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Abstract: Polycyclic aromatic hydrocarbons (PAHs) are a cammart of the environment where they come
from burning fossil fuels (through an incompletentustion process). From a toxicological point awj PAHs
are considered to be carcinogens with a mutagemi¢ezatogenic effect. On the other hand, ferrateggenerally
believed to be the ideal chemical agent for watestinent due to their strong oxidation potentiatrdi, the
efficiency of degradation of PAHs (with the spe@ahphasis on B[a]P) by ferrates under laboratonditimns
was studied. The formation of degradation produets also considered. For this, two types of fesratere used
and both of them efficiently degraded B[a]P. Whemparing ferrates that were bought from a Czechls4
company, no significant changes in terms of B[afgrddability were observed. It was determined that
degradation efficiency of PAHs by ferrates was dejeat on their molecular weight. Two and threeicyeAHs
have been completely degraded within 30 minutesereds five (and more) cyclic PAHs, only partially.
The results obtained with ferrates were comparetiéaones obtained with a classical oxidizing agafvinO,.

In a qualitative test to detect degradation proslwtPAHs, two were identified, namely fluoren-9eoderived
from fluorene and acentaphthylene, formed from apkthene.

Keywords: polycyclic aromatic hydrocarbons, benzo[a]pyrefegrate, degradability, spiked water, oxidizing
agent

Introduction

There is a wide range of homocyclic and heterocyadirivatives of PAHs that contain
nitrogen, oxygen or sulphur atoms in their aromatiticture. This large group, together
with PAHSs, is referred to as polycyclic aromaticrgmunds (PACs) [1].

16 PAHs (EPAe¢) with a star (*) and, according to the USEPA (Eamimental
Protection Agency), are included among the prigpitylutants [2]. Dangerous compounds
were selected by European Union (EU) for monitori8€p], fluoranthen, however, was
recently removed [6].

A significant amount of PAHs arises from incompletambustion of fossil fuels and
other organic substances such as coal and woodustioi, the use of combustion engines,
and the production of heat and electricity [7]. Bfotehicle emissions can contribute up to
a 35 % increase in PAH intake in developing coestf8].

PAHSs also arise when food, especially meat prodantsfish are baked, fried, toasted
or grilled due to the incomplete combustion or thalr decomposition (pyrolysis) of
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organic material) [9]. High levels of PAHs may caint oil and coal extracts, including

asphalt [10] and creosote [11], used as presep&fiv wood. PAHs enter the environment
as air pollutants and over time they get into wateil, sediment and living organisms [12].
Forest fires, volcanic eruptions and soil metaloli@specially perylene) are the largest
natural resources of them [13].

USEPA and the World Health Organization (WHO) hasalected 16 “priority
pollutants” from the PAH group (their structureg ahown in Figure 1). The International
Agency for Research on Cancer (IARC) has asse$sedarcinogenic risk for 49 PAHs
with regard to the results of epidemiological anihval studies. 3 PAHs of Class 2A were
identified as likely carcinogens: benzo[a]anthracen benzo[a]pyrene and
dibenz[a,h]anthracene; another 12 PAHs were cledsifas potential carcinogens,
class 2B: benzo[b]fluranthen, benzoljlfluoranthenehenzolk]fluoranthene and
indeno[1,2,3-cd]pyrene. Other PAHSs, which are therjty pollutants, were categorised as
class 3, assigned to compounds that cannot beifiddsgtests were not sufficiently
conclusive to exclude or demonstrate carcinogani¢it2]. In Europe, legislation on air
protection focuses primarily on the control of befadpyrene (annual target level of
1 ng/n?), as this compound exhibits the highest toxic Isach all airborne PAHs [14, 15].
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Fig. 1. Structures of the 16 PAHs on the USEPArfii@ollutant list

