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THE INFLUENCE OF RADICAL REACTIONS ON THE KINETICS OF POLYCYCLIC
AROMATIC HYDROCARBONS BIODEGRADATION

Summary

Progressing from the eighteenth century industdalelopment, transport and urban areas expansiariribute to the
accumulation of polycyclic aromatic hydrocarbon\ts) in different components of the environment thedt deposition
into soils. Due to the established, highly advdrédis effects on living organisms, there is a teogien develop effective
remediation technologies which can result in PAEIsIoving from the environment. The aim of this stualy to determine
the effect of ozone-initial radical reactions orodegradation kinetics of selected PAHs by an enwirental consortium.
The consortium was composed of microorganismstebl&rom soil permanently contaminated with orgasitstances
such as PAHs. The decomposition reactions werdethout under aerobic conditions at 25°C for 24@hmodel systems
containing water and PAH (naphthalene, phenanthren@yrene) at a concentration of 50 mg/l. The @timm process
was conducted before microbial inoculation andéasé0 minutes (yield 2-5 g of ozone/h). The fieHB concentrations
were measured by photochemiluminescent methodadt faund that pre-ozonation does not result in teath of
microorganisms. The biodegradation kinetics waslatad by a comparison of PAH half-life degradatidine results
indicate that radical reactions increase the biodetation efficiency by 25%. These results demotestaagood efficiency
of combined techniques - ozonation and biodegradati and can provide the possibility of their applion in the
protection of agricultural land against degradation
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WPLYW REAKCJI RODNIKOWYCH NA KINETYK  E BIODEGRADACJI
WIELOPIER SCIENIOWYCH W EGLOWODOROW AROMATYCZNYCH

Streszczenie

Postpujgcy od wieku XVIII rozwoj przemystu i transportu smtmodowego oraz ekspansja aglomeracji miejskiclqanz
niajq sie do akumulacji zwizkéw z grupy wielopiécieniowych wglowodoréw aromatycznych (WWA) wemgch kompo-
nentachsrodowiska oraz ich piiejszej depozycji do gleb. Z uwagi na stwierdzamgsoce niekorzystne oddziatywanie
WWA na organizmyywe @zzy sie do opracowania technologii ich efektywnej remejiliddiniejsza praca miata na celu
okreslenie wptywu reakcji rodnikowych indukowanych ozeaoiem na kinetykbiodegradacji wybranych WWA przez kon-
sorcjumsrodowiskowe wyizolowane z gleb trwale zanieczysgcihosubstancjami organicznymi. Reakcje rozklaawvpr
dzono w warunkach tlenowych, w temperaturZ%2arzez 240h w modelowych mineralnych ukfadach wetdz dodat-
kiem odpowiednio: naftalenu, fenantrenu lub pirenskzeniach 50 mg/l. Proces ozonowania wykonano przédolmolo-
gicznym zaszczepieniem uktadow i trwat on 60 nfimptlajna¢ 2-5 g ozonu/godz.). Pomiaru ubytkéw WWA dokontoio s
sujgc metog fotochemiluminescencyjre uprzednj ekstrakcg heksanem. Stwierdzoneé wskpne ozonowanie nie wptywa
letalnie na konsorcjundrodowiskowe. Ocena kinetyki biodegradacji dokonaaapodstawie poréwnania czasu potowicz-
nego rozktadu WWawiadczy, 1 reakcje rodnikowe zwkszaj o srednio 25% efektywrié biodegradaciji. Powssze wyniki
swiadcz;ce o dobrej efektywroi kombinowanych technik - ozonowania i biodegrdidawskazug na maliwosci aplika-
cyjne w ochronie gruntéw rolnych przed degradacj

Stowa kluczowewielopiescieniowe wglowodory aromatyczne (WWA), ozonowanie, biorenogaiacakcje rodnikowe

