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Abstract: Environmental pollution is a global problem, while bioremediation
technology removes pollutants from the environment using microorganisms.
This study was aimed at investigating how a bioremediation process affected
soil humification. In soil polluted with petroleum and its derivatives that was
submitted to bioremediation, besides the total petroleum hydrocarbons and the
number of microorganisms, quantitative and qualitative changes of isolated
humic acids were determined during the process. The bioremediation of 150
m3 of polluted soil lasted 150 days. The level of total petroleum hydrocarbons
decreased by 86.6 %, while the level of humic acids increased by 26.5 %. The
elemental analysis showed the reduction of C and the H/C ratio and the
increase of O and the O/C ratio of isolated humic acids during the process. The
ratio of absorbencies at 465 and 665 nm also increased. Based on this and the
Fourier-transform infrared spectra, it was shown that the humic acids isolated
at the end of bioremediation were enriched with oxygen functional groups and
aromatic structures. This study provides one of the first insights into the relat-
ionship between bioremediation and humification, as well as evidence of how
hydrocarbon-degrading microorganisms have a significant influence on changes
to humic acid structure during bioremediation.
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INTRODUCTION

Petroleum and its derivatives are widely used in all domains of life. These
compounds are extensively used as a energy sources for transportation, heating,
and the generation of electricity.! Pollution of soils, sediments, and waters by
petroleum products is a substantial environmental problem.2-3 Pollution occurs
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822 ZERADANIN et al.

due to accidental releases of hazardous waste during extraction, refining, trans-
port, storage and the use of petroleum and its derivatives.*> However, the per-
sistence of these compounds in the environment and their toxic effects can cause
risks for humans and other living organisms.!-5:6 Bioremediation is a method of
remediating petroleum pollution by applying selected microorganisms to polluted
environmental substrates. These non-pathogenic microbes can degrade or trans-
form toxic substances into harmless products.!-2 Bioremediation is low-cost and
environmentally friendly remediation technology. This process is in harmony
with the principles of sustainable development, and it has become widely used in
recent decades.3:7

During bioremediation of sites polluted with petroleum and its derivatives,
substances similar to humic compounds are created.8: Wu and colleagues!©
found similar sequential biological processes in composting. This is very import-
ant because humic substances (HSs) have a tremendously positive influence on
soil quality.?-11,12

HSs, heterogeneous organic macromolecules, are composed of a soil fraction
soluble at all pHs — the fulvic acids (FAs), plus humic acids (HAs) that are sol-
uble in neutral to alkaline pHs, and an insoluble fraction — humin.%11:12 The
essential components of HSs are HAs, and their study is important for under-
standing many processes in the environment.!3 HAs are composed of quinone,
phenolic, enolic and carboxylic acid functional groups, and as a result, they have
numerous uses.!1:14.15 Scientific reports about soil and sediment humification are
plentiful, but there is not enough data about the humification process during
bioremediation and biodegradation. Since HAs are of vital importance for soil
quality, their quantity should always be determined in bioremediation processes.

The aims of this study were to: 1) investigate the relationship between bio-
remediation and humification processes and to determine quantitative and quali-
tative changes of humic acids isolated during bioremediation of soil polluted with
petroleum and its derivatives and 2) confirm the hypothesis that during biorem-
ediation of soil polluted with petroleum hydrocarbons, the evolution of humic
acids will be stimulated to a higher degree than in non-polluted control soil.

EXPERIMENTAL
Experimental biopiles

The biopile for ex situ bioremediation consisted of 150 m? soil polluted with petroleum
and its derivatives. The control biopile (5 m?) consisted of non-polluted soil sampled from a
location near the biopile. The geometry of the biopiles was a three-sided parallelepiped.