The physical properties of selected PAHs are shawirable 1.
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Table 1
Physical properties of selected PAHs [16, 17]
At 25 °C
Substance MW MP BP VP S logK. logk
[g/mol] | [°C] | [*C] [Pa] [gm~] > *
Naphthalene (NAP) 128 31 218 10.4 31 3.37 3.11
Acenaphthylene (ACE) 152 96 27§ - 30" 38 3.92 3.79
Acenaphthene (ACY) 154 92 265 - 90* 16 4.00 3.83
Fluorene (FLU) 166 116 295 -902 1.9 4.18 4.15
Anthracene (ANC) 178 216 340 107 0.045 4.54 4.41
Phenanthrene (PHN) 178 101 339 -’ 1.1 4.57 4.22
Pyrene (PYR) 202 111 375 1.20° 0.26 5.22 4.74
Fluoranthene (FLA) 202 156 360 @0 0.13 5.18 4.82
Benz[a]anthracene (B[a]A) 228 16( 43b 280° 0.011 5.91 5.66
Chrysene (CHY) 228 255 448 5.10” 1.65 5.37
Benzo[b]fluoranthene (B[b]F) 252 169 481 - 0.0015 .806 5.89
Benzo[K]fluoranthene (B[K]F) 252 217 481 5.20° 0.0008 6.00 5.89
Benzo[a]pyrene (B[a]P) 252 175 49% 7007 0.0038 6.04 5.71
Indeno[1,2,3ed]pyrene (IND) 276 164 536 - 0.00019 6.5§ 6.14

Benzo[g,h,i]perylene (B[ghi]P) 276 2717 - 0.00026 .50 -

Dibenz[a,h]anthracene (D[ah]A 278 267 5204 310 | 0.0006 6.75 5.97

MW - molecular weight, MP - melting point, BP - bog point, VP - vapour pressure of the solid, &ater
solubility, Ko - octanol/water partition coefficiert, - soil partition coefficient

The vapour pressure of PAHs decreases by morelthanders of magnitude with the
increasing number of condensed benzene rings. L&WyEs (with three and four rings) are
distributed between the gaseous and solid phas#®ienvironment. PAHs with five or
more aromatic rings are found to be almost exchlgilinked to a particle or solid phase
[18]. The solubility of PAH in water with 2 to 6rmgs decreases by 5 orders with the
increase of their molecular weight. For this reasa- and three-ring PAHSs are likely to
be found in the aqueous phase, in comparison teehigolecular weight PAHs that tend to
associate with the dissolved organic matter (DOMJ asolid phase such as soot [19].
The soil/water partition coefficienK() is the ability of the substance to pass from wade
the organic constituent of the soil. The Kggvalue is relatively high for PAHSs, indicating
a strong tendency for PAHSs to be trapped in sait sediments, although originally most
are scattered in the atmosphere [20]. Due to the dolubility of PAHs in water they
usually can be found at extremely low concentratidrhe typical groundwater interface is
10 to 50 ng/drf) and for surface waters it is 50 to 250 ngid2i].

These compounds can occur in the gas phase andnjonction with atmospheric
particles, particularly in the fraction of submiorparticles, which promotes their transport
over long distances. Both gaseous and particulatésRare deposited in dry and terrestrial
ecosystems by dry deposition processes (gas almsgrmravity deposition, swirling
diffusion) and precipitation excretion, which indki both droplet formation and cloud
capture. Therefore, atmospheric deposition of P&H significant source of PAHs at local,
regional and global scale, which is responsible tfer presence of these compounds in
remote areas and open oceans far from their emissiorces [22].

