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ABSTRACT

FATE OF NONYLPHENOL COMPOUNDS IN AEROBIC BATCH
REACTORS

¥merojlu, Se-il

MSc., Department of Environmental Engineering

Supervisor: Prof. Dr. F. Dilek Sanin

May 2012, 18ages

Today, numerous studies indicatihe presence of synthetic organics such as
nonylphenol (NP) compounds in wastewater. NP compounds are a group of
chemicals includingnonylphenal nonylphenol polyethoxylates (NPnEO) and
nonylphenoxy polyethoxy acetic aciddNPnEC). Since NP compounds have
significant industrial, commercial and domestic use, they enter environmental
systems and reach human beings from various pathways. Their presence is of
concern because they are toxic, carcinogenic and endocrine disrdpang their

ability to mimic oestrogen hormone.

The information available on the degradation of NPnEOSs, is such that degradation

starts with the reduction of ethylene oxide units, resulting in the formation of
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nonylphenol, noylphenol mone or diethoxylate (NP1EO and NP2EO) and
nonylphenoxy acetic acid (NP1EC). Although their fate during wastewater treatment
was investigated in the past, not many research investigating their fate in sludge
treatment can be found. Therefore, thgective of this study is first to come up with
reliable extraction and measurement methods for NP compounds and then to
investigate the fate of NP2EO in aerobic digesters.

After the development of techniques for the extraction and measurement of NP
compounds, aerobic reactors spiked with NP2EO were operated. The samples were
analyzed for solids content, COD, pH and NP compounds. The results showed that
NP2EO degrades rapidly under aerobic conditions. As time proceeded, NP1EC
formation was observed witthe degradation of NP2EO, and NP1EC became the
dominart specie. The solids concentratioreasurements showed that concentration

of NP compounds did not affect the efficiency of aerobic digesters

Key words: Aerobic digestion, nonylphenol nonylphenol diethoxylate,

nonylphenoxy acetic acid, sewage sludge



¥Z

NONKLFENOL BKLEKKKLERKNKN AEROBKK KE
REAKT¥RLERDEKK AKI BETK

¥merojlu, Se-il
Yéksek Li sans, tevre M¢ighendi sl i]
Tez Y°%°neticisi: Prof . Dr . F. Di

Ma y 2%2,181 sayfa

Géenegmegzdeokbi-al ékma, f eaentcelk shiil lae «liak Ineornii | ( NI
organi k kirl eti cmelketreidni rv.a rNPé jbéinl aefenokkal reerti , «
polietoksilat (NPNEQO) ve nonilfenoksi polietoksi asetik asitlensh@ydana gelen bir

grup kimyasalder. Bu bilekikler -o0ok yoj ul

ol dukl aréndan dojaya kareker ve bir-ok

kanserojen ve ©°strojen hor monnoaendokrinak]I| it
bozucu °zellikleri sebebiyl e, dojadaki v
NPnEOOGI ar én par -al anmaséna I ktilex loksin bi |l ¢
chitelerinin i ndkt gdamesvie ibuenu bdeaats canmiac u

nonilfenol mone/dietoksilat (NP1EO ve NP2EO) ve nonilfenoksi asetik asit
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(NP1EC) ol ukmakérmdeEemiaBwsi stemlerindeki

ge-mi Kt e -al ékmal ar yapeéel méexk ol maséna [
akebetinekitaxkanbil giye rastlanél mamakt
amaceée ©°ncelikle NP bil exki kIl er. i -in g ¢\
gel i ktir mek vV e daha sonr a da NP2EOOGNU
incelemektir.

Ekss raksi yon vwd atlenéeégm mel oktiril mesini t a
aerobi k reakto°rl er i kKl eti I mi ktir. Al énan
analizl eri ger-eklektirilmicktir. El de e
aerobi k kokul |l ar adjtréeandé] éh eg® ré¢ Ipna¢rk-tag ra.n ny

NP2EO par-alanmék ve NP1EC olukumu g°zl e
baskeén madde i hal iKraeg & g enardidiet ogamdaki rNPm ©° | -
bil eki klerinin aerobik -¢rgtegcpietin. ver .|

Anahtar Kelimeler: Aerolk -or ¢t me, ar é femoh nonilfermolu r u ,

dietoksilat, nonilfenoksi asetik asit
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CHAPTER 1

INTRODUCTION

Nowadays, xenobiotic substances are of great concern due to the adverse effects they
create on environment and human beings. Xenobsofirstances are not produced
naturally, but rather produced by anthropogenic activities. These synthetic
compounds are generally resistant to deg
detected in wastewater and sewage sludge. Alkylphenols are a dreyptleetic

organic chemicals that are used in many industrial and commercial formulations.
Nonylphenos (NP) andhonylphenolpolyethoxylates (NPnEOs) are menbef the
alkylphenol family and they form about 80% of this grg¥pg et.al., 2002)Due to