The ratio of length, width and depth were 3.75:1:0.02, respectively. Both biopiles con-
tained added sawdust and wood chips, to increase the water holding capacity and aeration, an
alternative source of carbon, BioSolve®CLEAR, to increase dispersion of petroleum hydro-
carbons in water, and to increase the contact surface between microorganisms and lipophilic
pollutants, as well as manure from a poultry farm as a source of nitrogen and phosphorus for
the biostimulation of the process. Finally, an enriched consortium of hydrocarbon-degrading
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microorganisms was added every two weeks to enhance microbial activity on both biopiles.
The consortium was prepared as previously described.!® Dominant genera were Pseudomonas,
Nocardia and Rhodococcus. This pilot bioremediation study lasted 150 days.
Sampling

In order to collect the most representative samples, biopile soil samples were taken by
the zigzag sampling method!” with an Eijkelkamp auger soil sampler. Approximately 20 soil
samples were then mixed and homogenized, thereby producing one composite biopile sample.
Four composite samples for analysis were collected on each sampling day, at the beginning of
bioremediation (designation S0), after 60 days (S60), after 120 days (S120) and after 150 days
(S150). Control samples were taken at the same time from the control biopile.

Determination of the number of microorganisms in the composite polluted biopile samples

During bioremediation of polluted soil, the number and composition of microbial con-
sortia were monitored. The number of total chemoorganotrophs (TC), i.e. acrobic and facul-
tative anaerobic and mesophilic bacteria, was determined on nutrient agar (15.0 g peptone I,
3.00 g meat extract, 5.00 g NaCl, 0.30 g K,HPOy,, 18.0 g agar and 1 L deionized water; pH
7.30). Microorganisms that decompose hydrocarbons (HD) were determined on a mineral agar
(1.00 g NH4NO;5, 0.25 g CaHPOy,, 50.0 mL soil extract, 16.0 g agar and 1 L deionized water)
supplemented with 2.00 g L! diesel D2 as a source of hydrocarbons.!® Malt agar was used to
determine numbers of yeasts and molds (YM, 5.00 g peptone I, 30.0 g malt extract, 15.0 g
agar and 1 L deionized water; pH, 5.40). Composite biopile samples were homogenized and
appropriate serial dilutions were plated on agar plates. All plates were incubated at 28 °C, for
48 h (TC and YM) and for 7 days (HD).19:20

The presence of genera important for the bioremediation process, Pseudomonas, Nocar-
dia and Rhodococcus, were determined using the following media: Pseudomonas was ana-
lyzed on Pseudomonas isolation agar (20.0 g peptone I, 1.40 g MgCl,-6H,0, 10.0 g K,SOy,
25.0 mg irgasan, 13.6 g agar, 20.0 mL glycerol and 1 L deionized water).2! This selective
medium includes irgasan, a broad-spectrum antimicrobial agent. Irgasan is not active against
Pseudomonas spp. and it was added after sterilization. Nocardia and Rhodococcus were
analyzed on M3 agar (0.47 g KH,POy,, 0.73 g Na,HPOy,, 0.01 g KNO3, 0.29 g NaCl, 0.10 g
MgS0O,4-7H,0, 0.02 g CaCOs;, 200 pg FeSO4-7H,0; 180 pg ZnSO,4 7H,0; 20.0 pg
MnS0O,-4H,0, 0.20 g sodium propionate, 18.0 g agar and 1 L deionized water).22 After steril-
ization in an autoclave, actidion (50.0 mg L) and tiamin HCI (4.00 mg L) were added.
Actidion prevent growth of yeast and fungi. Tiamin HCI solution was sterilized through a 0.45
pum pore filter.

Determination of total petroleum hydrocarbons

The total petroleum hydrocarbons (TPH) from both the polluted and nonpolluted biopiles
were extracted?? and determined gravimetrically.?* The values are expressed as g kg! of dry
weight (g kg'! d.w.). A more detailed analysis of polluted biopile samples was conducted
using a gas chromatograph (Agilent 7890A) with a flame ionization detector (FID). The HP-5
column was 30.0 m long, 0.32 mm in diameter and with 0.25 pum thickness of stationary
phase. The flow rate of the hydrogen carrier gas was 2.00 mL min™!. The starting temperature
was 40.0 °C, the injector temperature was 250 °C, and the detector temperature was 300 °C,
while the temperature was ramped up at 4.00 °C min'!. ChemStation, Agilent Technologies,
was used to process the data. The analysis was performed in triplicate. The error in the method
was about 5.70 %.
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Determination of group composition of the composite polluted biopile samples