Nitro- and oxy-PAHs are reaction products of PAHsd areactive components
(e.g. oxides of nitrogen, ozone) in the combustitiamber and atmosphere [23]. It is
known that many PAHs and nitro-PAHs found in thehgive mutagenic and carcinogenic
effects and may pose a risk to human health [2d].dxample, while testin§almonella
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typhimurium (strain TA98) without the presence of exogenoudabwlizing enzymes
(i.,e. hepatic S9 fraction) it was found that Zl-wjtyrene, 1,3-dinitropyrene,
1,6-dinitropyrene and 1,8-dinitropyrene were 20BE3, 8.0E4 and 1.1E5 times more
mutagenic than bezo[a]pyrene (+S9). This intensesigeity of S typhimurium to
nitro-PAHSs is attributed to the presence of natiteoreductase enzymes that initiate the
metabolism of nitro-PAH to their final mutagenic tadgolites - arylhydroxylamine [23, 25].
Mutagenic oxy-PAHSs include quinones of pyrene ardzo[a]pyrene, some ketones and
pyrene-3,4-dicarboxylic anhydride.

Laboratory-grown organisms kept in sediments frilmsscontaminated with PAH are
subjected to photoactivated toxicity. Determinedidity depends both on the intake of
PAH (or other contaminants) and on UV exposure .[B§jotosensitive sediment toxicity
was confirmed by Monson et al. [27]iimsitu tests performed at sites where contaminated
sediments were collected by Ankley et al. [28].

Iron salts are known only in the ferrous (Fe(IlJlahe ferric forms (Fe(lll)); the higher
oxidized forms Fe(lV), Fe(V) and Fe(VI) give undmbompounds called ferrates. Ferrates
are more stable at low temperatures and higher28H The ferrate(VI) ion has a formula
FeQ? and its aqueous solution has a typical red-viegbur [30]. lon FeG - has
a tetrahedral structure similar to its solid-stgemmetry and four covalent Fe-O bonds.
Potassium ferrate is insoluble in common organigesds. It can be suspended in ether,
chloroform, benzene, alcohols (to 20 % water) arttlero solvents without rapid
decomposition.

Since there is a continuous search for appropriater treatment methods [31-36],
ferrates emerged as a potential alternative forveotional processes due to several
advantages. For example, they are strong oxidantaighout the whole pH range [37].
They have a higher oxidation-reduction potenti@ntiMn(VII)/Mn(IV), Cr(VI)/Cr(ll1)
(Table 2) or commonly used oxidants (e.g. ozondrdgen peroxide, chlorine, perchlorate,
hypochlorite) and can be therefore applied for iatéeon of drinking and wastewater [38,
39]. Ferrates can be photoreduced to Fe(V) to pr@@dm even stronger oxidant than Fe(VI)
[40]. Ferrate(VI) is capable of quickly oxidizingamy toxic pollutants including chemical
weapons [37, 41] however, according to our knowdedgwas never used for oxidizing
highly toxic PAHSs.

Table 2
Reduction potential of Cr(VI), Mn(VIl) and Fe(VIhiagueous solutions [37]

Acidic medium E°[V] Basic medium E°[V]
Cr,0/%/Cr 1.33 CrQ*/Cr(OH); -0.12
MnO,/MnO; 1.67 MnQ/MnO; 0.56
FeQ”/Fe" 2.20 Fe@ /Fe(OH)(s) 0.72

The SEKM (n Czech: system evidence kontaminovanych mist) system,agesh by
the Ministry of the Environment of the Czech Republecords a total of 524 sites
contaminated by PAHs in the Czech Republic, of Whio corrective action has yet been
taken on 117 sites [42]. This was the reason whid$fand in particular B[a]P) were
chosen as model pollutants for testing the decongion efficiency of ferrates.

In this study, ferrates were used for the remov¥aPAHSs, including the most toxic
B[a]P, from the spiked water. A highly pure ferragerchased from Sigma-Aldrich has
been tested but because it was removed from thkemawe have conducted a search for
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a suitable alternative to it (with the same oreatst similar properties). For comparison, in
addition to commercially obtained ferrate sampthe, potassium permanganate was used.
In addition, several reaction intermediates werséband reported herein.

Materials and methods

Chemicals

Highly pure potassium ferrate (> 90 %,H€Q, from Sigma-Aldrich (SA)) and
potassium ferrate (> 55 %,ReQ,, from Santa Cruz Biotechnology, Inc. (SCB)) wesedi
in this study. Further, another ferrate (LAC 03Bduced by Czech company LAC s.r.0.)
was used. ICP/OES analysis of the used ferratgsown in Table 3.