1. Introduction road transport (0,99%) [2]. The distributed natofethe
emission indicates that the problem of PAH contatiim
Polycyclic aromatic hydrocarbons are a group ofs not only limited to areas with a high intensitiyhuman
hydrophobic xenobiotics closely related to humativig. activity. This problem is connected also with aeatdnds
Due to the reported mutagenic, carcinogenic andtgaic  thereby contributing to changes in their habitaictions,
properties, PAH may contribute to the imbalanc@ature progressive degradation and reduced agriculturals so
and pose a threat to human health [1]. Accordin§NAP  suitability [3]. Evaluation of agricultural soils
classification, the main sources of PAHs in Polard contamination with reference to 13 PAHs carried byt
combustion processes in the municipal and houstatpss  GIOS in 2010 indicated that 35 measurement poirggew
(87,2%), production processes in industry (11,11#6) characterized by a low level of contamination (slds
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involves the need to reduce the cultivation of fdafor
food production designed for children and infant&k

Despite many benefits of ozonation, this technique
involves high overhead costs, which is particularly

many as 18 measurement points were characterizeal byeconomically disadvantageous in the case of satls law

high risk of crops (especially root leafy vegetable contamination [6].

contamination (class 3). In the general classificat8.3%

of agricultural soils in Poland are among the grougpyrene,

contaminated with polycyclic aromatic hydrocarbffis

It has been found that certain
compounds of PAHs are not degraded in a chemicg wa
chrysene and benzo(a)pyrene). In addition,
oxidants abusing can result in clogging of the faquby

The European Parliament and the Council of therecipitation of minerals in the pores. Therefarmre and

European Union decided to state the problem of PAHmore

deposition as one of the priorities of the EU dSuostale
development. Therefore, it is extremely importanptace
emphasis on developing remediation
Recently, the ozonation technology as one of thihaakof

in situ PAHs degradation has becoming more and morato the Krebs cycle

popular in literature reports. It is based on thédation
potential of hydroxyl radicals HOHydroxyl radicals react
by electrophilic addition with benzene rings of yajclic
aromatic hydrocarbons:

HO + CyH, — HOC H,

researchers underline the potential of salecte
microorganisms to degrade organic contaminants.
Enzymatic transformation of the aromatic ring tdecéol,

technologiegprotocatechuic acid, gentisic acid or hydroquinotiesir

conversion to the aliphatic compounds and decortiposi
intermediates, provides direct
distribution of PAH to carbon dioxide and water.[With

the aid of molecular techniques it was possiblelémtify a
number of bacterial strains capable of degradingd®An
order to overcome the natural barrier (extremelw lo
bioavailability) of the PAHs biological degradatjoit is
important to place emphasis on combined methods.

The organic radicals with unpaired electron on the- Material and methods

carbon atom (carboradicals) are converted to sujmkro
radicals in the reaction with oxygen:

R +0, - ROO

The above reaction is the first crucial step igamic
pollutants oxidation, which further can undergo
mineralization to carbon dioxide, water and minaidls [5].
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2.1.Microorganisms

K23 bacterial consortium was isolated from soil in
south-eastern Poland. The sample of soil was cteaized
by persistent petroleum products pollution. Thesootium

ahad the ability of metabolizing polycyclic aromatic
hydrocarbons as the sole carbon source.

Fig. 1. Distribution of agricultural soils in 2010 the context of the PAH contamination degree [4]
Rys. 1. Przestrzenny rozktad profili gledytkowanych rolniczo w 2010 roku w koniek stopnia zanieczyszczenia guh3

zZwigzkéw WWA [4]
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2.2.Chemical reagents fact that concentrations of PAHs in experimentahsies
were above their solubility (microemulsion systertisee-

The standard mineral medium M9 supplemented withime extraction with hexane were conducted. The

micronutrients solution 4ml/l MgSOx 7H,0O (50,00 g/l), assessment of PAHs concentrations were carriedvibit

FeSQ x 7H,0 (5,00 g/l), MnSQ@ x 4H,0 (2,50 g/l), ZnCl  reference to the calibration curves.