Soxhlet extraction using an Omnilab FoodALYT RS 60 was used to extract the organic
compounds from the composite polluted biopile samples (acetone:n-hexane 1:1, 130 mL, 24
h). After extraction, the samples were evaporated to dryness and submitted to fractional separ-
ation of the organic substances based on a previously described method.2 In short, the ext-
racts were saponified with a solution of KOH in methanol and neutralized with 10 % hydro-
chloric acid. The products were dissolved in a mixture of dichloromethane and hexane and
individually fractionated by column chromatography on alumina and silica gel into saturated
hydrocarbons, aromatic hydrocarbons, polar fraction (alcohols and ketones) and fatty acids
(the group composition). All fractions were eluted with different solvent mixtures.2> Values
are expressed as g kg'! d.w. The analysis was performed in triplicate. The results were pro-
cessed by Microsoft Office Excel 2007 program.

Extraction of humic acids

Air-dried composite samples (40.0 g) from both the polluted and nonpolluted biopiles
were separately mixed with NaOH/Na,P,0- solution (200 mL).26 The mixtures were heated
(boiling water bath with shaking, 2 h) and cooled to room temperature. The supernatant was
separated by centrifugation (3000 rpm, 10 min) from each mixture, and the HAs were preci-
pitated from supernatant (with 6.00 M HCI to pH 1). After repeated centrifugation, the super-
natant was discarded. The HAs were purified according to International Humic Substance
Society and Jednak et al.® The analysis was performed in triplicate. The error in the method
was about 4.50 %.

For quantitative and qualitative analysis of isolated humic acids from the composite
polluted biopile samples, the following methods were used: elemental analysis, E4/E¢ ratio
(ratio of absorbencies at 465 and 665 nm) and Fourier-transform infrared spectroscopy (FTIR).

Elemental analysis of the isolated humic acids

Contents of C, H, N and S in dry composite polluted biopile samples (dried at 105 °C, 2
h) were determined using a Vario EL II CHNS/O elemental analyser. The oxygen percentage
was obtained by subsequent calculation (O content = 100 % — (C content, % + H content, % +
N content, % + S content, %).

E4/E¢ Ratio of the isolated humic acids

The E4/Eq ratios of the isolated HAs were calculated based on the ratio of the absor-
bancies at 465 and 665 nm. Absorbances of solution (30.0 mg of HAs in 100 mL of 0.05 M
NaHCO;) were recorded using a UV—Vis spectrophotometer (Shimadzu, UV-1280).927:28

Fourier-transform infrared spectroscopy of the isolated humic acids

FTIR spectra of HAs were recorded on an FTIR spectrometer (Nicolet 6700 from
Thermo Nicolet Corp., Madison, W1, USA), in the wavelength range of 4000400 cm!. The
samples were prepared before analysis (making pellets consisting of isolated HAs and KBr).

RESULTS AND DISCUSSION
Change in TPH content and number of microorganisms during bioremediation

Gravimetric analysis showed the initial level of TPH (0 days) was 21.6 g kg1
d.w. At the end of the study (after 150 days of bioremediation), the TPH in the
polluted biopile had been reduced by 86.6 % (concentration at the end was 2.89 g
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kg1 d.w.). Gas chromatograms of the samples from the polluted biopile at the
start and end of bioremediation are shown in Fig. 1.
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Fig. 1. Gas chromatograms of samples from the polluted biopile, SO — at the start and S150 —
at the end of bioremediation.

In the control biopile, there was a decrease of TPH from 0.36 to 0.34 g kg!
d.w. (the TPH were reduced by 5.55 %). The content of TPH and the numbers of
hydrocarbon-degrading microorganisms during bioremediation are shown in Fig. 2.