Table 3
ICP/OES analysis of the used ferrates

Concentration of
elements in ferrate SA SCB LAC 035
samples [mg/kg]

Ag <2.0 <2.0 <2.0
Al <4.0 8.25 226
As <4.0 <4.0 <4.0
B < 20.0 <20.0 <20.0
Ba 10.45 2.8 5.82
Be 4,71 1.32 3.03
Ca 14.37 35.8 233
Cd <2.0 <2.0 <2.0
Co <4.0 <4.0 26.6
Cr 1190 35.7 222
Cu <4.0 <4.0 6.42
Fe 323600 82230 276800
K 431300 480600 450900
Li 0.81 0.18 0.50
Mg 1.45 5.32 206
Mn 1830 5.05 55.2
Mo <4.0 <4.0 <4.0
Na 154 5015 638
Ni <20 <2.0 237
Pb < 10.0 <10.0 <10.0
Sh <4.0 <4.0 <4.0
Se <4.0 <4.0 <4.0
Si 180 1202 10
Sn <4.0 <4.0 8.50
Sr 0.21 0.23 0.31
Ti 0.91 0.45 218
Tl <4.0 <4.0 <4.0
\Y <4.0 <4.0 156
Zn 20.2 <4.0 12.4

Content of Fe was determined by elementary anabsi35.7 % (LAC 035). Atomic
Absorption Spectrometry analysis specified contdrdelected heavy metals: 0.0389 % Cr
and 0.034 % Ni (LAC 035).

Stock ferrate solution was prepared by dissolviiffer@nt weights (depending on
ferrate purity and required final FgO concentrations) of the solid sample in cooled, tap
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water. Ferrates are highly inhomogeneous and uesttterefore, precise concentrations
cannot be calculated in advance. Final concentrataf the Fe(VI) stock solutions were
calculated retrospectively after spectrophotometdasurement. All Fe(VI) stock solutions
were prepared just before the experiments (maxnibdtes before).

Benzo[a]pyrene &H, (purity 99.5 %, 10 ng/mfin Acetonitrile) and PAH-Mix 9
(containing 16 PAHs of 98-99.6 % purity, 10 ng/fim Acetonitrile) were purchased in
Ehrenstorfer company.

Supelco PAH Kit 610-N (16 EPA individual PAHs: aepthene, acenaphthylene,
anthracene, benzo[a]anthracene, benzo[a]pyrene, zofigfiuoranthene,
benzo[K]fluoranthene,  benzo[g,h,i]perylene, dibdagganthracene, fluoranthene,
fluorene, chrysene, indeno[1,2,3-cd]pyrene, napétiga phenanthrene, pyrene).

The internal standard of four isotopically labellddAHs (ISTD) was added:
D8 - naphthalene 12.2@g/mn¥, D10 - phenanthrene 10@g/cn?, D12 - chrysene
100 ug/cnt, D12 - perylene 10Qg/cnt. The ISTD stock solution was prepared by mixing
3 cn? of Perylene, 1 cfof Chrysene, 1 cirof Phenanthrene, 3.3 mimf Naphthalene and
10 cn? of Acetone (HPLC grade) in a 20 trial.

The other chemicals used in the experiments werehpsed in the required analytical
grade and were used without further purificatiohe3e include N&O; anhydrous p.a.,
95 % hexane for HPLC and absolute methanol for LAER HPLC, 95 % HPLC for
Chromservis s.r.o. and B8O, anhydrous p.a., KMnpp.a. by PENTA; PAHs and
benzo[a]pyrene were obtained from Dr. EhrenstdBiehH.

