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RESPIROMETRIC ANALYSIS OF BENZO[A]JANTHRACENE INDUCED
INHIBITION ON PEPTONE BIODEGRADATION

SUMMARY

Xenohiatic is a chemicd that is not a norma component of the microorganism in
which it is deected. The term ‘xenobiotic dso covers chemicd, petrochemica
compounds, pedicides and plagics The number of chemicd compounds in the
market is aound 40000 and this number is increesing by 2000 eech year. There are
more than 100000 xenobiotics These compounds have been threstening the
environment more and more due to ther toxic and carcinogenic effects on human
and animd hedth and ther high perdstency in environment and biologicd systems.
Xenohictics are being discharged into the environment after being used as raw
materiad and additive for many indudtria processes. Therefore, assessment of their
toxidty and invedigation of ther effects on trestment sysems have utmost
importance. Furthermore, biologica degradation studies have been focusng on these
compounds due to their low concentrations in the environment which makes their
detection very difficult and the unknown effects on biota and biologicd trestment
systems.

In this study, Benzo[alanthracene (B[a]A) was sdected as the modd compound and
its acute and chronic effects on activated dudge were investigaied. B[aA, as a toxic
and cacinogenic polycyclic aromatic hydrocarbon (PAH), is present in cigarette
anoke, exhaust gas of diesd engines, fire smoke, commercid solverts, etc. B[alA is
one of the 16 PAHSs in the priority pollutants lis of US Environmenta Protection
Agency (USEPA). Acute and chronic effects of B[a]A on activated dudge were
delemined by using convettiond mehods detection of  polyhydroxidkaonates
(PHA), oxygen utlizetion rae (OUR), determination of dominant species and
dehydrogenase  enzyme test. Dehydrogenase enzyme is used for  biologicd
degradation of B[aJA by microorganisms in the activated dudge. The acclimation
dudies were initisted with biomass taken from the Istanbul 1SKI Peasskdy Biologica
Wagtewater Treatment Plant and a fill & draw reactor was operated at a hydraulic
retention time of 1 day and dudge age of 10 days. Before gating with the acute
experiments, the sysem was fed with syrthetic peptone solution (600 mgCODI/L),
which is believed to best represent the municipd wadtewater for 3 months prior.
Different concentrations of B[aJA (0.011, 0.044 ve 0.088 g/lL) were used in the
experiments for the determination of acute effects. Sequencing Baich Reaector (SBR)
operated a two cycles per day was used for the determination of acute effects and a
constant B[a]A concentration (0011 g/L) was added to the system for 21 days. The
modding dudies conducted provided expeimentd daa and information  on
inhibition kinetics described under Modified Activated Sudge Modd No. 3 (ASM3)
through respirometric tests. Experimentd and moddling results reveded thet
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addition of B[a]A affects the amount of PHA gored in the activated dudge, the rate
of storage of PHA and rate of growth on PHA. Another important result is that the
added B[gA during the acute test changed the dominant microorganiam Species in
the activated dudge. In the sysem with no addition of B[gA the dominant Species
was Entrococcus faecalis, whereas in the sysem with addition of B[a]A a Steady
date, the dominant species were Bacillus subtilis, Bacillus atrophaeus and Bacillus
cereus, which are able to biodegrade PAHs. Furthermore, PAH measurements were
mede for the samples taken from influents of two different wastewater treatment
plants on the Asan and European sdes of Istanbul. The totad PAH concentration in
the influent was found to be in the range of 1.3-1.9 mg/L.



PEPTONUN BiYOLOJIK 'OLARAK AYRISTIRILMASI SIRASINDA
BENZO[AJANTHRACENE’NIN SEBEP OLDUGU iNHIiBiSYONUN
RESPIROMETRIK OLARAK BELIRLENMESI

OZET

Zenobiyotik, ortaya ¢iktig1 organizmanin normal bileseni olmayan bir kimyasaldir.
Zenobiyotik terimi ayn1 zamanda kimyasal, petrokimyasal maddeleri, pestisitleri ve
plastikleri de icerir. Piyasada bulunan kimyasal maddelerin sayis1 40.000
civarindadir ve bu say1 her sene 2000 kadar artmaktadir. Yaklagik olarak 100.000'den
fazla zenobiyotik bulunmaktadir. Bu bilesikler, insan ve hayvan sagligini olumsuz
yonde etkileyen toksik ve kanserojen etkileri ve ¢evre ile biyolojik sistemlerdeki
yiiksek dayanikliliklar1 nedeniyle c¢evreyi giderek daha fazla tehdit etmektedirler.
Zenobiyotikler, hammadde ve katki maddesi gibi pek cok endiistriyel {iretim
siirecinde kullanilip, sonrasinda ¢evreye desarj edilirler. Bu nedenle, toksisitelerinin
degerlendirilmesi ve aritma sistemleri lizerindeki etkilerinin arasirilmasi biiyiik 6nem
tasir. Sentetik ve toksik kokenleri, yiiksek miktarlarda tretilmeleri, kanserojen
etkileri ve ¢evrede varliklarim1 uzun siire korumalarindan dolay1 oldukca ilgi
gormektedirler. Ayrica, gevrede zorlukla belirlenebilen diisiik konsantrasyonlari,
canlilar ve biyolojik aritma sistemleri {izerindeki tam olarak bilinmeyen ve toksik
etkileri, biyolojik ayrisma calismalarinin bu bilesikler {izerine odaklanmasina neden
olmaktadir.

Bu caligmada, Benzo[a]anthracene (B[a]A), model zenobiyotik olarak secilmis ve
B[a]A’nm aktif ¢camur sistemi iizerine etkileri akut ve kronik olarak incelenmigtir.
B[a]A, toksik ve karsinojen bir polisiklik aromatik hidrokarbon (PAH) olup sigara
dumaninda, ozellikle dizel araglarin eksoz dumaninda, yangin sonucu g¢ikan
dumanlarda, ticari solventlerde vb. bulunmaktadir. B[a]A, Amerika Cevresel
Koruma Ajans1 (USEPA) tarafindan oncelikli kirleticiler listesinde yer alan 16
PAH’tan biridir. Aktif c¢amur {iizerine B[a]A’nin akut ve kronik etkileri,
konvansiyonel yontemler, PAH, oksijen tiiketim hizi (OTH), polihidroksialkonat
(PHA), baskin tiir tayini ve dehidrogenaz enzim testi uygulanarak belirlenmistir.
Dehidrogenaz enzimi, aktif c¢amurda bulunan mikroorganizmalar tarafindan
B[a]A’nin biyolojik olarak pargalanmasinda kullanilmaktadir. Aklimasyon
calismalar1 ISKi Pasakdy Ileri Biyolojik Atiksu Aritma Tesisi’nden alinan biyokiitle
ile baslatilmig, hidrolik bekletme siiresi 1 giin olan doldur-bosalt reaktorler ¢amur
cas1 10 giin olarak isletilmistir. Akut deneylere baslamadan 6nce sistem 3 ay siire ile
organik madde olarak evsel atiksuyu en iyi temsil ettigi diisiiniilen sentetik pepton
karisimi (600 mgKOI/L) ile beslenmistir. Akut etkinin belirlenmesi amaciyla farkli
B[a]A konsantrasyonlar1 (0,011, 0,044 ve 0,088 g/L) deneylerde kullanilmistir. Kronik
etkinin belirlenmesi i¢in giinde iki ¢evrim ile calistirilan ardisik kesikli reaktor
(AKR) sistemi kullanilmig ve sabit B[a]A konsantrasyonu (0,011 g/L) sisteme 21
gilin boyunca ilave edilmistir. Yiriitilen modelleme ¢aligmasi, respirometrik testler
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araciligiyla Modifiye Edilmis Aktif Camur Modeli No. 3’teki (ASM 3) inhibisyon
kinetikleri hakkinda deneysel veri destegi ve bilgi saglamigtir. Eklenen B[a]A’nin,
aktif ¢amurdaki depolanan PHA miktarlarini, PHA depolama hizlarini ve PHA
tizerinden c¢ogalma hizlarimi etkiledigi deneysel ve model sonuglariyla ortaya
konulmustur. Bir diger dnemli sonug ise kronik test siiresince eklenen B[a]A ile aktif
¢amurda bulunan baskin mikroorganizma tiirlerinin sistemde degistigidir. B[a]A
ilavesiz sistemde Entrococcus faecalis tirii baskin iken B[a]A ile beslenen kararh
sistemde ise PAH’lar1 ve B[a]A’y1 biyolojik olarak parcgalayabilen tiirler olan
Bacillus subtilis, Bacillus atrophaeus, Bacillus cereus tirlerinin baskin oldugu
belirlenmistir. Ayrica, Istanbul’un Avrupa ve Anadolu yakalarinda bulunan iki farkl
atiksu aritma tesisi giris atiksularinda PAH olclimleri gerceklestirilmistir. Giris atik
suyunda PAH konsantrasyonu 1,3-1,9 mg/L araliginda bulunmustur.
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1. INTRODUCTION

Biodegradation of xenobiotic compounds ae of grest concern in recent years.
Sources of these compounds are chemicads, which are commercidly avalable in
increesing amounts, and manly indudrid activities tha end up with discharges to
the environment after they are used as raw materids or additives.

Because of ther synthetic and toxic origin, production in high amounts,
cacinogendtic effects, and persgence in the environment, they receive consderable
dtention. Studies on the biodegradability of such substances receive high atention
from the scientific community focusing on the facts that they are not easily detected
in the environment due to therr low concentration, and it is possble that they may
have unknown and toxic effects on organisms and biologicd trestment systems.

The am of the dudy is to invedtigate the enzymatic effect of a xenobiotic named
Benzo[g]anthracene (B[a]A), which is a PAH. The PAHs can dso enter the
environment from the spilling of minerd o tar oils, which can pollute soil and water.
PAHs are present in ar as vgpors or stuck to the surfaces of smdl solid particles.
They can travd long disances before they return to earth via ranfdl or partice
stling. Some PAHs evaporate into the amosphere from surface waters. However,
most dick to solid particdles and sdtle to the bottoms of rivers or lakes. The number
of benzene rings makes aso the biodegradetion possble to be faster than PAHS with
more than four rings.

The PAHs in activated dudge manly originate from; human waste, household
digposd, as wdl as from ranfdl which drains arborne pollutants and road surface
dirt. Their presence in activated dudge is of great concen due to the possble
bioavalability of these toxic compounds.



Acute and chronic effect of the B[a]A were investigated. For the investigation of the
acute effect, Fill&Draw (F&D) reactor was operated with different B[a]A loads. For
the invedigation of the chronic effect, Sequencing Batch Reactor (SBR) was
operated with a fixed B[aA load. Respirometric method was gpplied to investigate
the effects observed from both of the F&D and SBR operations. Additiondly, the
storage compound PHA was measured. Kinetic and stoichiometric coefficients were
determined with ASM 3 model Aquasm software was used.

1.1 Purposeof theThesis

In this study, activated dudge, taken from a biologicd treatment plant in Istanbul,
was used for the dudying a sdected xenobiotic, namey, B[g/A from Huka
Activated dudge operated a a dudge age of 10 days and fed with peptone synthetic
wadtewater having smilar charecteriics of domestic sawage. This process was
performed to investigate the reference behavior of activated dudge without B[aA
addition to wastewater. Acclimation to B[a]/A was monitored through respirometric
dudies. In pardld, dehydrogenase enzymetic tedt, quantitative anadyses of PAH,
dorage products, chemicd oxygen demand, and some other conventiond parameter
andyss were measured.  One sample from Day 21 (without B[aJA) and one sample
from Day 21 with B[aA were taken for species identification with FAME method
after seady date was established during the operation of the SBR. Furthermore, 16
individud PAH andyss wee performed with HPLC in for samples taken from two
different trestment plants in Istanbul.



2. XENOBIOTICSAND PAHS

2.1 Definition of Xenobiotics

A Xenobictic is a chemicd (or, more generdly, a chemicd mix) which is not a
normad component of the organiam which is exposed to it [1]. Xenobictics are
understood as subgances foreign to an entire biologicd sysem, ie atificd
substances, which did not exist in nature before their synthess by humans. The term

[377? (bios, vios) = life, plus the Greek auffix for adjectives -t?7??, -?, -? (tic) [2].
Xenobiotic can dso cover subgdances, which ae present in much higher
concertrations than are usud. Specificaly, drugs such as antibiotics are xenobiotics
in humans because the human body does not produce them itsdf, nor are they part of
anorma diet.

Natura compounds can dso become xenobiotics if they are taken up by another
organism, such as the uptake of naiurd human hormones by fish found downstream
of sewage trestment plant outfals, or the chemicd defenses produced by some
organisms as protection againg predators. The xenobiotic term incdludes not only
dugs and carcinogens but dso chemicds, petrochemicds, pedicides and pladtics It
is gengdly used for phenolic compounds, dioxins polychlorinated biphenyls and as
ther effect on the biota The number of chemicds which ae commercidly
avalable, is about 40000 with an increese of 2000 number in each year. There are
goproximately more than 100000 xenobiotics These compounds ae of riSng
environmentd concern; due to their toxic and carcinogenic effects, adverse hedth
effects to humans, animds high perdgence in the environment and biologicd
gysems. Xenobiotics are used in many indudtrial production processes as raw
materids or additives and end up in waste dreams, which are eventudly discharged
into the environment. Thus, the assessment of thar toxidty and the evduation of



their effects on the tretment sysems ae of grest dgnificance. Difficulty in
determination of xenobiotics exids due to vey low concentrations in the

environment [3-4].

2.2 Sour cesof Xenobiotics

Xenobiotics are introduced to the environment by ether domedic discharges or
indudriad  discharges  Xenobictics originate from variety of sources induding
indugrid discharges, pedicide gpplications, formation of unintentiond  by-products
through low temperature combugtion and herbicide production, pharmaceuticals and
persond care products, use of household chemicads, ranfadl runoff, waer from
amospheric washout, traffic emissons and eroson of building materids B, 5. PAH

wasteweter is one of the important sources of xenobiatics in the environment [6].

2.3 Definition of PAH

Polycyclic aromatic hydrocarbons (PAHs), which are a class of xenobictic, ae
unique contaminants in the environment because they are generated continuoudy by
the inadvertently incomplete combustion of organic maiter [78]. PAHs include 70
naiurd and anthropogenic organic compounds condituted by arometic rings, ranging
between two and seven, and manly derived from petroleum activities. In the
20" century, there was a great increase of anthropogenic production of PAHSs by
combugion of fossl fud. Besde of predominatiing anthropogenic sources eg. road
traffic and combustion of fossl fuels there are dso naurd sources, eg. volcanic
eruptions and forest fires. PAHs consst of fused benzene rings in linear, angular or
cdudered arangements and contan by definition only cabon and hydrogen aoms
However, nitrogen, sulfur and oxygen atoms may readily subditute in the benzene
rings to form heterocyclic aromatic compounds, which are commonly grouped with
the PAHS[8].

Due to their toxicity, 16 PAHs were listed by U.S. Environmenta Protection Agency
(USEPA) as priority pollutants, which should be monitored in aguatic and terrestriad
ecosystems. 16 PAHslisted by USEPA shown in Figure 2.1 [9].
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Figure 2.1 : Structures of the 16 US-EPA PAHSs[6].

Furthermore, PAHs subgtituted with akyl groups are normaly found together with
the PAHSs in the environment. The whole group of PAHs and rdated compounds are
sometimes referred to as polycyclic aromatic compounds (PACs). PAHs have been
thoroughly sudied due to ther toxicity, persgency and evironmenta prevaence
[10-12.

The synonyms, chemical formula, CAS regidries, EPA hazardous waste codes and
OHM/TADSwere given in Table 21.



Table 2.1 : The synonyms, chemicd formula, CAS regidtries, EPA hazardous waste
codes and OHM/TADS properties of PAHs [6-7, 13-14].

Synonym(s)

Chemica
formula

CAS
registry

EPA
hazar-

dous
waste

OHM/TADS

Acenapthene

Acenaphthylene
Anthracene

B[aA

B[a]F

Benzo[b]fluoranthene

Benzo[K]fluoranthene

Benzo[g,h,i]perylene

Benzo[j]fluoranthene

Crysene

Fluoranthene

Phenanthrene
Pyrene

Dibenz[a,h]anthracene

1,2-Dihydroacenaphthylene
1,8-dihydroacenapthdine
1,8-ethylenenapthalene
1,2-dihydroacenapththylene
Cyclopenta[d,e]naphtlhalene
Anthracin,

Green ail,

Tetraolive NZG,
Antracene ail
Benz[a]anthracene,
1,2-benzanthracene,
Benzo[ b] phenanthrene,
2,3-benzophenanthrene,
tetraphene
Benzo[d,ef]chrysene,
3,4-benzopyrene,
3,4-benzpyrene,
Benz[a]pyrene,

BP

3,4-Benz| €] acephenanthrylene,
2,3-benzfluoranthene,
3,4-benzfluoranthene,
Benzo[€]fluoranthene
8,9-Benzfluoranthene,
8,9-benzofluoranthene,
11,12-benzofluoranthene,
2,3,1,8-binaphthylene,
Dibenzo[b,j,K]fluorene
1,12-Benzoperylene

BPE
10,11-Benzofluoranthene,
Benzo-12,13-fluoranthene,
Dibenzo[a,j,k] -fluorene,
7-8,benzofluoranthene,
B[j]F
1,2-Benzophenanthrene,
Benzo[a]-phenanthrene,
1,2-Benzphenanthrene,
Benz[ a phenanthrene,
1,2,5,6-dibenzonaphtha ene
Ortho,Biphenylene methane,
Diphenylenemethane,
2,2-methylene biphenyl,
2,3-benzidene
Phenanthren

Benzo[d,e f]phenanthrene
8-pyrene

Dibenz[a h]anthracene,
DB[ah]A,

DBA,

Dibenz[a)anthracene

CreHp

CioHe

CuHyp

CgHp

CaHp

CaoHp

CoHp

CxHp

CaHp

CgHp

CHyp

CiH1o
CieH1o

CzHy

82-29-9

208-96-8
12C-12-7

56-55-3

50-32-8

208-99-2

207-08-9

191-24-2

208-82-3

218-01-9

85-01-8
129-00-00

53-70-3

No date

No date
No date

uo18

U022

No date

No date

No date

No date

uos0

No date

No date
No date

U063

8200126

No date
82001222

8200123

No date

8200124

8200125

No date

No date

No date

No date

Nodata
No date

No date




Table 2.1 : (contd) The synonyms, chemicd formula, CAS regidries, EPA
hazardous waste codes and OHM/TADS properties of PAHs [67, 13
14].

