHOM
y30pKy (MpeHTH(HKauHUja je Oma moryhHa Tek HaKOH KOHLIEHTpOBama nomohy kapdamuna)
nokasana je Jja je MCHUTHBAaHM HadTHU 3arahuBay Ha rpaHUud u3mehy Tpeher u yeTBpTOr
cTynwa duonerpagaudje. TOkoM ekcriepiMeHTa, HHTEH3UBHY pa3rpafmby GeHaHTPeHa U Hhero-
BUX METWJ, OUMETWI W TPUMETHUI U30Mepa HHUje NpaTWiIO yKlamame OCTaTka HOPMalIHHX
ankaHa. FbrxoBa OOMITHOCT je ocTana Ha MOYETHOM, HUCKOM HUBOY U Ha Kpajy eKCllepUMEHTa
Kaja je 3arahuBay JOCTHrao jenaH Of HajBULIMX CTeleHa Ovoperpajaudje. JodujeHu pesyn-
TaTH Cy MOKas3aly fa Ce pasrpajma MOjefUHUX YITbOBOJOHUKA YIIPKOC BUX0BOj BUCOKOj OHO-
IerpafaduHOCTH He OfurpaBa IO TOTIYHOTr Kpaja HU y 3aBpUIHUM ¢asama nerpajauuje. Y
YCIIOBUMa HUXOBE CMameHe JOCTYITHOCTH, MUKPOOPraHMU3MH Ce OIpefie/byjy 3a Texe Herpa-
nabuiHe, anu HOCTYTIHU]je YITbOBOLOHHUKE.

(ITpumsbeHo 29. aBrycra, peBunupano 9. okrodpa 2012)
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