7

8.0

-
o
o

r7.0

o]
o

(2]
o

r6.0

TPH content, %
o
=}

Fig. 2. The histogram shows the content of
TPH; the line shows the increase in the
//l4 o number of hydrocarbon-degrading microorg-
0 60 120 150 anisms during bioremediation of the polluted
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After the initial biopile inoculation, a stable microbial community was
formed (7C 1.05x100, HD 1.88x105, YM 2.00x103 CFU g!). At the end of the
bioremediation of polluted soil, 79.2 % of the microorganisms were hydrocarbon
degraders, so these formed the dominant microbial population (Table S-I of the
Supplementary material to this paper). In the microbial consortium, the presence
of the genera Nocardia, Pseudomonas and Rhodococcus was confirmed. The lite-
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rature shows these genera degrade petroleum and its derivatives with high effi-
ciency.l3:5

Determination of group composition of the composite polluted biopile samples

Fractional separation of organic matter extracted from composite polluted
biopile samples resulted in three classes of compounds (Fig. 3): saturated hydro-
carbons, aromatic hydrocarbons, and the alcohols and ketones. A fatty acid frac-
tion was not obtained.

104 [ Saturated hydrocarbons
Il Aromatic hydrocarbons
Il Alcohols and ketones

Group composition, g kg!' d.w.
D

2_
0 Fig. 3. Aliphatic, aromatic, and polar (alcohols
T 60 120 150 and ketones) fractions of the composite polluted
Bioremediation time, days biopile samples during bioremediation.

The concentration of the aliphatic fraction gradually decreased during the
bioremediation process and at the end of the study was significantly lower than at
the beginning (decreased from 8.28 to 2.80 g kg~! d.w.). This fraction degraded
the most, i.e., by 66.2 %, which is in accordance with the literature.!® The con-
centration of the aromatic fraction was also reduced by the end of the biorem-
ediation process, down from 7.68 to 4.50 g kg~! d.w. This 41.4 % reduction in
the aromatic fraction could have been caused by microorganisms that used hydro-
carbons as a source of carbon and energy or caused by microorganisms that used
the aromatic fraction for the synthesis of polymeric, humic-like substances.8:2 The
alcohols and keto fraction decreased by 64.4% (from 8.84 to 3.15 g kg™ d.w.).
Microorganisms with different rates of catabolism under varying conditions degrade
various fraction of hydrocarbons.2%30 The rates of decrease (mg kg~! per day)
measured from the start to the end of the process in the current study were 36.5
for the aliphatic, 21.2 for the aromatic, and 37.9 mg kg~! per day for the alco-
holic and keto fraction. These results show that microorganisms consumed all the
components of the hydrocarbon mixture. A significant reduction in the concen-
tration of organic pollutants in the soil indicates successful bioremediation.

Quantitative and qualitative analysis of humic acids

Elemental analysis and E4/E¢ ratio of isolated HAs. At the beginning of bio-
remediation, the polluted biopile contained 2.16 % HAs, while at the end of bio-
remediation, the biopile contained 2.94 % HAs. The increase in the level of HAs
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during the bioremediation process was 26.5 %. This indicates the processes of
petroleum hydrocarbon biodegradation and humification occurred in parallel. The
rates of humification were: 0—60 days, 38.3; 60-120 days, 55.0, 120-150 days,
73.3 mg kg! per day. In the control, non-polluted biopile, the HAs increased by
2.80 % during the study.