Chemicd : EPA hazardous
Synonym(s) formula CASregistry waste OHM/TADS

Indeno[1,2,& Indenopyrene, CxHyp 193395 U137 No date

cdpyrene IP,
Ortho-phenylene,

1,10{orthophenylene] pyrene

1,10{1,2phenylen€]pyrene

2,3-ortophenylene pyrene
Nephthdene Albocarbon; CioHs 91-203 No data No data

Camphor Tar;

Dezodoretor;

Mighty 150

Mighty RD1;

Moth Bals,

Moth flakes,

Naftden;

The increase in the hydrophobicity and dectrochemicd Sability is associated with an
increase in the number of benzene rings and angularity of a PAH molecule. The high
molecular weight (HMW) PAHs are more persstent and recdcitrant than the low
molecular weight (LMW) PAHs. The dability and didribution of the PAHs in the
naturd environment is influenced by the configurdion of the aomatic rings,
physicachemica properties [12, 15-16].

LMW PAHs are much more water soluble and volatile than ther HMW rdatives,
while the HMW PAHs show higher hydrophobicity then the LMW compounds. The
difference in hydrophobicity is dso reflected by the octanol-waer partitioning
coefficient (Kow) and soil organic carbon coefficient (Koc) shown in Table 2.2,
These physico-chemicd propeties largdy determine the environmentd behavior of
PAHs, and indicate that transfer and turnover will be more rapid for LMW PAHSs
than for the heavier PAHS[12].

Table2.2 : Chemicd and physical properties of the 16 USEPA PAHs[1217].

Water Vepor
Naphthalene 2 128 31 1.0x107 337 -
Acengphthylene 3 152 16 9.0x10* 4.00 1.40
Acenaphthene 3 154 3.8 3.0x10" 3.9z 3.66
Fluorene 3 166 1.9 9.0x10* 4.1€ 386
Phenanthrene 3 178 1.1 2.0x10? 457 415
Anthracene 3 178 0.045 1.0x10° 454 415
Pyrene 4 202 013 6.0x10* 5.18 458
Fuoranthene 4 202 0.26 1.2x10° 5.22 458
BldA 4 228 0011 2.8x10° 5.91 5.30
Chrysene 4 28 0.006 5.7x107 5.91 530
Benzolb]fluoranthene 5 252 00015 - 5.80 5.74
Benzo[K]fluoranthene 5 252 0.0038 5.2x10° 6.0C 5.74
B[dP 5 252 00038 7.0x107 5.91 6.74
Dibenzo[ah]anthracene 6 278 0.0006 3.7x10% 6.75 6.52
Indeno[1,2,3cd] pyrene 6 276 0.00019 - 6.50 6.20
Benzo[g,h,i]perylene 6 276 0.00026 1.4x10° 6.5 6.20




2.4 Sour cesof PAHs

PAHs enter the environment mostly as releases to ar from volcanoes, forest fires,
resdentid wood burning, cod tar, creosote and exhaust from automobiles and
trucks. They can dso enter surface water through discharges from indudrid plants
and wastewater trestment plants, and they can be reeased to soils at hazardous waste
stes if they escape from dorage containers. PAHs enter dso human through food

SOurces.

In many dudies, the sources of PAHS in vaious environmentad samples have been
quditativdly determined by the various molecular diagnodic ratios For example a
widdy used concentration retio is the anthracene (Ant)/[Ant + phenanthrene (Phe)],
ad if this is lower than 0.0, it is teken as indicaive of nontbumnt fossl fud,
wheress if this ratio exceeds 0.10, this suggests combugtion sources. Similarly, many
other ratios exig (Table 2.3), and are used to reved petrogenic or pyrogenic origin,
fud or wood combustion or traffic related sources [18 20].

Table 2.3 : Characteristic PAH molecular diagnogtic ratios [18, 20].

Petrogenic Pyrogenic
Ant/(Ant + Phe) <0.1 >01
B[a]A/(B[a]A + <0.2 >0.35
Chr)
FIt/(FIt + Pyr) <04 >04
IP/(IP + BPE) <02 >0.2

Fuel combustion Grass/coal/wood combustion

Flt/(Flt + Pyr) 0.40.F >05
IP/(IP + BPE) 0.2-0.5 >05

Non-traffic Traffic
B[a]P/BPE <0.6 > (0.6

Some researchers used these ratios for the characterization of sources of PAHs
ending in the sawage dudge [20- 22]. The researchers of the present correspondence
clam that such use is not gppropriate based on two main reasons (1) The mixing and
homogenizetion that tekes place during the transportation of wastewaters, (2) The
treetment that the wastewaters undergo a the various treatment steps. These two
parameters will be discussed to prove the aforementioned datement about the
improper use of PAH molecular diagnodic ratios in sewage dudges. Wastewater
mixing and homogenizetion AWWTP may receive municipd, domedtic, or indudrid
wastewater, effluents from smal business (eg. car washing) or medicd fadlities

plus dreet runoff, drainage water, wet and dry depostion from the amosphere.



Furthermore, big WWTPs may receive effluents from entire cities, thus from places
that are very far from each other, and where different PAH sources may exist [20,

23.

The rdease of PAHSs into the environment is widespread since these compounds are
ubiquitous products of incomplete combustion. PAHs have been detected in a wide
vaigty of environmentd samples induding ar, oil, sediments, water, ails, tars and
foodstuffs Indudrid activities, such as processng, combustion and digposd of fossl
fuds, are usudly associated with the presence of PAHs a highly contaminated Sites.
PAH contamination on indudrid gStes is commonly associated with spills and lesks
from dorage tanks and with the conveyance, processing, use and disposa of these
fud/oil products [15, 24-37).

2.4.1 Air

The primary natural sources of arborne PAHs are forest fires and volcanoes. The
resdentid burning of wood is the largest source of atmospheric PAHS releases are
primaily the result of inefficdent combugion and uncontrolled emissons. Other
important  dationary  anthropogenic  sources  include  indudrid  power  generation,
incneration the production of cod tar, coke, and asphdt, and petroleum cataytic
cracking [6].

Environmentd tobacco smoke, unvented radiant and convective kerosene space
heeters, and gas cooking and heeting gppliances may be important sources of PAHS in
indoor ar. Stationary sources account for about 80% of totd annua PAH emissons,
the rest are from mobile sources. The mogt important mobile sources of PAHs are

vehicular exhaust from gasoline and diesd-powered engines [6, 12, 16].

2.4.2\Water

Pest, cod, and petroleum are reatively rich in complex assemblages of PAHs. These
compounds reach aquic environments through Municipd wastewater discharge,
urban gorm water runoff, runoff from cod dorage aress effluents, from wood
treatment plants and other indudries, al slls, and petroleum pressng. In 1987, it
was estimated that spilled petroleum contributes 1.7x10° tones of PAH to aguatic
environments eech year. This source ovewhedms dl others in terms of globd inputs
[6, B).



The explodon in the Deepwater Horizon on 20 April 2010 was the largest marine ol
soill in the higory of the petroleum indugry. Onl5 Juy 2010, the lesk was stopped
by cgping the gushing wedlhead after rdessng about 4.9million bards
(780x108 m®) of crude oil. It was estimated that 53000 barrels per day (8100 m?d)
were escgping from the well just before it was capped. It is believed that the daily
flow rate diminished over time, dtarting a ebout 62000 barrels per day (900 m¥d)
and decreesng as the reservoir of hydrocarbons feeding the gusher was gradudly
depleted [39].

2.4.3 Wastewater sand sewage sludge

Indudrid and domedic wastewaters are rich in PAH. Secondary sewage treatment
removes some PAH, but most are released to aguetic environments through sewage
treestment plant outfdls. It was noted that untreated, raw sewage contains 100 to 500
ppb totd PAHs and sawage dudge contains 200 to 1750 ppb and storm water runoff
from urban aress and highways accounted for 71% of the high molecular weight
PAHSs [39].

2.4.4 ol

Mog of the PAHSs in soil are bdieved to result from atmospheric deposition after locd
and longrange trangport. The presence of PAHSs in the soil of remote regions from
any indudrid attivity supports this contertion Other potential sources of PAHS in
s0il indude dudge disgposa from public sewage treetment plants, automotive exhaud,
irrigation with coke oven effluent, leachate from bituminous cod dorege sStes, and
ue of il compost and fetilizers The principd sources of PAHs in soils dong
highways and roads are vehicular exhausts and emissons from wearing of tires and
asphalt. PAHs may dso be released to soils a concentrations above background and
landfill dtes and indudrid gtes induding creosote  production,  wood-preserving,
and coking plats. Soils a the stes of former manufactured gas plants ae dso
heavily contaminated with PAHS[{.

2.4.5 Food sour ces

Foods normdly containing microgram quantities of PAHs. Foods found to
contain minute quantities of B[aA, benzdj] fluoranthene, B[aP,
dibendah]anthracene, or indeng[1,2,3-cd]pyrene indude  smoked, barbecued, or
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charcod-broiled foods, vegetables and vegetable oils, margarines, roast coffee and
coffee powders, fresh sausages, cereds, grains, flour, breads, meats, sesfood, fruits,
processed foods, and beverages. PAHs have been detected a low levels in some
drinking water supplies as well as in fresh and seawater in the United States [41].

2.5 Sourcesof B[a A

B[aA is found in gasoline and diesd exhaudt, cigarette smoke and smoke condensate,
amino acid, fatty acid, and carbohydrate pyrolyss products, cod tar and cod tar pitch,
agphdt, soot and smoke, wood smoke cod combugion emissons commercial
solvents, waxes, mineral oil, and creosote [13.

2.6 Toxicity of PAHs

PAHs are consdered as important environmental pollutants snce many of the
compounds in this group ae of mgor concern to environmenta agencies and
resserchers worldwide due to their mutagenic, toxic, genotoxic and carcinogenic
properties depending upon the number and configuration of the benzene rings and the
presence and pogtion of ther subdtituents [12, 14, 24, 41-44).

The lipophilicity, environmentd perssence and genotoxicity increese as the
molecular size of PAHSs increases up to 4 or 5 fused benzene rings and toxicologica

concern ghifts towards chronic toxicity, primarily carcinogenesis (Figure 2.2) [16].

PAHs have : (1) chronic hedth effects (carcinogenicity); (2) microbid recacitrance
(® high bicaccumulaion potentid; and (4) low removad effidencdes in traditiona
treatment processes. Higher molecular weight four -to seven-ring PAHs ae highly
mutagenic and carcinogenic, and lower molecular weight two -to three-ring PAHS,
dthough less mutagenic, can be highly toxic. Carcinogenic PAHs refer to
fluoranthene, pyrene, B[alA, chrysene benzo[bjluaranthene, benzo[K]fluoranthene,
B[aP, dibenzojahlanthracene, benzo[ghijperylene  and  indeno[1,2,3-cd]pyrene.
Non-carcinogenic PAHs refer to naphthaene, acengphthylene,  acenapthene,
fluorene, anthracene and phenanthrene [45]. In many cases the parent compounds are
rdativdy inet, but the metabolites exert toxicity. Low molecular weight PAHS,
dominant in fossl fud assemblages, ae more labile and readily volalize into the
atmosphere from the ar/water interface [46].
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Figure 2.2 : Chemica structures and toxicological characteristics of PAHS[16].

Many PAHs contan a ‘bay-region’ as wel as ‘K-region’, both of which dlow
metabolic formation of bay and K-region epoxides, which ae highly reective
Carcinogenicity has been demondrated by some of these epoxides. Therefore, many
PAHs ae conddered to be environmenta pollutants that can have a detrimentd
effect on the flora and fauna of affected habitats, resulting in the uptake and
accumulation of taxic chemicas in food chains some indances and serious hedth
problems and/or genetic defects in humans [47-48].

PAH mixtures lead to tumors of the respiratory tract after inhdation and to skin
tumors after dermd gpplication [49]. It has long been known that PAHs can
have srious ddeterious effects to human hedth, with the physcian John Hill firgt
recognizing the link between the use of snuff and nasal cancer in 1761 [50].

The relative toxicity of PAHs can be measured usng LDsy vaues (the letha dose in
50% of cases). These are expressed as milligrams of toxic materid per kilogram of the
subject's body weight that will cause desth in 50% of cases. It is important to specify
the route by which the toxic maerid was adminisered to the test animd (such
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as ord or intrgperitoned), and the anima upon which the toxic materid was tested
(i.e. rat, mouse). The LDy vaues of some representative PAHsS were given in Table
24 [52)].

Table2.4 : LDy vaues of some representative PAHS toxidity of end-products [S0].

Material LD, value (mg/kg) Test subject Exposure route
Naphthalene 53:-710 Maeffemale mice respectively Orad
Phenanthrene 750 Mice Ord
Anthracene > 430 Mice Intraperitoneal
Fluoranthene 100 Mice Intravenous
Pyrene 514 Mice Intraperitoneal
B[a]P 232 Mice Intraperitoneal

Acute toxicity causes observable physologicd lesons and is usudly messured by
mortdity. PAH can interact with cdls in severd ways to cause toxic responses.
Potentidly impacted and important intracellular organdles include lysosomes, which
contain drong enzymes important in intracelular  digesion of complex organic
molecules and in the immune response. The lower molecular weight, unsubdtituted
PAH compounds, contaning 2 or 3 rings such as ngphthdene, fluorene
phenanthrene and anthracene have dgnificant acute toxicity to some organisms,
wheress the higher molecular weight, four to seven ring aromatics, do not. However,
these heavier molecules contan numerous potentidly carcinogenic and mutagenic
intermediates [51].

For agudtic organisms, acute toxicity is edtablished in test of generdly 48 to 96 hrs,
sometimes up to 168 hrs (7 days). Chronic toxicity is more difficult to measure than
acute toxicity. Chronic dress causes reduced scope for growth and  reduced
reproductive capacity, which can have long term consequences for populaions of
agudic species In addition to direct physologica dress there is a potentid for the
high molecular weight PAHs to form carcinogenic, mutagenic and teratogenic
compounds during metabolism by crustaceans and vertebrates [51].

An oveaview of freshwater and maine toxicity testing in an ecotoxicologicd
perspective for selected groups of PAH was given in Table 25
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Table 2.5 : Comparison of ecdoxicty threshold concentrations (nmg/L) for PAH

compounds [51].

Compound Ecotoxicity treshhold (mg/L)
Naphthaene 10
Acenaphthylene 60
Fluorene 125
Anthracene 6.6
Phenanthrene 8
Pyrene 91
Fluoranthene 38
B[a]A 5
B[a]P 5
Benzo[k]fluoranthene 0.2

2.7 Toxicity of B[a]A

The quantum mechanicd caculaions predicted that a leest one of the metabolicaly
possble diol epoxides of each of the highly carcinogenic hydrocarbons should be
highly reactive and tha "bay region” diol epoxides of wesk or noncarcinogenic
aomdic hydrocarbons should be genegrdly less reective than the corresponding diol
epoxides of the more cacinogenic hydrocarbons. In 1997, it was synthesized
Oerivdives of B[a]A in order to tedt the predictions of the cdculaions [52]. The
cdculated DEggoc vaues for formaion of carbonium ions from the respective diol
gpoxides (usng the modd previoudy discussed) differ greetly, with the 34-diokl 2-
epoxide ("bay region” epoxide) being predicted to be the modt reactive The
experimenta  gpproach involved, firs, synthess of the dihydrodiol derivatives of
B[a]A and an examination of ther ability to be metabolicdly activaied to mutagenic
soecies (presumably diol  epoxides). The results of the metabolic activaion
confirmed the expectations of the cdculaions. The metabolites of B[aA 34
dihydrodiol caused more then ten times as many mutations in S, typhimurium drain
TA 100 as did metabolites from the other dihydrodiols. Secondly, it was fdt
important to synthesize the diol epoxide derivaives of the dihydrodiols snce smilar
rates of converson of the dihydrodiols to the diol epoxides cannot be assumed, and
knowledge of the intringc mutagenicity of the diol epoxides toward S typhimurium
drain TA 100 was desired. Thus far, the diasereomeric diol epoxides derived from
B[a]A 34-dhydrodiol, B[a]A 89-dihydrodid ad B[a]A 10,11-dhydrodidl have
been synthesized, dthough the corresponding derivatives of B[a]A 1,2 dihydrodio
have duded prepadion. The results of the teging of the
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mutegenicity of the B[a]A dd epoxides were gratifying [53]. The diol epoxides
derived from B[a]A 89 and 1011-dihydrodidls had only 3-7% of the mutagenicity
of the diol epoxides derived from B[a]A 34-dihydrodiol. Further, the differences in
mutagenicity between the dructural isomers were much grester than the differences
in mutagenicity between the diastereomeric pairs of diol epoxides (in which the
oxirane oxygen can be dther cis or trans- to the benzylic hydroxyl group). The latter
reults suggest that the neglect of dereochemistry that is inherent in  the
perturbationd molecular orbitd cadculations may not be a serious deficiency. An
atempt to corrdlate the redive approximete carcinogenic potency of the parent
hydrocarbons with the highest vaue cdculated for DEggo for potentid diol epoxide
metabolites of the hydrocarbon was farly successful, but some exceptions were
obsarved that emphasize the limitations inherent in such an approach. For example,
the highest vdue of DEgo: for dibenzo[ah]anthracene is 0.7383 wheress the highest
vaue of DEgo for B[a]A is 0.7663, dthough it is known that dibenzo[ah]anthracene
is a more potent carchogen than is B[a]A. Whether the different biologica activities
ae a conseguence of metabolism differences, with dibenzo[ah]anthracene being
converted to a grester extent to the (cadculaed) criticd diol epoxide or whether the
cdculdions are deficient are quedtions that remain to be answered. Further, the "bay
region’ diol epoxide of benzo[anaphthacene is caculaed to be exceptiondly
reactive (DEgo = 0.84613), but the parent hydrocarbon is non carcinogenic. Again, it
is possble ather that little, or no, metabolism occurs to produce the "bay region" diol
epoxide, or that the cdculaions ae deficent. Fortunatey, these and gmilar
questions are amenable to experimental test [52, H4].
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The ECso, LCsy, ECyo and ECy vaues of sdected PAH, B[alA, for the acute effect
on different gpecies weregiven in Table 2.6

Table 2.6: The toxicity of B[a]A [55-56].