Methods

Experiments with spiked water with B[a]P were azdriout in 250 crhreactors.
200 cni of tap water, 20 miof B[a]P, and the ferrate solution (dose 5°cft® cndi or in
several doses) were dispensed to continuouslyedtireactors. The F® concentration
was measured spectrophotometrically in each exeetinThe concentration of B[a]P was
4 -107° uM (equivalent to Jug/dnT). After a certain period, the reaction was stoppgthe
addition of 100 mrhof 1 M NaSO; solution. The solutions were extracted with 4’ @h
heptane and 2 chof methanol (shaking for 60 min at horizontal #rlkhe same day. One
cm® was taken from each extract and 10 hoh ISTD stock solution was added to the
GC-MS/MS analysis. Each set of samples containedraloand base samples. Control
samples were processed in the same way as expéainsamples, without the addition of
B[a]P. The base samples contained the standing tegiped B[a]P without the addition of
ferrate. Experiments were performed in triplicatambient temperature.

Experiments with water-doped PAHs were performe@5@-cni reactors. 200 chof
standing tap water, 20 minof PAH-Mix 9 and finally the ferrate solution (3n¢) were
dispensed to the continuously stirred reactors. ddwcentrations of each PAH in each
reactor were 4 10° uM (i.e., 1 pg/dnT). The Fe@ concentration was measured
spectrophotometrically in each experiment. The dois&MnO, was chosen to suitably
correspond to the added ferrate moles. After aateferiod, the reaction was stopped by
the addition of 100 mfnof 1 M NaSO; solution. A mixture of 4 cfof hexane and 2 ¢
of methanol (shaking for 60 min at horizontal shgikeas used as the extraction agent. One
cm® was taken from each extract and 10 hoh ISTD stock solution was added to the
GC-MS/MS analysis. Each set of samples containaett@loand base samples. The control,
base and experimental samples were processed isatime way as mentioned in the
previous section.
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An experiment to determine degradation productBAifls was performed in two sets
of 17 vials of 20 crhvolume with cap and PTFE coated septa. 16 ahdemi water was
added to all 34 vials. Then several crystals ofidéividual PAHs were added into
individual vials (approx. 1 mg). Samples were simake 1 hour on horizontal shaker. This
was followed by addition of 5 chof ferrate SA stock solution (ferrate set of vjais 5 cni
of demi water (control set of vials). The concetitra of FeQ?™ in the stock solution was
measured spectrophotometrically and correspondetl3® mM. The reaction time was
120 minutes. After this time, the individual filtes were extracted with 5 érof hexane
(shaking for 30 min at a horizontal shaker). Morwne blank was also assigned -
a sample without PAHs or ferrates. Extracts werasueed by GC-MS (full scan mode of
operation).

Analytical methods

Gas chromatography in conjunction with mass spewtoy is currently a common
analytical method that combines the high capillaigs chromatographic separation
capability with detection highly specific for thévgn analyte while allowing information
on the structure of unknown substances. For measnes, a Thermo Trace 1310 gas
chromatograph with a TSQ 8000 mass spectrometér twjile quadrupole (GC-MS/MS)
was used. Automatic dosing of the prepared sampées performed with a 1 mhPAL
LHX-xt autosampler. Fe(VI) concentrations were daieed using a SHIMADZU
UV-1601 UV/VIS absorption spectrometer with a maddasorbance of 1150 Mcm™ at
505 nm [43].

Most PAHs show fluorescent properties after excitatat their characteristic
wavelengths, allowing their selective detection different environmental samples.
Fluorescence measurements do not interact norogesamples, and by-products are not
generated during measurement [44]. Herein we havepared GC analytical technique
with the fluorescent one in order to check theaf#lity of the GC-MS/MS method (Fig. 2).
The fluorescence wavelength at the measuremeihiedBfa]P concentration for excitation
and emission was selected at 297 and 405 nm, tdsggc[45, 46]. The Tecan Spark
Microplate Reader Spectrofluorimeter was used feasnrement.
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Fig. 2. Comparison of spectrofluorometric and GC/MS techniques with B[a]P (mean + standard
deviation contaminated samples). Base (1-3) - matie addition, only dose-4.0" uM of B[a]P
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Comparison of two detection methods to determiree ékact B[a]P concentration,
spectrofluorimetric method and GC-MS/MS on 39 sasghowed very good match in the
results (Fig. 2) [44] and it could be thereforeeiméd that the GC-MS/MS method is highly
reliable and can be used in this study for quantéaletermination of PAHS.