TABLE 1. Content of humic acids in samples of the composite polluted biopile; result of
elementary analysis and H/C, O/C, E,/E ratios contained in the isolated humic acids

Amount of Elemerlltal composition of the Atorpic
Bi.oremedi- isolated isolated HAs, % ratio E4E¢ Duration of
ation day HASs, % c u N S o H/C O/C ratio treatment
ratio ratio
0 2.16 63.11 876 340 1.50 23.23 1.67 0.28 2.25 -
60 2.39 61.85 848 3.56 1.60 2451 1.65 0.30 2.35 -
120 2.72 60.74 8.19 323 1.36 2648 1.62 0.33 248 -
150 2.94 59.80 7.54 333 136 2797 1.51 035 391 -
Literature values
Jednak 26.25— 1.56— 0.32— 1.97— 90 days of
etal® 2893 1.69 0.37 230  biorem-
ediation
Amir 47.50- 6.55—- 6.80— 0.70— 36.20— 1.66— 135 days of
etal® 4890 6.90 7.30 120 37.60 1.73 composting
Yang 44.66— 5.31- 4.26— 1.07- 26.33—1.36—0.34— Thermal
et al 3! 58.46 8.01 6.66 1.22 3829 1.77 0.64 sludge treat-

ment, 30 min

For extracted HAs at the start of the process, elementary analysis showed the
content of carbon and the calculated H/C ratio were higher than for HAs ext-
racted at the end of the process (Table I). This could be attributed to an increase
of aromatic structures during bioremediation.8:%3! During bioremediation, the
oxygen content increased from 23.23 to 27.97 %, the calculated O/C ratio inc-
reased from 0.28 to 0.35 and the E4/E¢ ratio increased from 2.25 to 3.91, which
indicates enrichment of HAs with oxygen functional groups.?-15:31.32 Table I also
shows some comparative values extracted from published literature. They show
significant variations in values, most likely due to the diversity in the structure of
humic acids.

FTIR spectra of isolated HAs. In the FTIR spectrum (Fig. S-1A-D of the
Supplementary material), the following signals were present: aromatic C=C,
C=0 in carboxyl; ketone, quinone groups and amide I (the signal 1600-1660
cm™!); aromatic C=C and amide II (the signal about 1508 cm~!); OH of phenols,
COO- and amide II (signals between 1460 and 1370 cm™!); aromatic ethers
C-O-C and amide III (signals between 1260 and 1200 cm™1).8.31

Based on the intensity of the peaks in the FTIR spectra, transformation of
HAs was observed during bioremediation. Changes were monitored by com-
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paring the peak intensity and calculating the ratio of peaks 1654.1/2920.5 (aro-
matic C/aliphatic C) and 1654.1/2850.8 (aromatic C/aliphatic C, Table II. The
ratio of aromatic carbon to aliphatic carbon clearly increased during biorem-
ediation. This indicates that HAs contained more aromatic structures at the end of
bioremediation, which was also observed in the elementary analysis (Table I).
This slight increase in the aromaticity of HAs could be caused by microorg-
anisms that can transform aliphatics to aromatics and can form polymer humic
compounds.8.9-31

TABLE II. The ratio of the intensity of the FTIR analysis peaks during bioremediation of the
polluted biopile

Ratio between the intensities of peaks at Bioremediation day

2920.5, 2850.8 and 1654.1 cm’! 0 60 120 150

1654.1/2920.5 1.10 1.10 1.17 1.30

1654.1/2850.8 1.31 1.36 1.56 1.70
CONCLUSION

This study highlights the correlation between the bioremediation of soil
polluted with petroleum and its derivatives and the process of humification. With
increasing duration of bioremediation, the level of TPH decreases. It should be
emphasized that sawdust and wood chips, together with an important part of
poultry manure (straw) are lignocellulosic wastes, the biodegradation of which
produces humic substances. Based on our hypothesis, it is expected that the pol-
luted soil after treatment will be cleaned from hydrocarbons while simultane-
ously, the content of humic substances will be increased. It is known that white
and gray rot mushrooms degrade lignin and co-metabolic polycyclic aromatic
hydrocarbons. However, it has here been confirmed that microorganisms that are
hydrocarbon degraders also play a role in co-metabolic degradation of lingocel-
lulosic material and increased humification of the soil. Based on the obtained
results, it could be concluded that not only did the amount of HAs increase, but
their structures underwent profound changes. This was demonstrated by struc-
tural analyses, elemental analysis and FTIR spectroscopy. These results show
that at the end of the bioremediation process, both the aromaticity and level of
oxygen groups in the HAs isolated increased. In further work, the emphasis will
be on detecting enzymes responsible for the degradation of aromatic compounds
and co-metabolic production of humic acids.