L Cy and ECsy values measured with aquatic bioassays mg/L
Microtox (ECso—30 min) 0.056
Daphnia (EC5,—48 h) 014
Ceriodaphnia (ECs—7d) 0.022
Algae (EC50—3 d) 0.010
Daphnia (ECg- 96 h) 001
Pimephales promelas(L Cx - 65 h) 0.0018
In thecontaminated soil, corresponding to the concentration
inducing 50% lethality (L Csp) of invertebrates, and theeffective Ik
concentrationsreducing by 10% invertebratereproduction (EC 1) myrkg
or by 20% plant growth (ECy)
Collembola (28 d) LCsx (survive) 5
ECuo (reproduction) (14 d) 7
Earthworm LCx (survivd) (28 d) 170
EC 10 (cocoon) 10
Plant (17 d) ECx (growth) 5

2.8 PAH Risk Assessment

Overdl, there are two primary approaches to risk assessment of PAH fractions. The
firs method is cdled Individud PAH method (IPM) or toxic equivaency factor
(TEF). This approach firs esimates the potency of B[gP and then express the
environmentd levels of other PAH as ‘B[aP equivaents’. In order to esimate the
potency of a PAH fraction of a mixture, the totd number of B[g]P eguivdents of the
mixture is multiplied by the potency for B[alP. The result is numericdly equivdent
to summing up risks dtributeble to individua PAH in the mixture (Table 2.7). An
dternative gpproach (Whole Mixture Modd or WMM) estimates the potency of a
PAH fraction of the mixture as a whole. The modd assumes tha the potency of the
PAH fraction of a mixture is proportiond to the B[a]P content of the mixture. The
potency of the fraction is given by the product of the B[aP content of the mixture
and the typicd potency of the PAH fraction of the mixture [57].

16



Table 2.7 : Compaison of relatve potencies of PAH developed by different
agencies. Relative potency of an individud PAH is the ratio of its

potency of B[a]P[16, 57-60.

PAH MOE [58] CEPA [59] USEPA [16] CalEPA [60]
Anthracene 0.28 0.1
B[aA 0.014 0145 0.1
B[a]P 10

Benzo[b]fluoranthene 0.11 0.06 0.167 0.1
Benzo[ €] pyrene 0.0 0.01
Benzo[g,h,i]perylene 0.012 0.01
Benzo[j]fluoranthene 0.045 0.05 0.1
Benzo[k]fluoranthene 0.037 004 0020 0.1
Chrysene 0.026 0.0044 0.01
Dibenzo[a,h]anthracene 0.89 111
Dibenzo[a,h]pyrene 12

Fluoranthene 0.01
Indeno[1,2,2-cd] pyrene 0.067 012 0055 0.1
Pyrene 0.0 0.1

2.9 Fateof PAHs

The perastence of PAHSs in the environment is dependent on a variety of factors, such
as the chemicd structure of the PAH, the concentration and disperson of the PAH and
the bio avalability of the contaminant. In addition, environmentad factors such as ol
type and sructure, pH and temperature and the presence of adequate leves of
oxygen, nutrients and water for the adivity of the pollutant-degrading microbid
community will control the time that PAHsS perss in the environment. The
schematic representation of environmental fate of PAHS given in Figure 2.4 [47].
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and biotechnology

' Microbial ecology
Genetically engineened microorganisms
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Figure 2.4 : Fae, toxicity and remediation of PAHs from the environment [47].
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PAHs are degraded by photo-oxidation and chemical oxidation [61], but
biological transformation is probably the prevailing route of PAH loss [24,
62]. The most important degradetive processes for PAHs in the marine environment
ae photooxidation, chemicd oxidation, and biologicd trandormaion by bacteria
and animds [51].

2.9.1 Air

PAHs are present in the atmosphere in the gaseous phase or sorbed to particulates.
The phase digribution of PAHs in the amosphere is important in determining ther
fate because of the difference in rates of chemica reactions and transport between the
two phases. The phase digribution of any PAH depends on the vapor pressure the
atmospheric temperature, the concentration and the &finity. In genera, PAHS having
two to three rings (naphthdene, acenaphthene, acengphthylene, anthracene, fluorene,
phenanthrene) are present in air predominantly in the vapor phase. PAHSs that have
four rings (fluoranthene, pyrene, chrysene, B[alA) exig both in the vapor and
paticulate phase, and PAHs having five or more rings (B[a]P, benzo[g,h,i]perylene)
are found precbminantly in the patide phase The raio of paticulae to gaseous
PAHSs in ar samples collected in Antwerp, Belgium, was 0.03 for anthracene, 0.49
for pyrene 315 for summed B[a]A ad chrysene, and 115 for summed
benzo[&]fluoranthene and benzo[b]fluor anthene [6].

The semivolatile nature of the LMW PAHs means tha they exis in the atmosphere
patly as vapors and ae therefore highly susceptible to atmospheric degradation
processes. Similarly, in agueous environments, the LMW PAHs are patly dissolved,
meking them highly available for various degradation processes. The HMW PAHSs
on the other hand, are primarily associated with particdes in the amosphere and
water, and are therefore less available for degradation [9].

2.9.2 Water

In water, PAHs evaporae, disperse into the water column, become incorporated into
bottom sediments concentrate in  aguetic biota, or experience oxidaion and
biodegradation [51].

PAH compounds tend to be removed from the water column by volatilization to the
amosphere, by binding to suspended particles or sediments, or by being accumulated
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by or sorbed onto aquatic biota. The transport of PAHS from water to the atmosphere
via voldilization will depend on the Henry's law condants (Hs) for these
campounds. The low molecular weight PAHs have Henry's law congants in the
range of 10°-10° atm-m*mol; medium molecular weight PAHs have congtants in the
10° range; and high molecular weight PAHs have vaues in the range of 10°-10%,
Compounds with vaues ranging from 10° to 10° ae assodiated with significant
volatilization, while compounds with vaues less than 10° volatilize from water only
to a limited extent. Hdf-lives for voldilization of B[a]A and B[aP (high molecular
weight PAHs) from water have been estimated to be greater than 100 hours L ower
molecular weight PAHs could be subgantidly removed by voladilizetion if suiteble
conditions (high temperature, low depth, high wind) were presert. Haf-lives for
voldilization of anthracene (a low molecular weight PAH) of 18 hours in a stream
with moderate current and wind, versus about 300 hours in a body of water with a
depth of 1 meter and no current. Even for PAHs susceptible to voldilization, other
processes, such as adsaption, photolyds or biodegradation may become more
important than volailization in dow -moving, deep waters [6].

2.9.3 Treatment plants

In case a parsgent xenohiatic is the sole carbon source in a system, it is not adle to
be utilized by biomass Biomass remans intact with the xenobiotic without growth
corresponding to prolonged lag period. The compound is not ale to be degraded
until there is a biochemicd adjusment and induction. These processes conditute
acclimation procedure. During  accimation procedure, biomess initidly has no
degradetion cagpecity. As the time proceeds, it gains gradudly acquisition capacity of
degrading the perssent organic compound. The contact time of biomass and the
xenobiotic have an important role in acclimation period [50.

In mixed cultures, acclimation to an organic compound can be dther a reult of the
section of specidized organisms Moreover, it was shown that, the acclimation
cgpacity was reated to the genetic informaion within biomass. In oil, the
degradability of organopollutants is depended on severd factors including essentid
subgtrate supply such as C, N, P, S, favordble sate of externd conditions including
Oy, HXO, pH, temperature, and bioavailability of the organopol lutants [50].
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2.9.4 Sediment and sail

Microbid metabolism is the mgor process for degradation of PAHs in soil
environments.  Photolyss, hydrolyss, and oxidaion gengdly are not consdered to
be important processes for the degradation of PAHsin soils [6].

Another sudy that assessed the faie of severd PAHSs, which included naphthalene,
anthracene, phenanthrene, fluoranthene, pyrene, chrysene, B[aA,
benzo[b]fluoranthene, dibenz[ah]anthracene, B[aP, dibenzoailpyrene  and
indeng[l,23-cdlpyrene, in two soils conduded that abiotic degradation (photolyss
and oxidaion) accounted for mean losses of 13, 83, and 158% loss in cae of
nephthalene, anthracene, and phenanthrene, respectively. No sgnificant abiotic loss
was observed for the dher PAHS [6, 14].

PAHs can biodegrade or accumulate in aguatic organisms. PAHs in soil can
volailize, undergo abidtic  degradation (photolyss and  oxidation), biodegrade, or
accumulate in plants. PAHs in soil can adso enter groundwater and be transported
within an aguifer [6].

2.10 Regulationsof PAHs

The PAH concentration limitations in sawage dudge were not released and enforced
in North America but limitations were avalable for drinking water. In Table 2.8 was

given the drinking water regulations for North America

Table 2.8 : Drinking water regulaions in EU and America [13, 49, 51].

Country Limitations
North America BPA
Clean Air Act

Mobile Source Air Toxics Polycyclic Organic Matter listed as a Mobile
Source Air Toxic for which regulaions are to be developed

NESHAP: Polycyclic Organic Matter (POM) listed as a Hazardous Air Pollutant
(HAP)

Urban Air Toxics Strategy: Polycyclic Organic Matter identified as one of 33
HAPs that present the greatest threat to public hedth in urban aress

Clean Water Act

Effluent Guiddines Listed as a Toxic Pollutant

Water Qudity Criterian Based on fish/shdllfish and water consumption =
00038 nglL (B[aA, B[aP, benzo[bfluoranthene, benzo[k]fluoranthene,
dibenzo[ahlanthracene,  indeno[1,2,3cd]pyrene); based on  fish/shel-
fishconsumption only = 0.018 nglL (B[aA, B[aP, benzo[b]fluoranthene,
benzo[k]fluoranthene, dibenzo[ah]anthracene, and indeno[1,2,3-cd]pyrene)
Comprehensive Environmental Response, Compensation, and Liability Act
Reportable Quantity (RQ) = rangesfrom 1 Ib to 5,000 Ib for the various PAHs

20



Table2.8 : (contd.) Drinking water regulations in EU and America [13, 49, 51].

Country Limitations

North America Emergency Planning and Community Right-T ¢-Know Act
Toxics Reease Inventory: All 15 are liged substances subject to reporting
requirements

Resource Conservetion and Recovery Act

Numerous specific PAHs listed as a Hazardous Constituents of Waste

Listed Hazardous Waste: Waste codes in which listing is based on specific
PAHs-U0I8 U022, U0G3 U0B4, U137 Safe Drinking Water Act

Maximum Contaminant Level (MCL) = 0.0002 mg/L (B[&]P)

FDA

Maximum permissible level in bottled water = 0.0002 mg/L (B[&]P)

ACGIH Guidelines

Threshold Limit Vaue - TimeWeighted Average Limit (TLV -TWA) = as low
aspossible B[a]A, benzo[b]fluoranthene, B[a]P)

Alaska Has a water quality standard of 10 pg/L totd aromatic hydrocarbons (AH) that
includes mono-cyclic hydrocarbons
BJ Drinking water directive : 0.010 g/L B[aF

While it encourages the use of sewage dudge, the EU Directive 86/278/EEC
regulaes its use to prevent harm to the environment, in particular to soil. In order to
improve the long-term protection of Community soils the Commisson is currently
working on some aspects of the Directive in the light of new scientific evidence and
technological progress [63]. In Table 2.9 was shown limit vaues for concentrations
of organic compounds in dudge of different countries and as suggested in the third
draft of the “Working paper on dudge’ [49].

Table 2.9 : Standards for concentrations of organic contaminants in sewage dudge in
different countries of the EU [49].

AOX PAH" PCB PCDD/F
(mg/kg DM) (mg/lkg DM)  (mg/lkg DM)  (mg TEQ/kg DM)
EU 2000 500 6 0.8 100
Denmark - 3 - -
Sweden - 3 04 -
Lower Austria 500 - 0.2 100
Germany 500 - 0.2 100

Isum of 9 PAHSs

The maximum concentration of 11 main PAH compounds in sewage dudge could
not exceed 6 mgkg of dry matter if the dudge is designated to be applied on
agriculturd land [6&4].

Geman threshold value for 15 PAHs (without nephthalene) 0.20 ngylL soil-water
based on the soil-water pathway for seepage water in soil and 16 PAHSs for the il
matrix 200 ngkg [49, 65-69].
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Table 2.10 gives the French guide vaues for concentrations of PAH and for the
maximum cumulated input over a period of 10 years.

Table 2.10 : The French guide vadues for concentrations of PAH and for the
maximum cumulated input over a period of 10 years [49].

Concentrations in dudge to beused ~ Maximum permissible cumulated input

Compound in agriculture at a rate of no more on pasture soils per hectare in 10 years
than 30 tons/ha/10a (mg/kg DW) (g/ha DW)
Fluoranthene 4 60
Benzo(b)fluoranthene 4 60
Benzo(k)fluoranthene 4 60
Benzo(g,h,i)perylene 4 60
B[a]F 15 20
Indeno(1,2,3-cd)pyrene 4 60

In 1995, a working group of the Danish Minidry of Environment and Energy
identified organic chemicd resdues for which limit vaues should be eaborated [49,
67-69.

The PAH concentrations in sawage dudges in relaion to the limits of the 39 Draft of
the EU-Initigtive are as such:

UK: All samples above EU limit, even those WWTPs for which there was 0% trade
effluent and purely rurd, domestic wastewater [70.

Norway. The PAH content was low in most sawage dudge samples and well below
the Swedish and Danish standards [71].

On the grounds that a soil limit vaue for B[a]P is set in respect to the pathway soil -
plant, the introduction of a limit vaue for soil concentrations of Ba]P into the EU-
Initiative is recommended. A regulation seems important, because there will be
amospheric depostion as wel as introduction of B[aP to agriculturd soils via
dudge application for years to come [49].

2.11 Treatment

Sewage dudges are resdues generated a centraized wastewater trestment plants
(WWTPs) as a result of the treatment of wastes released from a variety of sources
incuding homes, indudtries, medicd facilities dreet runoff and busnesses The use
of these dudges as s0il amendments is widdy practiced in the U.S,, where more than
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60% of the 6.2 million dry metric tons (MT) of dudge produced annudly are applied
to land. Since 1991 when ocean dumping was banned, both the quantity produced
and the percentage land-applied have increased [72-73].

Denmark, Luxembourg and Germany are expected to have the highest sewage dudge
production per populaion equivdent. Germany, United Kingdom, France and Spain
will probably ill be the countries which use the highest amounts of sewage dudges
in agriculture (> 500.000 t/a), with Irdand, Finland and United Kingdom reusing the
highest percentage of ther dudges in agriculture (> 70%). The populaion dengty in
the EU in 1995 wasgiven in Hgure 25 [49].

Under the Clean Water Act, (CFR Section 405 (d)), the rules regarding the
concentration of pollutants permitted in land-gpplied sawage dudges in the U.S. ae
mandated to be protective of human hedth and the environment [73.
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In Table 2.11 was given the area population and sewage dudge production of EU
member daes in the year 2005

Table 2.11 : Area population and sewage dudge production in the year 2005 [49,

7.
; Su degtination in 2005 Reaive dudge

Area Population dge(1000 t DM/a) producti 0(?1g
(km?) Million Density Total Reuse % kg/person/a

FN 338 000 51 15 160 115 2 31

S 450 000 8.9 20 - - - -

IRL 70000 37 53 113 84 74 31

E 504 782 394 78 1088 589 54 28

GR 131 957 10.5 80 99 7 7 9

A 88945 8.1 91 196 3B 24

F 550 000 60.4 110 1172 765 65 19

P 92072 10.8 117 359 108 30 B

DK 43094 53 123 200 125 63 33

L 2586 0.4 166 14 9 64 3B

I 301 263 57.6 191 - - -

D 356 854 82 230 2786 1391 50 34

UK 242 500 58.6 242 1583 1118 71 27

B 30158 10.2 338 160 47 29 16

NL 41864 15.8 377 401 110 27 25

The chemicd compostion of municipd sewage dudge can vay greely, depending
on the compostion of wastewaer, and applied wastewater and dudge treatment
proceses. As sawage dudge sequesters hydrophobic compounds, concentrations of
pollutants in this materid reflect the flow of chemicds in a contemporary society
[7479. Sources of polutants in urban wastewater (UWW) that become
subsequently  enriched in sawage dudge Before disposal or recydling, dudge is
subject to undergo one or severd tretment processes such as thickening, dewatering,
dabilization, dignfection and thermd drying, in order to reduce water content,
biodegradability and improve hygienic propeties Apat from the enrichment of
above-mentioned  condituents of agriculturd  vaue (organic  méter, nitrogen,
phosphorus, potassum, and to a lessar extent, cdcium, magnesum and sulfur),
sewage dudge is ggnificantly enriched in organic pollutants, trace metds and
pathogens. The EC study performed by ICON formulates the type and loads of both
organic and meta pollutants in wastewater (Sewage) treatment systems and
consequently in sewage dudge as a complex function of:

a. gze and type of conurbaion (commercid, residentia, mixed);
b. plumbing and hegting systems;
C. domestic and commercid product formulation and use peatterns;

d. dietary sources and feces,
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e amospheric qudity, depostion and run-off;

f. presence and type of industrid activities,

g use of metds, and other materids in construction;

h urben land use

i. traffic type and dengty;

J- urban dtreet cleaning;

k. maintenance practices, for collecting syslems and storm water control;
. accidental relesses.

The pollutants that through the wastewater treatment process accumulate in sewage
dudge, thus posng apotentid risk to the environment, represent three mgor groups.

m. potentidly toxic dements (PTES) that incdlude heavy metds. Cd, Cr(lll) and
Cr(VI), Cu, Hg, Ni, Pb, Zn, Ag, platinum group metds (PGMs) and
metaloids (As, Se);

n organic pollutants (PAHs, PCBsetc.);

0. pahogens [49, 74, 76].

PAHs are known for their adverse and cumulative effects & low concentration. In
particular, the PAHs accumulate in sewage dudge during wastewater trestment, and
may theregfter contaminate agriculturd soils by spreading dudge on land. Therefore,
dudge trestment processes congtitute the unique opportunity of PAH removd before

their rdease in the environment [77].