(3,20 g/l), Cad x 6H,0 (0,50 g/l), BaGl(0,30 g/l), CoSQ

x 7TH,O (0,18 g/l), CuS@x 5H,0 (0,18 g/l), HBO3 (3,25 3. Results and discussion

g/l), EDTA (5,00 g/l), HCI 2 N (73,00 ml/l) PAH sations

(naphthalene, phenanthrene and pyrene) in methanol ~ The excitation spectra for naphthalene, phenanéhre

concentrations of 5 mg/l were used in all experitmefihe and pyrene allowed to determine the maximum vabfes

30% hydrogen peroxide was app“ed into Ozonizemﬂys the absorption Spectra of the studied PAHs (275fﬂm

in order to intensify the production of hydroxyldieals —naphthalene, 348 nm for pyrene and 340 nm for

OH . All reagents were characterized by the highesphenanthrene). Fluorescence spectra of internalatds

commercially available purity and were purchaseomfr (Systems without microorganisms) proved the abseaice

commercial producers. the PAHs degradation not connected with biological
activity. It can therefore be clearly stated tHadmges in the
2.3.Biodegradation conditions concentration of hydrocarbons in the test systegssited

from the activity of microorganisms or the pre-oatan.
Biodegradaﬂon processes were carried out in an PAHs concentrations in SyStemS with or without pre-
aqueous system (model systems). Bottles were spiktid ozonation indicate a decrease in fluorescence sittewith
50 ml of M9 medium, micronutrients solution and PAHbiodegradation time. Figure 3 shows an example of
solutions (in a final concentration of PAH - 50 iyg/ fluorescence spectra of pyrene in ozone-free system
Before inoculation, an ozonation process (lasteel lnpur) ~Whereas Figure 4 presents the spectrum of pheresethr
was performed with the use of ozone generator KORON System with pre-ozonation.

L MED with yield of 2-5 g / h and with hydrogen peide e
in an amount of 1.7 g / I. In order to increase $heface Bwo'_ 48 hours
contact between a solution and gas, the ozone ddeda 7000 - —— 120 hours
through a septum of sintered glass (Figure 2). =
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Source: own work Zrodto: opracowanie wiasne
. . . ) Source: own work Zrodio: opracowanie wasne
Fig. 2. System for ozonation: 1- cylinder stresghwi
oxygen, 2- ozone generator KORONA L MED, 3- rinserFig. 3. Fluorescence spectra of pyrene after Oark8 120
containing PAH solution (suspension) hours from the start of biodegradation
Rys. 2. Uktad do ozonowania roztworéw WWA: 1- butlfys. 3. Widma fluorescencii pirenu ekstrahowanegiea-
cisnieniowa z tlenem, 2- ozonator KORONA L MED, 3/1€m po uptywie 0, 48 i 120 godzin od momentu razp@c
pluczka z perlatorem zawiergia roztwér (zawiesy) ~Piodegradacii
WWA
Decreases in fluorescence intensity over timecatei
Prepared systems were inoculated with consorti®® K the PAHs decreasing in both systems. The pre-ommmat
(250 pl (0.5% v / v)). Biodegradation was carried for 10  process does not affect lethally on microbial cotiso. It
days at 25°C under aerobic conditions. Shakingfian of appears, therefore, that the products of radicaitiens are
200 rev/min) was used in order to increase aeraifoiie  not a toxic factor towards microorganisms. Thidesteent
medium. The processes were carried out in idenbictiles. is in agreement with results obtained by Haapea and
Furthermore, an additional variant without micraamigms  Tuhkanen (2005) (ozonolysis in the soil system) [8pdel
was used as an internal standard. ozonation soil samples performed by Bernal-Martieeal.
(2007) also confirm lack of toxic effect towards rtacro-
2.4.Determination of the PAHs biodegradation kinetics bial consortia [9].
Biodegradation kinetics of PAHs concentrations alihi
PAHs biodegradation kinetics were determined byvere read out based on calibration curves are shiawn
measuring the PAHs loss with the use of HitachiOB& Figure 5, and the biodegradation kinetics of PAH
Spectrofluorometer. In order to determine the eimiss concentrations in the systems with pre-ozonatior ar
wavelength, appropriate spectra were performed.tBtlee  presented in Figure 6.
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E—y— Obtained results indicate different rates of indial
—— 48 hours hydrocarbons biodegradation. Naphthalene is thet,mos
120 Boelx while pyrene - the least susceptible to biodegiadaty the
consortium K23. Tikilili and Nkhalambayausi-Chirwa
(2011) [10] present similar trends with regard tAH3
degradation kinetics. It is generally accepted thatrate of
PAHs biodegradation decreases with increasing nummbe
aromatic rings. This phenomenon is attributed te th
decrease in the bioavailability of the compoundsctvh
directly results from the limited solubility in wet It is
worth noting that the PAHs concentrations decreasede
T T T T T T systems with ozonation process. The loss of 4-8 mgt
360 380 400 420 440 460 480 500 . . . .
direct result of induced radical reactions. In orde
A fnm] quantification and comparison of the decomposition
Source: own work Zrédto: opracowanie wiasne  kinetics of the two systems the half-time valuepypfene,