SUPPLEMENTARY MATERIAL

Additional data are available electronically from http://www.shd.org.rs/JSCS/, or from
the corresponding author on request.
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U3BOL
HACTAHAK XYMUWHCKUX KUCEJTMHA TOKOM ex situ BMOPEMEOUJALTUJE HA TTUJIOT
HUBOY — IOJOATA BPEJHOCT MUKPOBHE AKTUBHOCTHU
AJIEKCAH[IPA H. )KEPABAHUH', JEJIEHA ABJIAJIOBUR', MAPUJA JBEIIEBUR', OJIUBEPA TELIUE?,
CPBAH MWIETHR', MUPOCJIAB M. BPBUR® u BIIAIJUMMP I1. BELIKOCKH*
1Hﬂcu7uu7ym 3a xemujy, WexHonoiujy u metuanypiujy, Ynueepsutieii y Beoipagy, ancmumym 30 30WTHUTILY
Ha pagy, Hosu Cag, 3Bpem ipyiia, beoipag u 4Xemujcxu paxyniuen, Ynugep3uineii y Beoipagy

3araheme KHBOTHE CPEUHE IPENCTaB/ba CBETCKHU Npodiaem, a Duopemenujanyja je TEXHO-
JIOTHja KOjOM C€ KOHTAaMHHAHTH YK/Iamkajy U3 XUBOTHE CpPEJUHE yNOTpedOM MHKDPOOpraHHU-
3ama. Llwsb oBor pana 6uo je fa ce ucnUTa Kako npouec duopeMenyujanuje yTuue Ha XyMU@u-
Kauujy. ¥ 3emspuiuty 3araheHom HadTOM U HEHHUM JepHUBaTHMA Koje je MOOBPTHYTO Mpolecy
duopemenujaudje, OoCHM YKyMHMX Ha(THUX YIJbOBOJOHHWKA M Opoja MHUKpPOOpraHHW3ama,
onppeheHe Cy KBAaHTUTATHBHE M KBAJMTAaTHBHE MTPOMEHE H30JI0BAHUX XYMHUHCKHMX KHCEJTHHA.
Buopemenujauuja 150 m3 sarahenor semmumra je Tpajana 150 maxa. KomuuumHa yKyIHHX
Ha(THUX YI/bOBOLOHNKA TOKOM DHOpemenujalyje cMameHa je 3a 86,6 %, JOK Ce HUBO XyMHH-
CKuX KkucenuHa nosehao 3a 26,5 %. EneMeHTapHa aHanu3a je rokasana CMameme KOIWYUHe
yrseHrka U H/C opHoca, anu u nosehame xuceonuka u O/C ofHOca y U30/10BaHUM XYMHH-
CKMM KHCEJIMHaMa TOKOM npoueca. Takohe je mosehan ogHoc ancopbaHuu Ha 465 1 665 nm.
Ha ocHOBY 0BHX pesyniTaTa U WHOPaALpPBEHUX CleKTapa M0KasaHo je Jia Cy XyMMHCKe KHuce-
JHHE ca kpaja Ouopemepujanuje odoraheHe (PyHKIHUOHAJIHUM Ipylnama KHCEOHHKa W apo-
MaTHYHUM CcTpykTypama. CTynuja mokasyje jemaH of IpBUX yBHIA Y omHoc usmely Ouope-
Menvjauydje u Xxymudukauyje, kao U Joka3 fa MUKPOOPraHU3MHU Koju pasrpabyjy yroBono-

HHUKE UMajy 3HavajaH yTHLaj Ha CTPYKTYPY XYMHHCKHX KHCEJIMHA.
(ITpumsseHo 16. centemdpa, pesuaupaHo 8. nenemdpa, mpuxsaheno 11. nenemdpa 2019)
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