2.11.1 Wastewater treatment

During the wastewater trestment process (especidly for activated dudge WWTPs),
the fate of hydrophobic organic compounds (HOCs) is governed by ther physico
chemicd properties, the design and the operating conditions of the WWTP. The
HOCs removd mechanisms that teke place during the trestment process are
advection, sorption, voldilization, ar-dripping and  bictransformation.  Sorption  on
the particulate matter is the main removal mechanism that takes place in the primary
sedimentation tank and is theordticadly removing dl HOCs For very lipophilic
chemicds, like PAHs this removd should be quad quantitative Especidly for
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chemicds with dmilar lipophilicity (octanol-water partition coefficients, Koy), like
Ant and Phe (log Kow of 454 and 4.46), the sorption should occur in the same extent
[20, 78-80].

In Danish dudges the concentrations of PAHs (sum of 9 PAHS) were typicdly bdow
3 mgkg (DM). It was reported that the concentrations of PAHs in UK sewage
dudges in the range of 1-10mg PAH/kg, which is dgnificantly higher than the
norma range of concentrations found in agriculturd soils. In the study of Norwegian
dudges, it was founded PAH concentrations beow the Swedish and Danish
dandards of 1997 in most samples. There were large monthly variations in most

treetment plants and hence the authors suggest that one single sample is not sufficient
to evauate the levd of toxic organics in sewage dudge [49, 71, 81].

2.11.2 Thelevesof total PAHsin wastewater treatment plants

PAHs reported as a serious problem in the world. Severa researchers investigated
the amount of PAHs in sewage dudge from WWTPs located different countries. The

amount of total PAHsin different countries was shown in Teble 2.12.

Table 2.12 : Totd PAHs found in sewage dudge from WWTPs located different

countries
Countries Number of Range References
Samples (DW)
Severd Tocations (Ching) T 14-33 (mg/kg) [19]
Areaof Paris (France) 16 21 700-30900 (ng/g) [22]
Danish (1995) ?18PAH 20 < 0.01-8.5 (mgkg) [49]
Danish (1993-94) ? 18PAH 9 0.42-2.4 (mg/kg) [49]
Norway 6 0.7-30 (mg/kg) [49]
Parts of Germany ? 6PAH 124 0.4-12.83 (mg/kg) [49]
Parts of Germany ? 16PAH 83 0.25-16.28 (mg/kg) [49]
Upper Silesa (Poland) 17 30C-40 000 (ngg) [82]
Severa Locations (Canada) 18 100C-28 700 (ng/g) (83]
Severd Cities of Kuwait 16 1600-6200 (ng/g) [84]
Fusina (Italy) 16 1200-1400 (ng/g) [85]
Areaof Thessaloniki (Gresce) 13 7500 (ng/g) [86]
Severd locations (Catalonia, Spain) 16 2500-5500 (ng/g) [87]
Jedez de la Frontera (Cadiz, Spain) 16 1900-6800 (ng/g) [88]
UK 24 67 000-370 000 (ng/g) [89]
Area of Madrid (Spain) 27 1800-6400 (ng/g) [90]
Severd locations (China) 12 33.73-87.50 (mg/kg) [91]

2.11.3 Thelevelsof B[a]A in wastewater treatment plants

Seveard researchers focused the amount of B[a]A in sawage dudge from WWTPs
located different countries. The amounts of B[a]A in different cauntries sewage
dudge and wedewater were given in Table 2.13. The highes vaues were from
China and Mediterranean countries.



Table 2.13 : The B[aA found in sawage dudge and wastewater from WWTPs
located different countries.

Countries B[a]A References
China 0.013 - 8.3 mg/kg (dry dudge in 11 different WWTP) [19]
Italy 3.3-512 nglL (Municipad WW) [90]
59 - 421 nglL (SS/ act. dudge)
China 0.18 -4.82 mg/kg (dry dludge in 12 different WWTP) [91]
Greece 50 ng/L (Municipd WW) [92]
France 0.001 - 0.667 mg/kg (dry sediment) [93]
Spain 0.157 mglkg (WWTPL/May) [94]

0.184 mglkg (WWTP1/June)

0.08 mg/kg (WWTPL/duly)

0.125 mgkg (WWTP2)

0.101 mg/kg (WWTP3/May- Secondery Trestment)
0.096 mgkg (WWTP3/dune - Secondery Trestment)
0.064 mglkg (WWTP3/duly- Secondery Treatment)
0.155 mg/kg (WWTP4 - Secondery Treatment)
0.029 mg/kg (WWTP5 - Primary Treatment)

0.030 mg/kg (WWTP6 - Primary Treatment)

France 3.70 mgkg (dry dudge) [95]

Spain 0.17 mgkg (February /Primary Treatment [96]
0.65 mg/kg (February /Secondary Treatment)
nd. (February /digested-dehydrated Sudge samples)

0.05 mg/kg (May /Primary Treatment)
0.06 mg/kg (May/Secondary Treatment)
0.06 mgkg (May/digested-dehydrated sludge samples)

Spain nd. - 0.170 mg/kg (dry dudge / Primary Treatment) [97]
nd. - 0.618 mg/kg (dry dudge / Secondary Treatment)
nd. - 0.088 mgkg (dry dudgel digested-dehydrated
dudge samples)
nd. -1.115 mg/kg (dry dudge/ compost)

USA nd — 99 mgkg (dry dudge /literature )

Umman 39 ng/L (influent \WWTP1)
nd. (effluent \WWTPL)
nd. (streem /WWTPL)

0.002 mg/kg (dry dudge WWTPL)
51 ng/L (influent \WWWTP2)

19 ng/L (effluent WWTP2)

nd. (stream WWTP2)

nd. (sludge/WWTP2)

10nglL (influent /WWTP3)

7 ng/L (stream /WWTP3)

0.0007 mg/kg (dry dudge WWTP3)

Spain 0.157 mg/kg (dry dudge - May/WWTP1) [100
0.184 mg/kg (dry dudge - JuneWWTP1)

0.096 mg/kg (dry dudge - May/WWTP2)
0.064 mg/kg (dry dudge - JuneWWTP2)
Morocco (2008)  0.0062 mgkg (dry dudge) [101

nd Not detected

88
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2.12 Treatment Alter natives of PAHS

2.12.1Composting

Soils and sediments can be treated for PAH contamination both by in 9tu and ex dtu
methods. Landfarming is an in Stu trestment for soils, which focuses upon simulating
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the indigenous microorganisms in the ol by providing nutrients wae ad
oxygen. For example, a pilot-scde landfarming treatment of PAH-contaminated soil
from a wood-trestment facility was achieved by inocdum o Pseudomonas aeruginosa
(grain 64). Aaation was provided by tilling of the soil. The workers found that 86%
of totd PAHs were removed from the soil over 1 year, including a reduction in
high molecular weight PAHS such as B[a]A and B[a]P (79.5% and 11.3% respectively).
Biopiling of soil and the trestment of soil in bioreactors are ex-Stu trestments that are less
cog effective than in gtu trestment, however ex dtu trestment benefits from being
more subject to monitoring and control [49, 102-104].

Compogting, which is ds0 an ex-gtu treatment for PAH-contaminated soil, is an
aerobic process whereby microorganisms degrade organic materids which results in
thermogenesis and the generation of organic and inorganic compounds. Compoding
in bioreactors is a popular option because it is possble t0 exert greater control over
parameters such as temperature and oxygen supply during the composting process and a
variety of organic materids as bulking agents can be used. However, it is often not
feagble to remediate contaminated groundwater ex Stu due to the cods involved with
abdraction and shipping of the contaminated water, and the fact that much of the
contamination will be sorbed within the aquifer [49, 105.

2.122 Enricher

Full secondary trestment to control trace amounts of PAHs and other potentidly
hazardous compounds that may be contaned in the combined domedtic /indudrid
wadewater, as opposed to conventiona pollutants such as oxygen demanding
materids and suspended solids. Therefore, it is proposed that exising biologicd
treetment facilities be reevduated as a treatment technology for hazardous
wastewater [106].

A modification of the activated dudge process, cdled an evicher reactor system,
was evauaed for its ability to enhance trestiment of hazardous wastewater. Enricher
reectors were used to produce biomass to biodegrade a specific compound or cdass of
compounds. This biomass was then used to inoculae or seed continuous-flow
reectors, which ae typicd of many exiding activated dudge plants. The god of
inoculdion or bicaugmentation was to produce enhanced biodegradation in  the
continuous-flow reactors. The term enricher is used, as opposed to enrichment,



because the enricher reector is used to modify or enrich the microbid culture in
another reactor, the continuousflow reector (for example, activated dudge process)

[106.

2.12.3Bioremediation

Bioremediaion, which is a0 refered to as bioreclamation and biorestoration, can
be described as ‘the process whereby organic wastes are biologicadly degraded under
controlled conditions to an innocwous state' [49, 107]. Bioremediation seems to be
the most promisng method for the removad of these toxic pollutants using microbia
populations [14]. The man principle of this technique is to remove pollutants
from the naturd envirorment and/or convert the pollutants to a less harmful product
usng the indigenous microbiologicd community of the contaminated environment
[49]. In any of these goplications, bioremediation is complicated by two factors. Firgt
is the need to biodegrade a complex mixture of contaminants with varying ring
number and molecular weght. For example, sediment contamination from
manufectured gas plant Ste sdls typicdly indude 2-, 3-, 4-, and 5ringed PAHs
(dong with non-aromatic hydrocarbons). Second, contaminants must be made
avallable to the degrading consortia [108].

Bioremediation drategies ae developed to promote the microbid metabolism of
contaminants, by adjugsing the water, ar and nutrient supply. This is accomplished
by the biogimulation (the addition of a bulking agent such as wood chips and/or
nutrients such as N/P/K) and bioaugmentation (often an inoculum of microorganiams
with  known pollutant transformetion abilities) of the contaminated environment
Bioremedition of PAH-contaminated soils sedments, and water can  be
accomplished in a variety of ways, eg.in dStu trestment or ex-Stu methods such as
biopiling and composting [49.

Waste can aso be treated in bioreactors, though this can be more codlly than in Stu

technologies. It is important for bioremediation to be comparable in cost and success
to physcd and chemicd treatments of contaminated land, such as landfilling,
incneration, and beach-surface bioremedation of ol dlls, and soil washing. The
goplicability of bioremedigtion can be vaiddle but this is genedly due to
unfavorable dte, therefore a thorough underdanding of dte conditions will dlow
optimizetion of bioremediation and subsequently more effective results. In commercid
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gtuaions, bioremediation of PAH contaminated soils is not typicdly caried out
when the dte cotains sgnificant amounts of PAHs that have more than four rings
as the low percentage remova of PAHs of this molecular weight and the time
taken for successful reduction in PAH concentrations is not economicdly vible
[49. Bioremedigion has been shown to be effective in remediaing soils
contaminated with low molecular weight PAHs [24, 109-111]. Bioremediation using
naturdly occurring microorganisms was a mgor mechanism of removing oil from
the BExxon Vddez al sl in Prince William Sound, Alaska [47]. The method used is
normdly nutrient addition and aeration by frequent turning of contaminated soil. Tota
PAH levels during a bioremediation trid are generdly reduced from gpproximaey
3000 mg to 1000 mg tota PAHSs, per kg [61].

2.12 4 Extracellular enzyme addition

PAHs treatmert could be based on the use of white rat fungi, which are known to
degrade a grest variety of complex compounds due to their complex enzymatic
system [117). Lignin Peroxidase (LiP) and Manganese Peroxidase (MnP) are
extracdlular peroxidases produced by white rot fungi and the onset of ther
production is asociaed to secondary metabolism conditions in response to nutrient
depletion In particular, manganese and nutrient nitrogen have been shown to have
drong regulaing effects [113-114]. The ligninolytic sysem is nonsdective,
consequently other aromatic subdtrates, such as PAHs are potentidly oxidised and
hiodegraded by white rot fungi. The catalytic action of these enzymes generates more
polar and water-soluble metabolites, such as quinones, which are more susceptible to
further degradation by indigenous becteria presnt in soils and sediments The
potentid of usng more complex enzymes such as ligninolytic enzymes produced by
white rot fungi, which require specific environmenta conditions for the activation of
their cadytic cyde [115-117].

2.13 Degradation of PAHs

PAHs are considered among the most difficult POP to be trested because of ther
highly dable physca- chemica characteristics and frequent occurrences [118-119].
Low molecular weight PAHs are removed from the water column by evaporation,
microbid oxidation, and sedimentation. Higher molecular weight PAH, including



B[aP, are removed primarily by photooxidation and sedimentation [51]. Different
goproaches have been dudied for the remova of PAHs from contaminated soils or
solid wedes in the past few years biodegradation, chemicd and photodegradation;
moreover, some extraction methods using surfactants have been successfully applied
for remediation of PAH-contaminated soils or sediments (Figure 2.6 [16, 119-125].
Severd environmenta factors are known to influence the capacity of indigenous
microbid populaions to degrade PAHs. The interactions among environmenta
factors such as temperature, pH, soil gas oxygen concentrations, oxidation reduction
potentid and the presence of other subdrates often control the feesbility of
biodegradation [45, 126]. These processes may dso be utilized for remedid
purposes. However, the degradation may result in a vaidgy of transformation
products some of which could potentidly accumulate [12].
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Figure 2.6 : Schematic representation of the environmenta fate of PAHs [16, 24].
There ae dso a few sudies for PAH removad form dudge anaerobic PAH
degradetion in sludge, biodegradation in aerobic processes treating urban dudge
[102, 127].

2.13.1 Biological d egradation

Microorganisms, such as bacteria and fungi, may transform the PAHs to other
organic compounds or to inorganic end products such as carbon dioxide and waeter.
The latter process has been refered to as minerdization. Some PAH-degrading
microorganisms, primarily bacteria, are capable to use the PAHs as a carbon and
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enegy source, and may thus tranform the contaminants into molecules that can
enter the organisms cettrd metabolic pathways. Other microorganisms have the
cgpacity to degrade PAHs while living on a widdy avalable substrate. Such
cometabolism does not dways result in growth of the microorganism, and sometime
the coslbdtrate, i.e. the PAH, is only transformed into another compound without any
agoparent benefit for the organism. This may lead to partid degradation, if no enzyme
cgpable of transforming the metabalite is avalable. For PAHS, the contribution of the
cometabolic degradation processes increases as the number of rings in the PAH-
molecule increases, since far fewer microorganisms are capable of usng the HMW
PAHSs as carbon and energy ®urces [12, 128-131].

2.13.2 Chemical d egradation

PAHs in soil are dso degraded through abiotic processes. Oxidetion reections are the
mog important in this context, dthough photochemicd reactions may contribute
dgnificantly to the degradation on the surface of soils In addition, most of the
oxidants that commorly initiste the oxidation reactions in the environment, i.e
dnglet oxygen (1O,), organic peroxides, hydrogen peroxide, ozone and radicas such
as dkoxy radicds (ROe), peroxy radicds (ROz¢) and hydroxyl radicds (HOe), are
directly or indirectly generated through photochemica processes. However, some
can ds0 be produced from inorganic sdts and oxides, espedidly those of iron and
manganese Chemicd oxidation reections involving hydroxyl radicds generaed
from hydrogen peroxide, and ozone have been most widdy dudied. Hydroxyl
radicds ae drong, reaivdy ungpecific oxidants that react with aromatic
compounds, such as PAHS, a near diffuson-controlled rates (i.e, ko> 10° M sHby
abgracting hydrogen atoms or by addition to double bonds. The ozone molecule may
atack double bonds directly, but it can dso form reactive hydroxyl radicds hy
decomposing water. The reection pathways that follow ae very complex, and
numerous intermediaies are formed. The find reaction products include, for both
oXidants, a mixture of ketones, quinones, ddehydes, phenols and carboxylic acids
[12, 132-143. Photochemicd degradation of PAHs often involves the same
oxidative species that are produced during the pure chemicd oxidation of PAHS i.e.
oxygen, hydroxyl radicas and other radicds Consequently, the reaction products
indude gmilar complex mixtures of ketones quinones ddehydes, phendls ad
carboxylic acids [12, 132, 141, 144-146].



2.13.3 Reactivity

During chemicd reactions, PAHs are largely transformed into other PACs, i.e. they
do not lose their aromatic character. The aromaticity is conserved since the nor:
aomatic hydrocarbons are much richer in energy. Thus, congderable amounts of
enagy ae required to change an aomatic compound into a nonraromatic. The
eectron digribution over the PAH molecule determines the postions of the molecule
that are most reactive. For addition reections, Whdands's concept of locdizaion
enargy has proven usgful. The locdization energy (Lu) is the energy required to
isolate a p-electron at the center of u of a PAH from the remaining p-system. In this
process, the attacking species may be a nucleophile, an dectrophile or a radicd. A
number of reectivity indices have been developed that reflect the locdization energy,
one of which is Dewar's reactivity number, Nu. The magnitude of Nu reflects the
locdization energy and the reactivity a a certain postion of an aromatic compound.
The smdler the vdue of Nu the lower the activation energy and the greater the
reaction rate of an addition at the center of u. Nu values for a number of aromatic
compounds are given in Fgure 2.7. The vdues shown in this figure indicate that
benzene should be the least resctive species. For ngphthadene, higher reactivity is
expected for the 1-podtion then the 2-postion. Smilaly, anthracene and
phenanthrene should preferably react a the 9,10-postions, dthough the reactivity of
phenanthrene should be makedly lower than that of anthracene. Thus the
locdization energy concept may be helpful in daifying the mechanisms of PAH-
degradation and PAH-derivative formation [12].
N
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Figure 2.7 : Electron locdization energies for benzene and sdected 16 USEPA
PAHs[12].