Results and discussion

B[a]P reactivity with ferrate with spiked water

Several ferrate species at different doses werdiegpfp a system containing a tap
water with B[a]P. Based on several studies dematisty the degradation effects of ferrates
on organic pollutants, it was assumed that thistauize should be completely removed
from the reactor [37, 41, 47]. Complete B[a]P realoaccurred only with the application
of highly pure ferrate SA. For the other ferratiesré was only a partial decrease of B[a]P
concentration in the reactors (Figs. 3-5).
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Fig. 3. Comparison of various ferrate SA dosestlier removal of B[a]P (mean + standard deviation).
Time 0 (base) - no ferrate addition, only dosel@* uM B[a]P

When comparing ferrates SA and SCB at doses of taBOuuM, the B[a]P
concentration dropped below the detection limi@2ug/dnT) in both ferrate treatments up
to 120 hours. When the ferrate dose was increaseditnes, the complete degradation of
B[a]P was observed already after 10 minutes oftimacFerrate SA in the concentration of
60 uM, was able to completely remove B[a]P afteniiGutes.

The cheaper, but equally good Czech ferrate alisn@ AC 035) achieved similar
results in the degradation of B[a]P. Neither of theted ferrate samples could degrade
B[a]P to the USEPA [48] limit values. The best defation attempt was achieved with
a single dose of 6QM ferrate, whereas LAC ferrate responded to dedran®[a]P better
than SCB ferrate.

Furthermore, repeated additions of LAC 035 and $&Bates (5 times the same dose
after 1 minute) did not cause better degradatiaihh@fcontaminant (what was expected) but
rather slightly inhibited the degradation of B[al}iPthe reactor compared to single dose
ferrate (Fig. 6).
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PAHSs reactivity with ferrate spiked water

Two types of ferrate were tested in a system coimgitap water to degrade 16 PAHs
(Fig. 7).

100+

[
é 754 N
o
Zg 50
£
;g: 25+ - - -
2 53 222
: o
k ) ; ’b‘v\\‘ r&‘\‘ ﬂ}\‘ ’u‘\& q,b‘\(\ k
F X F X oy < < &o“
N
W Indeno[1,2,3-c,d]pyrene I8 Fluoranthene
B Dibenzo[a,h]anthracene Phenanthrene
Benzo[g,h,i]perylene Anthracene
Benzo[b+k]fluoranthene [ Fluorene
Benzo[a]pyrene Il Acenaphthene
Bl Chrysene & Acenaphthylene
Benzo[a]anthracene Naphthalene
Im Pyrene

Fig. 7. Concentration of individual PAHs after adui of SA and SCB ferrates and KMa@ase - no
ferrate addition, only dose of PAHs (4 ~3j0M) corrected brackets in in the graph

Some studies on water oxidation showed that Fe€dl)ld remove several organic
pollutants (for example benzene, phenol, naphtlealenitrilotriacetic acid) [49, 50].
For comparison, strong oxidizing agent, as a mattiefact, having several similar
properties with ferrates - potassium permangamas,also included.