Fig. 4. Fluorescence spectra of phenanthrene @f#8 and naphthalene, phenanthrene biodegradation were edefin
120 hours from the start of biodegradation The obtained results are shown in Table 1.

Rys. 4. Widma fluorescencji fenantrenu ekstrahogane ) )

heksanem po uptywie 0, 48 i 120 godzin od momeszu r Table 1. Half-time degradation of naphthalene, jinen

poczcia biodegradacji w ukladzie ozonowanym threne_and pyrene in aqueous solutions without \&itkl
ozonation proces

5000 -

4000 -

3000 ~

2000 +

Fluorescence intensity  [j.u.]

1000

| S Tab. 1. Czas potowicznej degradacji naftalenu, ferenu
@~ iphcnanthiens i pirenu w roztworach wodnych bez udzialu ozonuzora
—A—pirene poddanych ozonowaniu
40
e Halttime bio- | Half-time bio- | _ AR
= 304 degradation [h]| degradation [h]| = Y
PAH . in water
T (without (after [mg/dn?]
& - ozonation) ozonation) g*
£ naphthalene 35 26 30
ol phenanthreng 75 56 1,2
pirene 130 105 0,076
0 - T - T v T v T " Source: own work Zrodlo: opracowanie wlasne
0 50 100 150 200 250
time of biodegradation [hours] Half-time of naphthalene, pyrene and phenanthrene

biodegradation in the case of pre-ozonation systé&ns
approximately 25% shorter than in variants without
Fig. 5. Decline of PAHs concentration during 0zonation process. There is also a clearly coroslat
biodegradation in the aquatic system between PAHs bioavailability and biodegradationerat
Rys. 5. Zanik stenia badanych WWA w czasie biodegra-mentioned above. Relatively soluble naphthalene is
dacji wsrodowisku wodnym degraded (in both variants) almost four times fatstan the

i hardest soluble pyrene.

Source: own work Zrodto: opracowanie wiasne

The positive effect of ozonation on the degraduatite
W e mhim e can be explained by the increase in medium aerattich
—&— ozoned phenanthrene . . . .

results in improvement of the optimal conditionsr fo
microorganisms. The consortium K23 was isolatednfro
soil contaminated with petroleum permanently andsth
microorganisms were adapted to the environment
characterized by high concentrations of PAHs. Mweego
the limited bioavailability of the xenobiotic dicohinduce
toxic effects.

40

—&— ozoned pirene

20

mg PAH [dm®

4. Conclusions

T T T T
o 25 50 75 100 125 150 175 200 225

time of biodegradation [hours] Based on the carried out experiments, below aee pr
sented main conclusions:

e Ozonation products of polycyclic aromatic
Fig. 6. Decline of PAHs concentrations during thehydrocarbons do not exhibit toxicity against a K23
biodegradation process in an aqueous system dfter tconsortium, and thus they do not reduce the biokdgi

Source: own work Zrodto: opracowanie wiasne

initial ozonation potential for the enzymatic mineralization of xerutic
Rys. 6. Zanik atenia badanych WWA podczas procesu biodes The rate of selected PAHs biodegradation by an
gradacji w uktadzie wodnym po wshym ozonowaniu environmental consortium depends on the number of
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aromatic rings, and thus also on solubility in wdtdosely
associated with the bioavailability).

e Short-term ozonation of medium with PAHs slightly

contributed to the change in the total contentefobiotic
and improves aerobic conditions. This results
significant increase of the PAHs mineralization.

(5]

in a

e Application of a short-term ozonation and subsetuen

biodegradation as a combination technique resultthe

mineralization increase by 25%. Thus, describedbinen

method is worth considering as an alternative
conventional, full ozonation technology.
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