2.13.4 Transformation products

The ultimate result of a degradation process is totd minerdization of the organic
contaminants, resulting in carbon dioxide, water and other inorganic compounds.
However, as shown above for PAHs both biologicd and chemicd degradation
processes may produce a variety of aher compounds that may include temporary
intermediates and compounds that are resstant to further degradation. Such dead-end
products could potentidly accumulate during a remedid process if no mechaniam is
avalable for thar further degradation. This may heppen if, for instance, the origind
contaminant has been trandormed co-metabdlicaly, and no microorganiams is
present that could metabolize the transformation product, or if a chemicd oxidizing
agent has been added in insufficient quantity or drength. From the literature and
pathways described above, the deadend products appear to be primarily carbonyl
compounds, such as ketones, quinones, dicarboxylic acid anhydrides and coumarins,
while carboxylic acids and phenols seems to be more easly degraded or transformed.
The higher stability of the carbonyl compounds is dso indicated by the fact that these
compounds are found more frequently than the hydroxylated and carboxylated
compounds in environmental samples, induding contaminated soil. This could be
due in some cases to redriction in the andyticd methods used, snce the
hydroxylated and carboxylated compounds ae more polar and more difficult to
andyze. However, sdmilar reslts have been obtaned with methods carefully
devdoped for dl these classes of compounds. Consequently, the studies this thesis is
based upon focused on the carbonylic PAH-derivatives, which will be referred to as
oxygenated PAHs (oxy-PAHs) in the following sections. Another motive for
sudying the oxy-PAHs is that many of these compounds are toxic and mutagenic.
Some are even more toxic than ther parent PAHs. For example, anthracene-9,10-
dione and phenanthrene-910-dione have been shown to inhibit the growth of
duckweed, Lemna gibba, and the marine bacterium Photobacterium phosphoreum.
Furthermore, "H -benz[ de] anthracere-7-one, 4-oxgpyren5one and  seved
benzofluorenones, B[a]P quinones and pyrene quinones have dl shown mutagenic
adtivities in biologicd assays, such as the Ames test. In contrast to the unsubstituted
PAHs some of these oxy-PAHs do not require metabolic activation to exhibit their
mutagenic properties, but may react with DNA directly. Further, oxy-PAHs have
adso been idettified as the predominant dass of compounds in the most mutagenic



fractions obtaned during bicassaybased chemicd fractionaion of  various
environmenta samples [12, 86, 146-159.

2.14 Biodegradation of Xenobiotics

Many xenobiotic compounds smply pass through wastewaer tregtment systems
without ggnificant reduction due to intrindc limitations. The limitations include lack
of cdl upteke lack of proper enzymes initiagting attack to these compounds, and
thermodynamicaly unfavorable reactions Hence, acclimetion of microorganisms to
the compounds is essentid. Acclimation of microbial community involves sdection
of microorganiams containing exising enzymes and pathways or deveopment of
new catabolic pathways for the remova of xenobiotics [3].

When the capacity of caabolic metabolism is conddered, the dominance of a
paticular dran degrading the pollution can be obsaved rady. Thus uneven
fraction of the biomass has a potentid to degrade a xenobictic. The degradation
capacity changes depended on the degree of induction of catabolic enzymes that
enable microorganisms to degrade these compounds. However, the degree of
induction is not known. Thus, the kinetic measurements in mixed cultures are based
on "black box" approach. Kinetic parameters are sdected for the total biomass not
for its active pat. In case of subdrate mixture utilization, the cdls grow not only
with sngle carbon source leading to high probability of partialy induced catabolic
enzymes [3, 160].

2.15 Biodegradation of PAHs

PAHs biodegradation may occur both aerobicdly and aneerobicdly [8, 77]. The
metabolism of PAHs by pure cultures of microorganisms and cometabolic
trandormations by mixed microbid communities have been dudied for dmos 80
years, however little informaion is avaible for mixed cultures Biodegradation
mechanisms, both procaryotic and eucaryotic, require the presence of molecular
oxygen to initiste enzymétic atack on the PAH rings [16.

The biologicd trestment of soils contaminated with PAH should be an efficient,
economic, and versdile dternative to physicochemicd trestment, because it offers

potentid advantages such as the complete dedruction of the pollutants, lower
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treatment codt, gredter sety, and less environmenta disturbance [161). It is wel
established that many individud PAHs are degraded by bacteria [16, 24, 108 141,
162-165]. Thelig of some PAHs degrading becteria were given in Table 2.14.

Table 2.14 : PAH degrading bacteria [24].

PAH Organism

Naphthlene Acinetobacter calcoaceticus, Alcaligenes denitrificans, Mycobacterium .,
Pseudomonas ., P. putida, P. fl uorescens, Sp. paucimobilis, Brevundimonas
vesicularis, Burkholderia cepacia, Comamonas testosteroni, Rhodococcus sp.,
Corynebacterium renale, Moraxella sp., Sreptomyces sp., B. cereus, P. marginalis, P.
stutzeri, P. saccharophila, Neptunomonas naphthovorans, Cycloclasticus p.

Acengphthene Beijernickia ., P. putida, P. fluorescens, Bu. cepacia, Pseudomonas sp., Cycloclagticus
., Neptunomonas  naphthovorans, Alcaligenes eutrophus, Alcaligenes paradoxus
Phenanthrene Aeromonas ., A. faecalis, A. denitrificans, Arthrobacter polychromogenes, Beijernickia

., Micrococcus ., Mycobacterium sp., P. putida, Sp. paucimobilis, Rhodococcus .,
Vibrio 5., Nocardia p., Flavobacterium  sp., Sreptomyces 5., S griseus, Acinetobacter
., P. aeruginosa, P. stutzeri, P. saccharophila, Senotrophomonas meltophilia,
Cydodadgticus ., P. fluorescens, Acinetobacter calcoaceticus, Acidovorax dela®ddii,
Gordona ., Sphingomonas sp., Comamonas testosteroni, Cycloclasticus pugetii, .
yanoikuyae, Agrobacterium ., Bacillus sp., Burkholderia sp., Sphingomonas .,
Pseudomonas sp., Rhodotorula glutinis, Nocardioides sp., Flavobacterium

gondwanense, Halomonas meridiana

Anthracene Beijernickia sp., Myoobacterium  sp., P. putida, $p. paucimohilis, Bu. cepacia,
Rhodococcus 5., Flavobacterium  sp., Arthrobacter sp., P. marginalis, Cycloclasticus
., P. fluorescens, Sp. yanoikuyae, Acinetobacter calcoaceticus, Gordona sp.,
Sphingomonas 5., Comamonas testosteroni, Gdodadticus  pugetii

Fluoranthene A. denitrificans, Mycobacterium sp., P. putida, Sp. paucimobilis, Bu. cepacia,
Rhodococcus 5., Pseudomonas sp., Senotrophomonas meltophilia, Acinetobacter
calcoaceticus, Acidovorax delafieldii, Gordona sp., Sphingomonas p., P.
saccharophilia, Pasteurdla .

Pyrene A. denitrificans, Mycobacterium sp., Rhodococcus sp., . paucimobilis,
Senotrophomonas maltophilia, Acinetobacter calcoaceticus, Gordona p.,
Sphingomonas ., P. putida, Bu cepacia, P. sacchar ophilia

Chyrsene Rhodococcus ., P. marginalis, . paucimobilis, Senotrophomonas maltophilia,
Acinetobacter calcoaceticus, Agrobacterium sp., Bacillus sp., Burkholderia sp.,
Shingomonas ., Pseudonmonas sp., P. saccharophilia

B[dA A. denitrificans, Beijernickia sp., P. putida, . paucimobilis,Senotrophomonas
maltophilia, Agrobacterium sp., Bacillus sp., Burkholderia sp., Sphingomonas p.,
Pseudomonas sp., P. saccharophilia

Dibenz[a h]anthracene . paucimobilis, Senotrophomonas maltophilia

Microorganisms were found to degrade PAHs via either metabolism or cometaboliam.
Cometabolism is important for the degradation of mixtures of PAHs and high
molecular-weight PAHs. In contrast, severd PAHS, especidly 2- to 4ring PAHS,
have been known for years to be growth subdtrates for bacteria. Although the
metabolism of PAHs by a bacterid pure culture in anaerobic conditions has been
reported, mogt attention has been paid to metabolism of PAHSs by aerobic bacteria, and
various bacteria cgpable of utilizing PAHS have been investigated. The biochemicd and
biotechnologicd dudies of this sujext have ben reieved The common biochemica
pathways for the bacteria metabolism of PAHSs have been well investigated [161].
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PAHs are a carbon and energy source [108]. However it has been reported, three
Burkholderia cepacia drans isolated from soil grew on pyrene at concentrations
of up to 1000 mg/L and aso degraded fluoranthene and B[a]A as sole carbon and
energy sources. Pseudomonas organism, stran HL7b and was reported to

degrade fluoranthene, but not as a sole carbon and energy source [131].

2.15.1Microbial metabolism

The basis of these mechanisms is the oxidation of the aromatic ring, followed
by the systematic breskdown of the compound to PAH metabolites and/or carbon
dioxide. Anaerobic metabolism of PAHSs is thought to occur via the hydrogenation of
the aromatic ring. The principad mechanism for the aerobic bacterid metabolism of
PAHs is the initid oxiddion of the benzene ring by the action of dioxygenase
enzymes to form ds-dihydrodiols These dihydrodiols are dehydrogenated to form
dihydroxylated intermediates, which can then be further metabolised via catechals to
carbon dioxide and water [12, 24, 50].

Bacteria trigger the initid oxidation by incorpording both the atoms of molecular
oxygen cadyzed by a dioxygenese [4]. The dioxygenase that catdyses these
initid reections is a multicomponent enzyme system. The initid ring oxidaion is
usudly the rae-limiting dep in the biodegradation reaction of PAHs as-
Dihydrodiols are rearomatised through a cw-dihydrodiol dehydrogenese to
yidd a dihydroxylated derivaive Further oxidation of the cw-dihydrodiols leads
to the formation of catechols, which are substrates for other dioxygenases that
bring @out enzymaic cdeavage of the aromatic ring. Catechol can be oxidisd
via two pathways. The ortho pathway involves cleavage of the bond between
cabon aoms of the two hydroxyl groups to yidd cisdsmuconic acid. On the
other hand, the meapathway involves ceavege of the bond between a carbon
aom with a hydroxyl group and the adjacent carbon atom with a hydroxyl
group (Figure 2.8) [16, 24, 44, 128, 164 .
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Figure 2.8 : The three main pathways for PAH degradation by fungi and becteria [12, 16,
24, 50)].

Hydroxylation of benzenoid aromatic compounds adways involves the incorporation
of molecular oxygen Procaryotic microorganiams utilize dioxygenase enzymes to
incorporate both atoms of molecular oxygen into the aromatic nucleus to form ds-
dihydrodis  ds-dhydrodidlsare  stereosdectively  dehydrogenated by  ds-dhydrodiol
dehydrogenases which rearomdize the benzene nudeus to form dihydroxylated
intermediates.  Subsequent enzymatic fisson of the aromatic ring by procaryotic
organisms is dso cadyzed by highly regio- and Stereosdective dioxygereses. As a
prerequiste for this reaction, the aromdic ring mugt contan two hydroxyl groups
placed ether ortho or para to each other. If the hydroxyl moieties are ortho to each
other, oxygenolytic ring cleavage can occur ether between the two hydroxyl groups,
by ortho or intradiol deaving dioxygenases, or adjacent to the two hydroxyl groups,
by metaor extradiol deaving dioxygenasss [16]. Ring cleavage results in the
production of succinic, fumaric, pyruvic and acetic acids and ddehydes, dl of which
are utilized by the microorganism for the synthess of cdlular condituents and
energy. A by-product of these reections is the production of carbon dioxide and
water [24].



2.15.2Theeffecting factorsof PAHs

Microbid degradation of PAHs in aguatiic and terrestrid ecosystems is influenced
srongly by a wide varigty of abiotic and bictic factors which incdlude temperature,
pH, <ol type aedion, nutrients depth, diffuson, microbid adgptations,
bicavalablity, previous chemicd exposure, water avalability, sediment toxicity,
physicochemicad properties of the PAH, concentration of the PAH and seasond
factors [16, 50, 51, ¥9].

2.15.3 Chemotaxis

To enhance the degradation of toxic compounds in the environment, different
drategies can be conddered with chemotaxis as one of the potentid means to
achieve this god. From the biodegradaion aspect in  naurd environment,
microorganisms that have degradation capability and dso show chemotaxis towards
a compound would be more €fficient for bioremediation than non-chemotactic
microorganisms.  Although chemotaxis is a phenomenon that has been known for
some time (and there are severd reports in the literature regarding chemotaxis of
E. coli, Salmonella, P. aeruginosa, P. putida, Bacillus cereus Myxococcus sp.,
Rhizobium sp. and Azospirillum sp.), it is a complex process in which bacterid cdls
detect temporad changes in the concentrations of gpecific chemicads, respond
behaviourdly to these changes and then adgpt to the new concentration of the
chemica dimuli. Chemotaxis can be pogtive (i.e the microorganism migrae
towards the compound) or negetive (i.e. microorganisms swim away from the
compound). Both cases require concentration gradients of the attractant or repdlent
for a chemotactic response to occur [47, 167].

2.15.4 Interactionsin PAH mixtures

A complication in evaduding the biodegradation kinetics of PAHs is the possbility
of subdtrate interactions. Within a mixture of PAHS, the subdtrate interactions include
negdive effects, which involve inhibition andlor diauxic effects; podtive effects
indude enhancement and cometabolism; or no effect a dl. To understand the
interections that teke place in mixtures, podtive and negative effects that occur
within the mixtures must be evduated. Since the underlying god of biodegradation is
to reduce the concentration of the contaminants to an acceptable leve, enhanced
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degradation wauld be prefered. The interactions not only indicate the effects that
occur for PAHs but aso reved undelying mechanisms of enzymatic eactivity
involved in the transformation of different compounds in a mixture. The negative
effects are due to compstitive inhibition of multiple subgraies or other means of
retarding the degradation of one subdrate in the presence of another. Competitive
inhibition lowers the dfinity of the enzyme In compditive inhibition, multiple
subgtrates are transformed by a common enzyme system. Similar or identicd enzyme
sysems may catadyze the degradation of compound(s), which may be dructurdly
gmilar. Multisubstrate competitive inhibition captures the effect of two converse
processes, enhanced degradation as result of an augmentaion in the biomass
population and retarding raes of degradation as a result of competition for the
subdrate. In 1995, it was demondrated that compeitive metabolism between
naphthdene and phenanthrene where phenanthrene  degradation was inhibited by
nephthaene,  1-methylngphthaene,  2-methylngphthdene, and fluorene. The sudy
futher suggested that compditive metabolism may be commonly encourtered
among PAH-degrading organisms. Podtive effects result in the enhanced
degradation of the subdrate as a result of proliferation of the biomass growth on
mutiple subdrates and enzyme induction The presence of a suitable subdrate
affects the fortutous degradation of other PAHs Phenanthrene degradaion by
severd drains decreased due to lack of preexposure to other PAH compaunds.
However, the responses to PAH induction are srain spedfic and cannot be extended
for dl environmenta media It was observed enhanced degradation of PAHs as a
resllt of preexposure to other aomatic hydrocarbons In previous dudies,
nephthaene and phenanthrene enhanced the degradation of each of the other PAHS
through cross acdimaion. However, the presence of smultaneoudy occurring PAHS
did not impact the degradaion of individuad PAHs It may be reasonable to conclude
that the interactions and effects encountered in a multisubstrate system are a function
of the microbid community, the type of culture (mixed versus pure) and the
physiologicd dete of the community at the time of the experiment [44, 92, 168-174.
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2.16 Activated SludgeModelling (ASM)

In 1982 the Internationd Associaion on Waer Pollution Research and  Control
(IAWPRC), as it was then cdled, established a Task Group on Mathematica
Moddling for Design and Operdtion of Activated Sudge Processes. At that time
moddling of activated dudge processes had been a dscipline for aout 15 years
[175. Purpose of activated dudge moddling can be daed as to design, control,
organize trestment plants, and optimize operationd conditions With respect to
intended use of modds such as desdgn and control, Sructure of them differs
Although modes are ussful tools, which ae amplifying the complicated processes,
they are never true. This is because they are based on assumptions, depended on
wadtewater characterization in addition to the lack of knowledge in the microbiology
of trestment plants [3, 176].

In wastewater trestment plant design, determinisic models are used. However, for
controlling purposes black-box type models ae dso used [176. It is commonly
agreed that dedgn and operation of treatment plants ae based on rdiable
expaimentad  data, mechanidic description  of  kingtic  processes and  materid
balances. Multi-component moddling of activated dudge is a common gpproach
which reaction kinetics is evduaed by means of multiple parameters. In this
goproach, defined COD fractions are useful for understanding particulate matter, its
fractions, kinetic and doichiometric  coefficents which  are  responshble  for
biodegradation leading to better understanding of biologicd treatment [3, 177, 17§].

2.16.1 ASM 1

Mog of the models are based on the IAWQ Activated Sudge Modd No.1, which is
cdled ASM 1 [177]. The ASM 1 was well received and has been widdly used as a
basis for further mode development. The direct use of the ASM1 for moddling has
been dmogt nil, but ASM 1 has been the core of numerous modds with a number of
upplementary  details added in dmost every case It was especidly the matrix
notation, which was introduced together with ASM 1 that facilitated the
communication of complex modds and dlowed the concentration of discussons on
essentia aspects of biokinetic moddling [175].
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2.16.2 ASM 2

At the time of publication of the ASM 1, biologicd phosphorus remova was dreedy
being used in a (limited number) of full-scde trestment plants. The theoreticd datus
of the processes was such tha the Task Group a that time did not enter into the
moddling of it. Nevertheless, from the mid- 1980s to the mid- 1990s the hiologicd
phosphorus remova processes grew vey popula and & the same time the
understanding of the basic phenomena of the process was increesng. Thus in 1995
the Activated Sudge Modd No. 2 was published. This modd included nitrogen
removad and biologica phosphorus removd. In 1994, when the ASM 2 was finished,
the role of denitrification in redaion to biologicd phosphorus removd was dill
unclear, 0 it was decided not to include that dement. However, the development in
research was fagt, and denitrifying PAOs (phosphorus accumulating organisms) were
needed for smulation of many results from research and practice Because of this
the ASM 2 modd was expanded in 1999 into the ASM 2d modd, where denitrifying
PAOs were included. Although the modds might not have been heavily needed for
nitrogen remova processes, the complexity of the combined nitrogen and
phosphorus remova  processes makes the modds important for desgn and control

purposes [3].

2.16.3ASM 3

The modds have grovn mae complex over the years, from ASM 1, induding
nitrogen remova processes, to ASM 2, induding biologicd phosphorus remova
processes and to ASM 2d induding denitrifying PAOs In 1998 the Task Group
decided to develop a new moddling plaiform, the ASM 3, in order to creste a tool
for use in the next generation of activated dudge models. The ASM 3 is basad on
recent devedopments in the understanding of the activated dudge processes, among
which are the posshilities of following internd dorage compounds, which have an
important role in the metabolism of the organisms [175]. The basic processes that are
invoved in ASM 3 is shown in Fgure 29 The subdrate flow is given as dorage,
gowth, and maintenance [J.



Nitrifiers

Heterotrophs

Figure2.9 : Processes for heterotrophic organisms in ASM 3[3].