PAHs with 2-3 aromatic rings were degraded by biettiates within 30 minutes.
Fluorene was found to be the most recalcitrant R&AH was completely removed only by
using the KMnQ after 24 hours. Four circular PAHs, fluoranthemel gyrene were
degraded by ferrate SA within 45 minutes and chrgsafter 6 hours; The SCB removed
these three PAHs after 180 minutes. The only PAHthis group that failed to be
completely removed was B[a]A, the residual conaiin of which remained in the
reactors using both types of ferrates. For PAH withr more cycles, only a partial decrease
in concentration was observed, with B[b+k]F by 1%5 B[a]P - 8.7 %; IND - 15.1 %;
B[g,h,i]P - 24.8 % and DJ[a,h]A by 27.3 % for SCBrge. These results correspond to the
conclusions of several authors, which foreseen itteease of PAHs resistance to
degradation with increase of the PAHs moleculargive{45, 46, 51, 52]. Better results
have been achieved with the SA ferrate, where tmeptete degradation of the most toxic
B[a]P occurred after 24 hours. For other PAHs viitlaromatic rings, the concentration
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decreased of B[b+k]F by 11.7 %; IND - 21.5 %; B[gf - 41.8 % and D[a,h]A
by 28.8 %. The use of the KMn®@xidizing agent was effective after 24 hours anchore
suitable for PAHs with a lower molecular weight:i.@enaphthylene, fluorene, anthracene,
phenathrene (3 cycles), pyrene, chrysene (4 cyéiopcentration of PAHS in the reactors
after 24 hours in presence of two types of ferratesKMnQ is shown in Table 4.

Table 4

Concentrations of PAHs in the reactors after 24&sigupresence of two types of ferrates and KMnO
(control - 100 %)

Individual tested PAHs Initial concentration [%]
contained in the mixture KMnO 4 SA SCB
Naphthalene 11 <1 <1
Acenaphthylene <1 <1 <1
Acenaphthene <1 <1 <1
Fluorene <1 10 8
Anthracene <1 <1 <1
Phenanthrene <1 <1 <1
Fluoranthene 8 <1 <1
Pyrene <1 <1 <1
Benzo[a]anthracene <1 3 3
Chrysene <1 <1 <1
Benzo[a]pyrene <1 <1 1
Benzo[b+K]fluoranthene 4 2 2
Benzo[g,h,i]perylene 4 6 4
Dibenzo[a,h]anthracene 2 4 4
Indeno[1,2,3-c,d]pyrene 1 3 2

Analysis of degradation products - qualitative expgment
It is known that some intermediates and by-prodpotsluced during the oxidation of

PAHSs, especially oxy-PAHs, have toxic and mutagesffects. Some may be even more
toxic than the original parent compound [53]. There, it was necessary to find out what

products are produced during the degradation of $£44ing ferrates.
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As described for fluorene degradation [53], one tb&é major metabolites is
9H-fluoren-9-one. In our experiments, 9H-fluorem®e has been determined as the major
and the most stable oxidation product (Fig. 8).0Alscenaphthylene was identified
(GC-MS, NIST Library) as transformation productagenaphthene.

Other PAH oxidation by-products included in the esments were not detected by
GC-MS/MS.

Conclusion

This paper summarizes the use of ferrates for ramovPAHS (especially B[a]P) in
water phase. It has been shown that ferrates deet@lilegrade PAHSs, as well as B[a]P
itself, whereas the resistance of each PAHs ineseagth their molecular weight. The
effectiveness of the degradation depends both enqtmality of the ferrate and the
way/quantity that it is dosed.

When comparing ferrates SA and SCB at a dose pi8@er reactor, the two ferrates
were able to remove all B[a]P after 120 minutesh# ferrate dose was increased twice,
B[a]P was removed after 10 minutes.

Appropriate alternatives (Czech and foreign) fomomonly used ferrates (that possess
similar properties) have been found. The Czech Blipderrate (LAC 035) degraded
B[a]P better than ferrate SCB at single dose ofiBD Repeated additions of these ferrates
did not improve degradation of B[a]P but slightiibited.

In the presence of ferrate SA, the residual comagah of PAHs after 24 hours was
highest for fluorene and amounted to 10 % of tligalramount. Using the classic oxidant -
KMnQ,, the residual concentration of PAHs after 24 howmas highest for naphthalene,
11 % of the initial amount. Several oxidation proguof PAHs were found i.e.:
fluoren-9-one that was generated from fluorene, awdnaphthylene formed from
acenaphthene.
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