According to metabolic mode of sorage compounds, PHB, acetate is teken by
microorganism and it is conveted into acetyl-CoA. Acetyl-CoA is used for
biosynthes's, as energy source and in the storing processes. Famine conditions forces
biomass to hydrolyze acetytCoA. On the other hand, glucose is taken up and used
for the production of Glucose-6-phosphate. It is converted into glycogen and used for
biomass synthess. Glucose-6-phosphate is dso an  intermediate in  catabolic
reections. When the externd subdrate is over, glycogen is used for the synthess of
Glucose-6-phosphate. Aerobic storage of readily biodegradable subdtrate is the main
process that differs from ASM 1. Under transent loading, heterotrophic bacteria can
dore organic matter, Sg in the form of polyhydroxydkanoate (PHA). Ss is first stored
in the biomass and converted to internd Sorage polymers in an energy requiring
process. The storage products Xsto are used in aerobic heterotrophic growth process
when there is not externd subdrate in the environment. In aerobic endogenous
respiration process, dl forms of biomass loss ae involved including decay,
endogenous  respiration, lyss, predation motility etc. The respiration process of
dorage products is the other main process that is Smilar to endogenous respiretion in
ASM 1 tha emphasize both storage products and biomass decay. In ASM 3
converson of Xs to Ss is ds0 invoved. Moreover, description of hydrolyds is the

same that expresses the same surface reaction kinetics. In ASM 3 subdrae



consumption rate is given as follows. ksro is maximum rate of storage [M COD.(M

Cell COD. T)']:

ds__g Se
— = —X 2.1
i sTO HKe+Sg H ( )

The storage product formation rate is given in equation 2.1 where Ysro is storage
yield [M COD.(M COD. T)"']. Ysro reflects the stoichiometric amount of substrate
converted into storage products followed by utilization for growth:

dXcrp Sg
—f = Yo Ko —X 2.2
R sto Ksto oo An 2.2)

Growth of biomass under both feast and famine conditions is described depended on

storage polymer concentration and half saturation constant of storage respectively:

Xerp[M COD L], and Ko, [M COD (M COD™1)]

Xeror

dXH ! Xpr

— = ———K 2.3)
H, X AH .

dt Kero+ STGKXH

Decay rate of storage products is given depended on heterotrophic yield:

As1o
dXSTG — I[A_H KrXH

X
dt Y Ky | STG-’J[XH

Xy 2.4)

The process of endogenous decay is given as a function of endogenous decay rate of

heterotrophs, by and Xy :

dXy _
dt

by Xy 2.5)
Respiration of storage products is a function of endogenous respiration rate of
storage products, bsto and Xsro [T'l] [3]:

dx
jrm = bsroXsro (2.6)

The simplified matrix representation of ASM 3 is given in Table 2.15.
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Table 2.15 : Simplified matrix representation of ASM 3 for organic carbon removal

[3].
Component— 1 2 3 4 5 6 7 Process Rate
PTOCCSSL 8004 Sq S| Xs X; XH Xsm ML.ST—I
Hydrolysis (- fw ) — }rST 4
Storage of S5 —(1-¥;,) -1 y;"m Ky 5 Ay
Ko +8;

Growth  on -, : 1 i Xl Xy

e —— o y #
Xsro ¥, Y} ; (Ko + X0/ X))
Endogenons: (]~ f) Lo by X,
Respiration
Respiration of
XSTE -1 -1 baoX g0
,Pwaﬁmter' O Cop COD COD COD  Cell  COD

Cob
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3. MATERIAL & METHOD

3.1 Reactor Operation

Activated dudge was taken from Pasakdy Wastewater Treatment Plant and was fed
with OECD (Table 31) solution having 700 mgCOD/L. The Fill&Draw (F&D)
reactor was used, which had a working volume of 15 L. In addition, SBR, which had
a working volume 13 L operated with 500 mgCOD/L OECD solution. All other
mecro and micronutrients were added in sufficient quantities for biological growth.
The peptone mixture for the F&D condst peptone water (Acumedia 7365) and
Merck meat extract (1.03979.0500), for the SBR peptone G (Acumedia 7182) and
Acumedia mesat extract (7228). The temperatures of systems were kept constant at 20
°C. Dissolved oxygen concentration in the reactors was aso kept a minimum of 3
mg/L. The reactors were operated a a dudge age of 10 days and a hydraulic
retention time of one day for F&D reactor. The systems were operated until steady
state was reached. After that the effect of B[aJA on activated dudge was
investigated. During the experiments sufficient amount of macro and micronutrients
were added to the solutions In order to prevent PAH contamination, only glassware
lab equipment were used. All glassware were burned in 500 °C before use.

Table3.1 : Compostion of OECD nutrient ®lution [179.

Compound Feed concentration (g/L)
Peptone 16

Meat extract 11

Urea 3

NaCl 0.7

CaCh.2H O 04
MgS0,4.7H0 0.2

K HPO4 28
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3.1.1Fill & draw reactors

Activated dudge taken from Pasakdy Wastewater Treatment Plant were fed with 700
mgCOD/L peptone mixture for about 3 months before any experiments were
conducted The F&D reactor had a volume of 15 liters. The reactor was operated at a
dudge age of 10 days. The average SS and VSS concentrations were 1805 mg/L and
1475 mglL, respectivdy. The adaption process of activated dudge to peptone
mixture was shown in Figure 3.1.

v

Figure 3.1 : Peptone mixture adagion process
3.1.2 Sequencing batch reactor

The activated dudge used for the Sequencing Baich Reactor (SBR) was taken from
the F&D reactor operated for 8 months The SBR had B liter volume and fed at two
cydes in a day with the 500 mgCOD/L peptone mixture. The reactor was operated at
a dudge age of 10 days. The volume of wasted dudge from the completely mixed
reactor was 1.5 L per day. The SBR reactor had per cycle, 9 hours of aeration, 30
minutes of activaled dudge wastage, 60 minutes of sdtling, 30 minutes of
supernatant wastage, 30 minutes of iding, and 30 minutes of filling. The design
details of SBR were given in Fgure 32. As the peptone mixture is sendtive to
temperature, an icebox was used b keep it cold (Figure 3.3. The SBR was operated
only with feeding the peptone mixture for 21 days then with peptone mixture+B[a]A
(0.011 g/lL) for 21 days and findly 7 days agan without B[a]A. Since the B[aA
could be oxidized via light, the reactor and water + B[a]A mixture reactors were
seded (Figure 3.3). To avoid interaction of other PAHs only glass reactors were
used.
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Figure3.2: Dedgn ddals for SBR.

Figure 3.3 : Seded reactors and icebox for peptone mixture.
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3.2 PAH Survey for Treatment Plantsin Istanbul
Two different domestic trestment pants in Isanbul were sdected for measuring

detailed PAH concentration. The first sdected plant named WWTPL is operated
since 2000 and has 500000 m¥day treatment capacity [180].

The second sdected plant named WWTP2 is operated since 1997 and sarvices
Kagithane, Beyoglu, Sdi, Besktas and Sariyer didricts. This trestment plant is a
pretreatment plant and the collected wastewaters pumped from the coast 350 m
avay and 70 m deep undercurrent of Bospaus. Because the WWTP2 has no
bioogicd treatment unit, the wagtewaters were taken from both trestment plants
influents [180.

3.3 Analysis

3.3.1 Conventional parameters
Suspended solids, volaile suspended solids, COD and pH andyss were performed

in order to monitor and control reactor operation. In the experiments, pH, SS and
VSS andysis were peaformed as defined in the Standard Methods [181]. The COD
samples were filtered through 0.45 nmm membrane filters and performed as described
in the method proposed by 1SO 6060 [182. pH measurements were performed by a
520Aplus pH meter.

3.3.2 Respirometric analysis

The respirometric andlyss were conducted with relevant biomass seeding done to
obtan endogenous oxygen upteke rate (OUR) leve of biomass. Samples with
desred Sg/Xo rétios are added to the reactor and the OUR data was monitored and
measured as mg/L.h. Experimenta dudies are conducted by using ectivated dudge
operated a the dudge age of 10 days. AppliTek RaCombo tespirometer was used
for the respirometric andyss (Figure 34). A nitrification inhibitor (Formula
2533TM, Hach Company) was used to prevent any possible interference induced by

nitrification
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Figure3.4 : AppliTek RaCombo espirometer.

3.3.3 Enzymeanalysis
It is well known that dehydrogenases are a group of intra cellular enzymes that are

involved in microbid oxidoreductase metabolism. These enzymes have been
frequently used as an index of microbid activity in westewater and soil samples

(Teble 32) [183.

Table 3.2 : Redox processss in soil and dudge sample [183].

Reaction Redox potential pH =7.0: 1 atm
4H™ +4e + O, U 2H,0 Eo = +800 mv
TTIC+2H'U TPF Ep = +490 mv

Determination of dehydrogenase activity in activated dudges or soil sample is
usudly based on the use of tetrazolium sdts as atificia eectron acceptors, which
ae reduced by microbid activity to red colored formazans, can be determined
spectrophotometricaly. By choosing appropriate  conditions the naturd HY / €&
acceptors of the microorganisms of soil or dudge samples are replaced by the redox
dye triphenyl tetrazolium chloride Respirdion of the microorganisms causes a
reduction of 235triphenyltetrazolium chloride (TTC) to triphenyl formazen (TPF),
which is red and insoluble in water. TTC is dgnificantly reduced only by the aerobic
cytocrome system [184]. The measurement of TTC in the activated dudge reveds
the effect of PAHs on bacteria [185-186].
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Many different methods to measure TTC in activated dudge in the literature are
given However, the sdected method is given beow:

Dehydrogenase activity in activated dudge was determined by reduction of TTC.
5mL TTC (5 gL™) and 2 mL glucose soluion (0.1 molL ™) were added to 5 mL
activated dudge, shaken a 200 rpm for 20 min (Thermo Orbitd Sheker) and
incubated a 37 °C for 12 h (Heraeus B6042). 1 mL of concentrated sulfuric acid was
added to stop the deoxidization reaction in the flak. 5 mL methylbenzene was added
to extract the triphenyl formazan formed in the reaction mixture, and the sample was
shaken a 200 rpm for 30 min. The flask was dand dilled on the table for 3 min and
then the reaction mixture was centrifuged a 4000 rpm for 5 min. The absorbance of
the supernatant was checked at 492 nm with an UV spectrometer (Pharmacia LKB
Novaspec |1, Spectro) [185-186. The color differences between the samples were
given in FHgure 35

The enzyme andyses were performed pardld with respirometric andyss and the
samples taken at the beginning and end of respirometer.

Figure3.5: Different colors for different samples.



3.3.4 PAH analysis

All HPLC analyses were performed usng Thermo Surveyor HPLC with PDA (DAD)
Detectorand with Macherey-Nagel Nudeosl Cig column. The column dimensions
was 50x4 mm. Separaion was achieved by isocratic dution in acetonitriler water
(70:30), with a pressure 2530 bar and flow rate of 1 mL/min. The PAH recovery
was 107.3 %. The sequence of 16 EPA PAHSs for one injection was shown in Figure

3.6.

1. Naphthalene
2.Acenaphthylene
3.Acenaphthene

4. Fluorene

5. Phenantrene
6.Anthracene
7.Fluoranthene

8. Pyrene

9.B[dA

10.Chrysene
11.Benzo[b]fluoranthene
12.Benzo[K]fluoranthene
13.B[a]P
14.Dibeenz[ah]anthracene
15.Benzo[ghi]perylene
16.Indeno[1,2,3-cd] pyrene

15
4 | 16
2 12 '
| 18

;j{li.;illl i
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Figure 3.6 : The sequence of 16 EPA PAHs[187].

Dichloromethane extraction method was used for wastewater and Supernatant
500 mL westewater was extracted with 3x30 mL dichloromethane in a separding
funnd. The organic layer were combined and dried with NaSO, and filtered through

glasswool. The samples were concentrated by rotary evaporator (Figure 3.7) to » 25

mL and the rest were concentrated to dryness in agentle Nxflow.

Figure 3.7 : Rotary evaporator.



The concentration redisoluted in 0.5 mL acetonitrile (CHsCN) [187]. The brown
glass vids were used to keep the samples.

The samples from activated dudge were collected and freeze-dried until the andyds
begin. To prevent high amount of solvents discharges, a new method named
ultrasonic  extraction procedure goplied. 051 g of dried dudge sample was
trandered to 50 mL glass flasks and 50 mL of methanol were added. The flasks
were shaken for 5 min and sonicated for 20 min. Banddin Sonopuls HD2200
sonicator with TT13 sonicator plate used for the extraction (Figure 3.8).

Figure 3.8 : Banddin Sonopuls sonicator.

The liquid phase was filtered through a 045 pm glass fibre membrane filter
(Whatman, Maingtone, UK) and cleanedup by solid phase extraction. Prior to use,
SPE catridges were conditioned usng 3mL of methanol and 3 mL of deonized
water a a flow -rate of about 3 mLmin't. Then, an diquot of 10 mL of the filtered
dudge extract was trandferred to the SPE cartridge a a flow-rate of about
3 mL min using a vacuum manifold system connected to a vacuum pump. Fractions
of 1 and 5 mL of the extract were separately eveporated to dryness by a gentle
nirogen dream and the resdues were dissolved in 05 mL of acetonitrile,
respectively [188-189].

The activated dudge was washed with water twice, and respirometer analyss were
performed. At the end of respirometer andyss, the activated dudge was settled.
After sttling, samples taken from settled activated dudge and from supernatant.
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3.3.5 FAME analyss

To identify the microbid species during the deady deate period in the SBR and the
posshle changes dfter B[a]A loading, Fatty Acid Methyl Ester (FAME) andyss
were used [190]. The andyss contracted to the Scientific and Technologica
Research Council of Turkey, Marmara Research Center (TUBITAK-MAM). The
liquid mixture samples weae taken in Day 21 from SBR was fed with peptone
mixture and Day 21 from SBR was fed with peptone mixture + B[a]A. The samples
were kept a -20 °Cwith glycerol until the anadyses were performed

3.3.6 PHA analyss
Polyhydroxyakanoates (PHA) is one of the moslly observed storage polymer in

activated dudge. The commonly known component are polyhydroxybutyrate (PHB),
polyhydroxyvderate (PHV) and 3hydroxy-2methylvderate (3H2MV). For the
andyses, 2530 mL samples taken in to tubes from mixed liqueur. Each tubes having
a few drops of formadehyde. The samples centrifuged (SED Modd 5X Centrifuge)
and the liquid phase discarded. 455 ml phosphate buffer added and then the samples
were centrifuged again before vortex. Collected dudge pelets in a sample tube were
freezed at -20 °C. The pédles freeze-dried (ThemoSavant, ModulyoD Freeze dryer,
Figure 3.9 for a least 48 hours a -50°C. The freeze-dried dudge pellets crushed. 20-
30 mg with a microgram balance weighed and recorded exact amount. The weighed
amount of sample in glass tubes with PTFE lined screw caps (Schott GL18 Max
200°C) putted. 3 standards each 23 mg for each series of 15 samples pepared.

55



Figure 3.9 : ThermoSavant, ModulyoD freeze dyer.

50 pL of internd standards to each sample and standard pipetted. 1.5 b of the acid
mixture in each sample and standard added. 1.5 mL 1,2 dichloroethane is added to
each sandard and sample. The samples and standards boiled for 2 hours a 100 °C
and shaked every 15 minutes. After cooling down 3 mL didilled water added and
shaked vigoroudy for 10 min by vortex. The samples centrifuged for 5 min. a 2500-
3000 rpm. Wated for phase separdtion for a fewv minutes. Around 1 mL from the
lower organic phase taken. Glasswool and add sodium sulfate in blue pipette tips (0.5
mL) putted. 1 mL organic phase filtered from sodium sulfate column [191].

The samples were andyzed by Aglent 680N gas chromatograph.3-
hydroxybutyricacid-co-3-hydroxyvderic acid, PHV and cgproic acid sodium sdt was
used as standards for PHB, PHV and 3H2MV measurements, respectively. COD
equivdents of the measured components were caculated according to conversion
ratios of 1.38 mg COD/mg PHB, 1.63 mg COD/mg PHV, and 1.82 mg COD/mg
3H2MV.
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4. RESULTS & DISCUSSION

4.1 Fill & Draw Reactor Results— AcuteEffect of B[a]A

To determine the acute effect of B[a]A on activated dudge, respirometric anayses
were performed. Apat from the control sat, three different B[a]A loads which were
0011 gL, 0044 gL, 0.088 g/L, respectively were agpplied. To increase the solubility
of B[a]A in water, acetone was used as solvent. In addition, three sets with acetone
induding peptone mix.+acetone, peptone mix.+acetonet0.011 g/L B[a]A and
peptone mix.+acetone+0.044 g/L, were gpplied Duplicate sets;, Set 1.1, Set 1.2 and
Set 31, Set 3.2 had the same conditions. However, the Set 1.2 and Set 3.2 had dso
PHA results besides the respirometric results. The experiments were started with an
intid feed having a totd COD of 300 mg/L. The detalls of sets were given in
Table 4.1.

Table4.1: Theddails of F&D reactor sets.

Sets Details

S 11 peptone mix. 300 mg COD/L

Set 12 peptone mix. 300 mg COD/L

Sa 2 peptone mix. 300 mg COD/L + 0.011g/L B[aA
Set 31 peptone mix. 300 mg COD/L + 0.044 gL B[a]A
St 32 peptone mix. 300 mg COD/L + 0.044 g/ B[dA

St 4 peptone mix. 300 mg COD/L + 0.088 gL B[alA

S5 peptone mix. 300 mg COD/L + 1.5 mL/L acetone

S 6 peptone mix. 300 mg COD/L + 1.5 mL/L acetone + 0.011 gL B[aA
Set 7 peptone mix. 300 mg COD/L + 1.5 mL/L acetone + 0.044 g/ B[a]A

4.1.1 Conventional parameters

As conventiond parameters, COD remova, pH, SS and VSS were measured. For all
sets, the COD remova was measured 85 % and the pH was kept 6.9, initid SS was
1000 mg/L and initid VSS was 800 mg/L.

4.1.2 Respirometer results

For each s, detals given above, one respirometric andyds was performed. The
respirometric results for Set 1 to Set 7 with different conditions are shown in Figure
4.1. In addition, ? O,for dl sets were caculated.
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Figure4.1: Therespirometric results of Set1.1 — 7.

The results, which are shown in Figure 4.1, are dvided in two groups to present the
detals. The respirometric results of the sets conducted without acetone are shown in
Figure 4.2 The ? O, was cdculated for al sets separately. The ? O, of Set 1.1 and Set
1.2 were bath 122 mgCOD/L. The initid by levds for both sets were 8.45 mgO2/L.h.
The OUR pesks dfter feeding with peptone mixture drop from 71.5 mgOJL.h to by

leved in 045 days (10 hours).
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Figure4.2 : Therespirometric results of Set1.1 — 4.
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The ?0, of Set 2 was 97 mgCOD/L. The initid Iy levd was 878 mgO-/L.h. The
OUR pesk after feeding with peptone mixture and B[a]A drop from 75.1 mgO4/L.h
to by levd in 0.26 days (6.2 hours). The ? O, of Set 31 and 3.2 were 93 mgCODI/L.
The initid by levels were 827 mgOZ/L.h for both sets The OUR peaks after feeding
with peptone mixture and B[a]A drop from 704 mgOJL.h to y levd in 0.28 days
(6.7 hours). The ?0, of Set 4 was 91 mgCOD/L. The initid by levd was 8.31
mgO2/L.h. The OUR pesk after feeding with peptone mixture and B[a]A drop from
73 mgOJL.h to by levd in 0.26 days (6.2 hours). The ?O2 from Set 2to Set 4, drop
with B[a]A concentration from 97 mgCOD/L to 91 mgCOD/L. In Fgure 4.3 ae

shown the respirometric results of the sets with acetone.
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Figure 4.3 : The respirometric results of the control Set1./1.2 and Set5— 7.

The ?0, of Set 5 was 9% mgCOD/L. The initial ky level was 8.8 mgO./L.h. The
OUR pesk after feeding with peptone mixture and B[a]A drop from 67.82 mgO4/L.h
to by levd in 0.4 days (9.5 hours). The ?0, of Set 5 was very close to Set 2.
However, the drop of peak after feeding, needed as time as Set 1. The ?0, of Set 6
was & mgCOD/L. The initid by level was 9.1 mgOJ/L.h. The OUR pesk after
feeding with peptone mixture and B[a]A drop from 223 mgO./L.h b by levd in 0.24
days (»6 hours). The ?Q of Sat 7 was 84 mgCOD/L. The initid kby level was 8
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mgOJ/L.h. The OUR pesk after feeding with peptone mixture and B[aA
drop from 6223 mgOJ/L.h to by levd in 0.28 days (67 hours). The results showed
that the effect of B[a]A were inhibited from acetone. Because of that, two sats
without acetone addition were sdected for PHA sampling to show the effect of
B[aJA on the storage mechanism. Firs st was the control st (Set 1.2) and the
second set was the set with 0.044 mg/L B[a]A (Set 3.2) addition. The respirometric
results for Set 1.2 and Set 3.2 areshown in Fgure 4.4.
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Figure 4.4 : Respirometer results for Set 1.2 and Set 3.2

4.1.3 Modelling results
All sts from St 1.1 to St 7, were modded with Aquasm software. Modified

ASM3 modd, which indudes dud initid reedily biodegradable COD, was used.
Matrix representation of the model structure for smultaneous growth and storage is
shown in Table 4.2.



Table 4.2 : F&D, Mairix representation of the mode dructure for smultaneous
growth and storage.

Process S S, S5, Sy Xy Xgo Xp Rate uation
MLT

Growth of 1Yy 1 1 B -X
X yfor $ Y, Y, TKgtSs
Growth of 1-v, 1 =

- - 1 By -X
Xnufor S Y, Y, PiKgtSo
Storage of S@-Y.) a1 1 Y Ss
PHA s10 STO SOKg+Sg M
Hydrolysis 1 1 1 K, _ Sul/Xa X,
of 4 Kx +Si1/ Xy

1-Y 1

Growth on H

- -— re X
PHA Y, L Y. s Xsro
Qecay Tt -1 fo br X

H

Parameter, Cdl
ML-2 o} CcOD CD b GD gy COD

The measured OUR data is showed with the circles in the modd results. The modd
daa is hown with the line The modded graphic of the control Set 1.1 and Set 1.2

aregven in Hgure 45
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Figure4.5: Set 1.1 and Set 1.2, control st modelling results.

61



The PHA modd result for Set 1.2 isgiven in Fgure 46.
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Figure 4.6: Set 1.2 (control) PHA moddling result.
The modeled graphic of the Set 2 with peptone mixture and 0.011 g/L. B[a]A addition

is given in Figure 4.7.
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Figure 4.7 : Set 2, respirometer modelling result.

The modded graphics of the Set 31 and 32, which indude peptone mixture and
0.044 g/L B[a]A addition is given in Fgure 4.8
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Figure4.8: Set 31 and 3.2 respirometer modelling results.
The PHA mode result for Set 3.2 is given in Figure 4.9.
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Figure4.9: Set 3.2 PHA moddling result.
The modded graphic of the Set 4 which includes peptone mixture and 0.088 g/L
B[a]A addition is given in Fgure 4.10.
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Figure 4.10 : Set 4, respirometer moddling result.
After moddling sats with control and different B[a]A loads, the sets with acetone
were modded. In Set 5, peptone mix. and acetone were used as control set. The
modeled graphic of the Set 5 is given in Fgure 4.11
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Figure4.11 : Set 5, peptone mix. + acetone control respirometer result.



The modeled graphic of the Set 6 which includes peptone mixture, acetone and 0.011
g/L B[a]A addition is given in Fgure 4.12.
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Figure4.12 : Set 6, respirometer modelling result.
The modeled graphic of the Set 7 which indudes peptone mixture, acetone and 0.044
g/L B[alA addition is given in Figure 4.13.
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Figure4.13: Set 7, respirometer modelling resuit.



The kinetic parameters were determined based on moddling results of the
Sets 1.1 - 7. The cdculated kinetic parameiers aregiven in Table 43

Table4.3: The kinetic parameters of the Set 1.1 —Set 7.

Set1.1/1.2 Set2 Set3.1/32 Set4 Setb Set 6 Set 7

B[dA (gL) - 0011 0044 0088 - 0011 0044
Acetore (15 mL/L) - - - - + + +
Maximum growth rate for 4 4 4 4 4 4 4
X HLr HH1

Maximum growth rate for 09 09 09 09 09 09 09
XieHh2

Half saturation constant for

growth of Xup K g 12 12 12 12 12 12 12
Haf saturation constant for

growth of X4, Ko 3 3 3 3 3 3 3
Maximum hydrolysis rate 312 33 304 223 305 312 312

for Sy, kp

Hydrolysis haf saturation
constant for §, Ky
Maximum storage rate of

0.029 0.029 0029 0029 0.029 0.029 0.029

PHA. kg0 10 8 8 1 76 7.6 7.6
Maximum growth rate for

growth on PHA, rg 6.9 6.86 48 43 354 354 354
Endogenous decay  rate for 02 02 02 02 02 0.2 02
XH! bH

Heterotrophic yield

coefficient.Y 0.67 0.67 0.67 0.67 0.67 0.67 0.67
Storage yidd of PHA,Ysro 0.78 0.78 0.78 0.78 0.78 0.78 0.78
Initial Readily 8 8 10 14 8 8 8

Biodegradable COD,Sgq

Initial Readily

Biodegradable COD,Sgo 4 H H B 3 34 A
Initid active Heterotrophic 950 950 %50 1080 950 %0 950

biomass, Xy

Maximum storage rate of PHA by Xy (ksto) from Table 42 showed amogt the same
vaue for Set 2 and Set 5 The effect of acetone overshadowed the effect of B[alA.
Because of that, the effect of B[a]A could not be determinate by Set 6 and Set 7. The
B[gA addition had an adverse effect on maximum hydrolyss rate for Sy (ky), on
maximum storage rate of PHA by Xy (ksro) ad on maximum growth rate for growth
on PHA for Xy (re). The adverse effects of B[a]A had a postive corrdation with the
increedng loads. The B[a]A had an acute effect on activaied dudge, which affects

PHA storage mechanism.



4.2 SBR Results— Chronic Effect of B[a]A

Fourteen different sets were performed to observe the chronic effect of B[a]A on
activated dudge. Six of fourteen sets were selected which had aso respirometric and
PHA datafor modeling. The details of sdected sets aregiven in Table 4.4

Table4.4 : The details of Set 8 — Set 13.

Sets Days Details COD

S8 Fll and Draw Fill and Draw, without B[a]A addition 700 mg COD/L
9 Day 21 SBR, steady <ate, without B[a]A addition 500 mg COD/L
Set 10 Day 1 B[alA SBR, with B[a]A addition 500 mg COD/L
Set 11 Day 3 B[aA SBR, with B[a]A addition 500 mg COD/L
Set 12 Day 21 B[aA SBR, steady state, with B[a]A addition 250 mg COD/L
Set 13 Day & SBR, without B[a]A addition 250 mg COD/L

4.2.1 Conventional parameters
The SS and VSS reaults of F&D and SBR are shown in Table 4.5 In order to prevent

possble O, limitation in respirometer, the amount of activated dudges from Set 12,
Set 13 and Day -7 were 750 mL ingead of 1500 mL. So/Xo ratics were dso shown in
Table 45

Table4 5 : TheSS, VSSand So/Xo amounts of F&D and SBR.

Day Set No. B[a]A addition SS VSS So/Xo
F&D Set 8 - 1660 1500 0.46
1 - 1520 1430 035
3 - 1500 1210 0.41
5 - 1735 1556 0.32
10 - 2160 1960 0.25
14 - 2% 2065 0.24
21 Set 9 - 2260 2125 0.23
1 Set 10 + 1220 1200 041
3 Set 11 + 1335 1375 036
12 + 1830 1815 0.27
15 + 230 2280 022
21 Set 12 + 1675 1660 0.15
5 Set 13 - 1650* 1640 0.15
-7 - 1545¢ 1535 0.16

*haf biomass was added

To andyze COD removal, samples were taken at the end of the cycles. The COD
remova reaults are shown in Table 4.6. The average COD remova of SBR in steady
sate was 87 %. The B[a]A addition decreased the COD removd in firsg 12 days.
With Day 15, the COD removad increased again to the 87 %.
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Table 4.6 : COD removd of F&D and SBR.

Day Set No. B[aJA Addition COD removd (%)
F&D Set 8 - 80.0
1 - 79.17
3 - 835
5 - 85.3
10 - 87.0
14 - 86.5
2 Set 9 - 87.2
1 St 10 + 8050
3 Sa11 + 8267
12 + 417
15 + 86.67
21 S 12 + 8650
-5 S 13 - 8580
-7 - 85.70

For dl sats, pH vaues were measured between 6.8 and 6.9.

4.2.2 PAH results

4.2.2.1 PAH resultsfor SBR
The PAH results of SBR are shown in numbers in Table 4.7 and grgohicd
presentation is shown in FHgure 4.14. Since the amount of B[a]A addition was higher
than waer solubility, some of B[aJA attached to the reactor wadl. In addition,
activated dudge was washed with water twice. These could explain the reason why a
decrease in the B[aA levdl was observed both in the activated dudge and the
supernaiant. However, the higher amount of B[a]A addition, rexuts in higher B[alA
level in the supernatant and in the activated dudge. The detection of B[a]A in the
supernatant is an evidence of desorption from the activated dudge.

Table 4.7 : B[a]A amounts in activated dudge and supernatant from SBR.

B[a]A Super natant Activated Sludge
D&y ad<[:ii2ion Set No. (B[g]A mg/L) (B[alA mg/kgg)]
Day 3 + Set 1l 11.7 129.35
Day 12 + 37.1 163.53
Day 15 + 61.67 199.89
Day 21 + Set 12 &2 208.84
Day -5 - Set 13 417 167.70
Day -7 - 4.76 108.97




It was found on Days -5 and -7, that the amount of B[aJA in supernatant decreased
sharply. Nevertheless, the amount of B[aJA in activated dudge decreased dowly.

250 -
200 - — B
150 -
] H Supernatant (B[a]A-mg/L)

100 - ] O Actv. Sludge (B[a]A-mg/kg)

50 -

0 A T T T T T ;__|
Day3 Dayl2 Dayl15 Day21 Day-5 Day-7

Figure4.14 : B[a]A amountsin activated dudge and supernatant from SBR.

4.2.2.2 PAH resultsfor treatment plantsin I stanbul
The PAH results of WWTPL and WWTP2 trestment plants were given in Table 4.8.

The samples were taken from trestment plants influents. The fird samples taken end
of December (2009) and second samples were taken end of February (2010). The
amount of two samples (A and B) from WWTP1 and WWTP2 were close. The
number of PAHs and the amount of totd PAHs from WWTP1 was higher than
WWTP2

Table48 : The PAH amounts (mg/L) in WW of treatment plants in Istanbul.

WWTP1-A mg/L
Acenaphthylene 025
Anthracene 0039
Benzo[alanthracene 013
Benzo[apyrene 058
Chrysene 0014
Huoranthene 024
Indeno[1,2,3-c,d] pyrene 0031
Pyrene 062
SPAH 1.904
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Table 4.8 : (contd.) The PAH amounts (mg/L) in WW of trestment plantsin Istanbul.

WWTP2-A mg/L
Acengphthylene 093
Anthracene 0.067
Benzo[alanthracene 0.39
Benzo[&]pyrene 012
Phenanthrene 0.023
Pyrene 0.32
SPAH 1.85
WWTP1-B mg/L
Benzo[ g anthracene 0.50¢
Benzo[a]pyrene 021
Naphthaene 0.58
SPAH 1.299
WWTP2-B mg/L
Anthracene 0.035
Benzo[a)anthracene 0.36
Benzo[a|pyrene 0.884
Fluoranthene 0.027
Huorene 0.017
SPAH 1.323

The PAH amounts in activated dudge is the most important concern in Europe,
because the activated dudge is bang used as fertilizer in agriculture and therefore the
researcher focused mainly on PAH. However, WWTP2 had no biologicd trestment,
only the influents of both trestment plants were investigated. The amounts of PAHS
varied from 11 to 474 ng/L in raw runoff water in the literature [192]. Other
researchers found SPAH concentration in the raw influent as 309.8 g/d in summer
and 4191 gd in winter [193. One reason of the high amounts is that they were
found in the influents of the trestment plants recelving flows from combined
collectors in Istanbul. The other reason could be the sampling periods. In winter, the
ctizens of Iganbul could prefer to use stoves indead of environmentd friendly
naura gas, for any reasons. The individud PAHs founded in Igtanbul, except
ngphthadene, had minimum three benzene rings, which proved the sources of PAHS

were anthropogenic.



4.2.3 Enzyme results
The dehydrogenase enzyme test results are given in Table 49. The active biomass

was cdculaed through dividing the biomass to the activity. The enzyme test result
was divided to the active biomass and multiplied with 10> The enzyme results are
expressed mg/g in active biomass. According to Table 4.9, the dehydrogenase
enzyme levd was 005 mg/g average without B[a]A addition a the beginning of
repirometer test. The average enzyme level measured a the end of respirometer
tests was 0.08 mg/g. On Day 14 and 21, the enzyme levels at the end of respirometer
were higher than the beginning. The increese of enzyme leve a the respirometer end
was an evidence of adaptation of activated dudge to SBR.

During the B[aJA addition period (Day 1 and Day 3 with B[gA), the average
enzyme levels a the respirometer start and a the end were 0.22 mg/g and 0.19 mg/g,
respectively. The enzyme levds on Days 12 and 15 with B[gA could not be
determined because of the O, limitaion. The enzyme levd of Day 21 a the
respirometer sart and a the end were 0.29 mg/g and 0.4 mg/g, respectively. High
level of dehydrogenase enzyme was determined dso 7 days of operation without
B[a]A addition. This result indicated that the B[aJA effect continued during this
peaiod. The previous dudies had proven tha the PAH addition into the soil and
activated dudge incressad the dehydrogenase enzyme ativity in microbid
community [194-196]. This study had smilar results with previous sudies

Table4.9 : Dehydrogenase enzyme results of SBR.

Enzyme- Enzyme Active L Enzyme Enzyme
Day Set No. a(?([jﬁﬁ)n mg/L mg/L VSS Biomass A%,'/V')ty mg/g mg/g
(Sart) (End) (VSS) ? (art)  (End)
1 - 0.046 0.030 1430 715 0.50 0.06 004
3 - 0.049 0.031 1210 605 0.52 0.08 0.05
5 - 0.042 0.050 1555 778 0.582 0.05 0.06
10 - 0.040 0.068 1960 1078 055 0.04 0.06
14 - 0.044 0.151 2065 1177 0.57 0.04 0.13
21 Set € - 0.039 0.125 2125 1232 0.58 0.03 0.10
1 Set 10 + 0.090 0.145 1200 704 059 013 021
3 Set 11 + 0.272 0.149 1375 845 0.61 0.32 0.18
12 + 0.317 0.159 * * * * *
15 + 0.380 0.163 * * * * *
21 s+ 12 + 0.346 1131 1660 1197 0.72 0.29 094
-5 Set 13 - 0412 0.935 1640 1197 0.73 0.34 0.78
-7 - 0.466 1.004 1535 1190 0.73 0.3 090

* not caculated because of the G limitation
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4.2.4 FAME results
The samples for FAME andlysis taken from SBR at steady state. The other parameter

such as dehydrogenase enzyme, SS and VSS were shown whether the SBR at steady
dstate. The FAME andyss hes a disadvantage, which the anayze gives the dominant
species, not the whole species.

The FAME analyss results were given in Table 4.10. Set Scontained subgroups of
Entrococcus faecalis which is normdly found in activated dudge. The genus
Enterococcus is comprised of Gram-postive, microagrophilic cocc (round), which
are not motile and occur in chains or pars. The genus is defined by a combination of
antigenic, haemolytic, and physologicd characterisics and was formerly pat o the
genus Streptococcus[197-199].

St 12 with B[a]A, contained Bacillus species, which were capableto degrade B[a]A
[24, 200. Bacillus is a genus of Gram-pogtive rod-shaped bacteria and a member of
the dvison Firmicutes Bacillus species can be obligae aerobes or fecultaive
anaerobes, and test podtive for the enzymecatdlase Ubiquitous in nature, Bacillus
indudes both free-living and pathogenic species. Under dressful - environmenta
conditions, the cdls produce ovad endospores that can stay dormant for extended
periods. These characteridtics originaly defined the genus, but not dl such species
ae cdosdy rdaed, ard many have been moved to other genera. The cdl wal of
Bacillus is a gructure on the outsde of the cdll that forms the second barrier between
the bacterium and the environment, and a the same time maintans triangle shape
and withgands the pressure generated by the cdl's turgor. The cdl wadl is composed
dtdchoic and techuronic acids. Therefore, Bacillus species is parss agang the
environmertal changes and xenobiotics [201-207.

Table4.10 : FAME anaysis results.

Day Set No. Species

Day 21 Set 9 Entrococcus faecalis— subgroup A
Entrococcus faecalis— subgroup B
Entrococcus faecalis— subgroup D

Day 21 with B[a]A St 12 Bacillus subtilis
Bacillus atrophaeus
Bacillus cereus— subgroup A




The dehydrogenase enzyme levd in Set 12 (Day 21 with B[a]A) was the highest
observed enzyme level. In Set 12, the second FAME sample was taken and result of
the FAME andyss showed that the dominant species were different than in Set 9.
The dominant species, Bacillus are capable of biodegradng PAHs including B[aA
as mentioned before. During the biodegradation process, enzyme activity levels were
increased. If other species were avalable as dominant species, the biodegradation
process would not occur, S0 the enzyme level woud not increase to the levels which
could beobserved in this sudy.

4.2.5 Respirometric results
Before darting the operdtion of SBR, one set F&D respirometer (Set 13) experiment

was peformed for comparing with the SBR. The SBR reached steady state in 14
days Day 21 was sdlected for the comparison. After 21 days, B[a]A (0.011 g/L) was
added into the reector a each cycle and the chronic effect of B[a]A was observed.
All respirometric sets had dso PHA samples. The details from seected days were

given in Table 4.3.The respirometric results were given in Fgure 4.15
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Figure 4.15 : OUR data of seected days for modelling

The Set 1 and Set 8 were respirometric results from F&D reactors with the same
activaied dudge and operated under the same conditions. However, the respirometric
profiles of both sets were not the same, which was atributed to the use of the
different peptone and mest extract.

73



The respirometric results of Set 8 and Set 9 are givenin Figure 4.16. The difference
between F&D reactor and SBR under steedy dtate conditions are shown in Fgure
4.16.

160 *Set 8 (F&D)
mSet 9 (SBR Day 21)

80
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Figure4.16 : OUR data of Set 8 and Set 9.

The respirometric results of Set 9, Set 10, Sat 11 and St 12 were given in Fgure
4.17.
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Figure4.17 : OUR dataof Set 9, Set 10, Set 11 and Set 12.

In Figure 4.17 was shown the differences between the Day 21 without B[a]A (Set 9)
addition and Day 1 (Set 10), Day 3 (Set 11), Day 21 (Set 12) with B[a]A addition in
SBR. Therespirometric results of Set 9, Set 12 and Set 13 were given in Figure 4.18.
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Figure4.18 : OUR dataof Set 9, Set 12 and Set 13.

In Fgure 4.18 was shown the differences between Day 21 (Set 9) without B[alA
addition, Day 21 (Set 12) with B[gA addition and Day -5 (Set 13) without B[a]A
addition. The amilarity of Set 12 and Set 13 pointed thet the effect of B[a]A perddts
in Day 5 without B[a]A.

4.2.6 Modelling results
All sats, from Set 8 to Set 13, were modded with Aquasm software. Modified

ASM 3 modd was used Mairix representation of the mode dructure for
smultaneous growth and storage was shown in Table 4.11.

Table 4.11 : SBR, Matrix representation of the modd dtructure for sSmultaneous

growth and storage.

Process Soz Ss S, Xu Xgo X Rate equetion
ML3T?

Growth of 1-VY, 1

- - = 1 X
Xy for S Y, Y, I‘f‘“1|<s+ss H
Hydrolysis 1 1 K Sh/ X X
of Sy "Kx *Saa/Xn "
Soage o a-vg) 4 Y, Ksto——S— X,y
PHA st STO Ks+ Ss
Growth on _ 1- YH - i
PHA Y, 1 Y, s X sto
D of
Xicay - (1- fp) 1 fo by Xy
Parameter, Cdl
M L.3 o7} COD CoD Cob oD COD
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The measured OUR and PHA data were shown with the circles in the modd results.
The modd data showed with the lines.

The calculated 2 of Set 8 was 205 mgCOD/L. The initid by level was 12.6
mgO,/L.h. The OUR peak after feedng with peptone mixture dropped from 156.8
mgO,/L.h to by levd in 0.6 days (»14 hours). The measured maximum PHA leve
was 121.7 mgCOD/L. The moddling results of respirometric and PHA data were
showed in Fgure 4.19,
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Figure4.19: Set 8, F&D respirometer and PHA modelling
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The caculated 70, of Set 9 was 182 mgCOD/L. The initid by leve was 16.2
mgOJL.h. The OUR peak after feeding with peptone mixture dropgped from 147.1
mgOJ/L.h to by levd in 0.26 days (»6 hours). The measured maximum PHA leve
was 556 mgCOD/L. The moddling results of respirometric and PHA data were
shown in Hgure 4.20.The effect of SBR was shortening the time that needed drop of
OUR peak to by levd. In addition, the maximum PHA level was decreased from
121.7 mgCOD/L to 556 mgCOD/L. The ?0, evauated from the area under OUR
curve by 10 dudge ages, peptone mixture fed and as SBR operated mixed culture, as
defined previous sudy [203], was caculated as 227 mgCOD/L, which was a nearly
result founded by Set 9 as 182 mgCODIL.
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Figure4.20: Set 9, Day 21 respirometer and PHA modeling.



The caculated ?G of Set 10 was 166 mgCOD/L. The initid by level was 10.2
mgO,/L.h. The OUR pesk after feeding with peptone mixture and B[a]A addition
dropped from 94.6 mgO,/L.h to by levd in 0.2 days (»5.2 hours). The measured
maximum PHA levd was 483 mgCOD/L. The moddling results of respirometric
and PHA data were shown in Figure 4.21.
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Figure4.21: Set 10, Day 1 B[a]A respirometer and PHA moddling.
The calculated ?Q of Set 11 was 173 mgCOD/L. The initid by level was 10.2
mgO,/L.h. The OUR pesk after feeding with peptone mixture and B[a]A addition

dropped from 120.7 mgOJL.h to by levd in 0.23 days (»5.5 hours). The measured
maximum PHA levd was 53.3 mgCOD/L. The moddling results of respirometric

and PHA data were shown in Figure 4.22.
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Figure4.22: Set11, Day 3 B[aA respirometer and PHA modelling

The calculated 2O of Set 12 was 9 mgCOD/L. The initid by leve was 139
mgOJ/L.h. The OUR pesk after feeding with peptone mixture and B[a]A addition
dropped from 157.4 mgO./L.h to by levd in 0.08 days (»2 hours). The measured
maximum PHA level was 44.6 mgCOD/L. The moddling results of respirometric
and PHA data were shown in Figure 4.23
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Figure4.23: Set 12, Day 21 B[a]A respirometer and PHA moddling

The calculated 7?0, of Set 13 was 100 mgCOD/L. The initid by levd was 13.4
mgO,/L.h. The OUR pesk after feeding with peptone mixture dropped from 1726
mgO,/L.h to by levd in 0.08 days ¢2 hours). The measured maximum PHA leve
was 48 mgCOD/L. The moddling results of respirometric and PHA data were shown
in Fgure 4.24.
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Figure4.24: Sat 13, Day 5 without B[a]A addition, respirometer and PHA
modeling.



Thekinetic moddling results from Set 8 and Set 9 were shown in Table 4.12.

Table 4.12 : Set 8 and Set 9moddling results

Modd Parameter Set 8 Set 9
& State Variables (F&D) (Day 21)
B[a]A addition - -
Maximum growth rate for Xy, M, 6.3 55
Half saturation constant for growth of Xy, K¢ 28 23
Maximum hydrolysis rate for $, k, 8.3 6
Hydrolysis half saturation constant for &, K, 0.2€ 034
Maximum storage rate of PHA, ksro 1.6

Maximum growth rete for growth on PHA, 17 7
Endogenous decay rate for Xy, I, 0.2 0.2
Heterotrophic yield coefficient, Y, 0.65 065
Half Saturation Congtant for Storage of PHA

by Xy Kers 95 9.5
Storage yield of PHA, Y 0.8 0.8
State Variables

Added Initial Biodegradable Peptone COD 70C 500
Initial Biodegradable Peptone COD 784 510
Initial Readily Biodegradable COD, S 71 45
Initidl Readily Hydrolysable COD, &y 713 465
Initial PHA Concentratior 227 18.83
Initid active Heterotrophic biomass, Xy 1400 1750
Volaile Suspended Solids 1500 2125
Activity (%) 50 58

Maximum growth rate (Mimx), haf saturation congant for growth of Xy (Ksg),
maximum hydrolyss rate for Sy (ky), hydrolyss hdf sauration congant for Sy (Kx),
maximum storage rate of PHA by Xy (ksto) and maximum growth rate for growth on
PHA for Xy (rc) were dl affected from the SBR conditions. The vaues for mymax,
Ks ki decreased and the vdues for Ky, ksto, I increased when the operaion of the
reactor was switched from F&D mode to the SBR mode. It was seen tha the
researchers operated F&D and SBR usng E. coli as pure culture They found that
parameters changed with the changing reactor conditions [204]. Also in this sudy,
employing a mixed culture, the parameters showed difference with the changing
reector conditions The SBR operaing conditions increesed dso the activity from
50% to 58%.
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The kinetic modelling results from Set 9, Set 10, Set 11 and Set 12 were show ed in

Table 4.13.

Table4.13: Set 9, Set 10, Set 11 and Set 12 modelling results.

Mode Parameter
& State Variables

B[a]A addition

Maximum growth rate for Xu, m, ..

Half saturation constant for growth of Xy, K
Maximum hydrolysis rate for &, k,
Hydrolysis half saturation constant for 4, K
Maximum storage rate of PHA, kSro
Maximum growth rate for growth on PHA, rg
Endogenous decay rate for Xu, by,

Heterotrophic yield coefficient, Y,

Hdf Saturation Congtant for Storage of PHA by
XH,KSTS

Storage yield of PHA, Y

State Variables

X

Added Initid Biodegradable Peptone COD
Initial Biodegradable Peptone COD

Initid Readily Biodegradable COD, Ss
Initid Readily Hydrolysable COD, S,
Initiad PHA Concentration

Initial active Heterotrophic biomass, Xy
Volaile Suspended Solids

Activity (%)

Set9

(Day 21)

55
23
6
034
2
7
0.2
0.65

9.5
0.8

500
510

45
462
1883
1750
2125
58

Set 10
(Day 1)

+
55
23
8
0.25
2
7
0.2
0.65

9.5
0.8

500
370

45
325
1567
1000
1200
58

Set 11
(Day 3)

+
55
23
8
0.25
2
7
0.2
0.65

9.5
0.8

500
430

45
22¢
11
1200
1375
61

Set 12
(Day 21)

+
55
23

6

0.063
25
11
0.2

0.65

9.5
0.8

250
250

45
20=
1306
1700
1660
72

In order to prevent O, limitation, the regular amount of biomass used was added in
hdf to the Set 12. Due to this fact for this s, initialy added biodegradable peptone
was 250 mgCOD/L instead of 500 mgCOD/L. The subsirate intake was affected by
the B[a]A addition in Set 10 and Set 11. In addition, meximum hydrolyss rate for Sy
(ky) andhydrolyss haf sauration congant for growth of Xy (Kx) were affected by
the B[a]A addition. The parameters, maximum growth rate for growth on PHA for

Xu (re) and maximum growth rate of PHA by Xy (ksto), were only different from

other sets on Day 21 with B[g]A addition. The difference between Set 10 and Set 11
was only the activity of activated dudge. Also in Sat 12, FAME andyss proved the

change of species.
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Thekinetic moddling results from Set 9, Set 12 and Set 13 are shown in Table 4.14

Table4.14 : Set 9, Set 12 and Set 13 moddling results.

Modd Parameter Set 9 Set 12 Set 13
& State Variables (Day 21) (Day 21) (Day -5)
B[a]A addition - + -
Maximum growth rate for Xy, m, 55 55 55
Half saturation congtant for growth of Xy, K¢ 23 23 23
Maximum hydrolysis rate for $, k, 6 6 5.72
Hydrolysis half saturation constant for &, K, 034 0.063 0.055
Maximum storage rate of PHA, K, 2 25 25
Maximum growth rate for growth on PHA, r_ 7 11 11
Endogenous decay rate for Xy, I, 02 02 0.2
Heterotrophic yield coefficient, Y, 0.65 0.65 065
Half Saturation Constant for Storage of PHA

by Xy, Kgre 95 95 95
Storage yield of PHA, Y 038 038 0.8
State Variables

Added Initial Biodegradable Peptone COD 500 250 250
Initial Biodegradable Peptone COD 510 250 27C
Initial Readily Biodegradable COD, S 45 45 45
Initial Readily Hydrolysable COD, S, 465 205 225
Initidl PHA Concentration 18.83 13.06 1201
Initid active Heterotrophic biomass, Xy 1750 1700 1700
Volaile Suspended Solids 2125 1660 1660
Activity (%) 58 72 72

In order to prevent O, limitaion, the regular amount of biomass used was added in
haf to the Set 13 Due to this fact, for these sats initid biodegradable peptone was
not 500 mg COD/L. Set 12 and Set 13 had shown the same activity level, which was
higher than other sats. The Set 13 had lower hydrolyss hdf saturation congant for
growth of Xy (Kx) vaue than Set 12 dthough the other values were equa. The effect
of B[aJA could be seen after 5 days of operation without B[a]A addition.

The dehydrogenase enzyme leve increased by B[a]A addition in Day 3 (Set 11). The
maximum enzyme level was reached in Day 21 (Set 12). Nevertheess the enzyme
activity indicated that the effect of B[a]A continued in Day -5 (Set 13) and in Day -7.



5. CONCLUSIONS

In this sudy, it was found that the operating conditions of a reactor such as F&D or
SBR affects the vaues of the kingtic parameters attained in the biologicd systems

The acute test showed that the B[a]A addition had an adverse effect on maximum
hydrolyss rae for Sy (ky), on maximum storage rate of PHA by Xy (ksto) and on
maximum growth rate for growth on PHA for X4 (rg). As the B[aA loads were
increased, aso the adverse effects of B[aJA on PHA storage mechanism on activated
dudge were increased

The chronic test showed that for 21 day operation with a constant B[a]A load affects
the maximum hydrolyss rate for Sy (ky), hydrolyss hdf sauraion congant for
gowth of Xy (Kx) and the PHA storage mechanism. It was observed that the
dehydrogenase enzyme and O, uptake rate increased with operation time The FAME
andyss showed that the dominant species changed with B[a]A addition in the
chronic ted.

The presence of trace PAHSs in activated dudge is an important concern in countries,
which use the activated dudge in land gpplications such as fertilizers. Application of
activated dudges as fertilizers can lead to PAHs accumulation n the soils as well as
their migration to the food chan. The EU countries have a standard for PAHS in
sewage dudge. Other developed countries, such as USA, have standards far PAHSs in
drinking water. As Turkey is currently under the EU accesson process, relaed
regulations on activated dudge has been trangposed to domedtic regulations by the
Turkish authority. Adgption of PAH regulation is adso important for Turkey as
agriculture is practiced wide-soread and the uses of ectivated dudge as fertilizers in

agriculture will be continued for economical reasons.
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The PAHs in wastewater trestment plants in Istanbul/Turkey were first investigated
in this study. The vaues of SPAHs ranged between 129 to 1.90 mg/lL in the
influents. Because the limit proposed in the draft directive of the EU is only for the

adtivated dudge (6 mgkg ), a comparison could not be made with PAH values from
the Idanbul WWTPs influents.

The PAH levels in Turkey seas was invedtigated in previoudy dudies. However,
unfortunately, there is not enough data for municipd wastewater trestment plants.
This sudy is a fird dep to cregte a database for municipd wastewater treatment
plants. Neverthdess, the treetment plants have to be observed for more than one
season. The season, which was selected for this study, was winter. The amounts of
SPAHSs in influents were ranging between 1.29 to 1.90 mg/L. These amounts will
probably be lower in summer season.

The measurement with HLPC in activated dudge hes showed the accumulation and
desorption properties of B[aA. This result is an evidence how toxic can be the B[alA
in the environment.

The PAH measurement with HPLC or GC in wastewater and activated dudge san
expensve method, needing high investments. In addition, the solvents, which were
used in these methods, are expensive and not environmentd friendly. However, the
methods are critical to measure the amounts. Using these methods periodicaly will
aso be very expensive.

Dehydrogenase enzyme is an enzyme, which is increese by the xenobiotic
biodegrading. Measuring dehydrogenase enzyme is a good dternative to monitor the
changes in treatment plant. It is cost effedive due to vary low initid invesment. The
goplication is dso very ample and fast. The method is sengtive for xenobictics. This
Sudy proved thet dehydrogenase enzyme tests supplies the requirements to observe
the changes in attivated dudge with the addition B[a]A. Under the deady dHtate
condition, the activaled dudge in SBR had dmost the congant levd of
dehydrogenase enzymes. With the addition B[a]A into the SBR, the changes could
be measured after the first day of operaion. It was found that with the B[aA

addition the detydrogenase enzyme level increase.



One important effect of B[a]A in acute and chronic tests was the change of kinetic
parameters, especidly the dorage kinetics of PHA. In addition, the PHA
measurements were showed that the B[a]A addition decrease the PHA storage. The
other important effect was observed in the chronic tes. The change of species has
occurred and Bacillus species were found to be the dominant species, which is
resistance to the PAHSs.

PAHs can enter in to the treatment plants through exhaust gases, car oil and wash
sarvices, ranfdls, forest fires etc. Even these intrusons will be not permanent; it can
adversdly impact the activated dudge process. It is important to monitor the full-
sde wastewater treatment plat for operaion and management  purposes.
Dehydrogenase enzyme test gives this opportunity.

PAH leves in the treatment plants in Turkey shal be messured for four seasonsin
order to cregie a datdbase. If in any trestment plants, the PAH levels are permanently
high, a new process can be gpplied such as usng different microorganism such as
Bacillus species, which are cgpable of biodegrading PAHs and resising to PAHS.
Extracdlular enzyme addition can be an another option to decrease PAH levels. A
new process can help to decrease the levds in the effluent, to operate easily and to
control the operation of treatment plant.
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