their surface active propertiespnylphenaé are known to be excellent detergents,
surface cleaners and lubricants. They have extensive industrial, commercial and
domestic use. Industrial and commercial production/consumption of NP compounds
include usesn wetting and dispersing agents, pulp and paper production, textile
production, metal finishing, etc. (CEPA, 1999). Even though in most of the countries
NP in domestic detergents has been banned, NPs still exist in personal care products
such as shampooantiwrinkle creams, moisturizers and deodorants. Their use in
these personal care products makes direct human contact with these compounds
possible. Since they have widespread use, they eventually end up in the wastewater
treatment systems and environmeMost of the NP compounds are not fully
degraded in the wastewater treatment systems. Therefore, once they are discharged
into the environment via treatment plant effluents, it is inevitable that they reach
soils, sediments, surface waters, etc. Manyhefresearch showed their presence in
environmental systems at a range of concentrations. Although these concentrations

do not seem high, their effects are severe.
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NP compounds have some characteristics that make them pyppolagstigated

among scientists. These compounds are known to be toxic, even at short term
exposures they cause adverse effects such as skin/eye irritation, respiratory diseases,
or damage in vocal cords (Cox, 1996). NP compounds are also carcinogesic. Th
fact was accidentally discovered in a study carried out on human breast cancer cells,
where NP compounds leaking from the material of plastic tubes resulted in the
multiplication of cancer cells abruptly (Soto et. al., 1991). Actually, the main reason
behind this is the oestrogenic property of NPs, specifically, due to the structural
similarity between NP and if-ostradiol. For this reason, NP compounds can mimic

the oestrogen hormone (Warhaust, 1995). Compounds that can mimic natural
hormones are nameas endocrine disrupting compounds (EDCs). By mimicking
hormones they interfere with the endocrine system and result in the malfunctioning
of hormones (Holbrook et.al., 2002 and Soares et.al., 2008). So the carcinogenicity
of NP compounds is linked with éir endocrine disrupting property and this
characteristic possibly is the one that creates the highest concern for these chemicals.
In addition, these compounds are very persistent, hydrophobic and lipophilic,
meaning if they are carried along the food ioh#ney will accumulate in the fat
tissues of living organisms (Cox, 1996 and Soares et.al., 2008). NP compounds have

high biconcentration factors measured between 3 and 10,000 (Cox, 1996).

As underlined before, these compounds are extensively used acdkargied,
reaching treatment systems. Since they are resistant to degradation and hydrophobic,
NPs tend to accumulate on soil, sediment and sewage sludge. Many studies showed
the presence of NP compounds in environmental systems and wastewater (Ahel
et.al, 1994; Corsi et.al., 2003; Soares et.al., 2008; Ying et.al., 2002). Even if they
degrade in wastewater treatment, they lead to metabolites some of which are even
more hazardous and persistent. A full understanding of their transformation and fate

in envimnmental systems is critically important.

NP compounds are generally found in the form of polyethoxylates in detergents and
similar formulations. The limited information on the biodegradation pathway of NP
2



compounds in environment and wastewater treasngygtems suggest; degradation
starts with the shortening of the ethylene oxide chamoaflphenolpolyethoxylates
(NPnEO). Once the ethylene oxide unit is reduceBnEODs are converted into
NP2EO, NP1EO and NP. However, the degradation pathway diffelsr laerobic

and anaerobic conditions. Under aerobic conditions, biodegradation is much faster
and there is an extra metabolite formation which is nonylphenoxypolyethoxy acetic
acid (NPnECs) in addition to NP, NP1EO and NP2EO. Whereas, under anaerobic
condtions the rate of degradation is slower and there is no such metabolite formation
such as RNECs (Ahel et.al.,1994; CEPA, 1999;Soares et.al., 2008).

The scientific findings and concerns about NP compounds have alarmed the
governments to take some pretre@ measures considering the environmental levels
given by studies. First measure on NP compounds was the ban on the use of NPs in
detergents in 1976, in United Kingdom (La Guardia et.al., 2003). Following this,
many countries started to limit the congatibn of these compounds in industrial
formulations. These substances were included in the hazardous substances list of
many commissions (i.e. EU and OSPAR) and banned in most of the European
countries. Even though most countries banned their use, thbstarsces are still

used in South American and Asian countries.

The problem with NP compounds does not end with the ban on their use. As stated
before, these compounds accumulate on organic phase including sewage sludge. So
once sewage sludge is used baneficial purposes in agriculture, these chemicals
rise in the food chain easily. So, prior to the application of sewage sludge to soil, NP
compounds must satisfy the limits stated by the regulations. The current limit value
in many countries is set fthe sum of NP, NP1EO and NP2EO, represented as NPE.
European Union has set the limit as 50 mg/kg NPE on dry mass basis in their
Working Document on Sludge®3Draft, and this value has been internalized by
most of the member countries with few exceptidnslurkey, the limit value is also
stated as 50 mg/kg NPE on dry mass basis in the Regulation on Land Use of
Domestic and Urban Sludges (August, 2010). Both the health concerns and the
3



issued regulations make it critical to correctly measure concentratiddPE and

control their levels in the environment.

The motivation of this study is the combination of what has been discussed so far.
These compounds have very important properties: toxic, carcinogenic and endocrine
disrupting. They are found ienvironmental systems due to their extensive use.
Sewage sludge which is a-pyoduct of wakewater treatment can most epdie
disposed by agricultural applications. When NP concentrations are beyond the limits
enforced, sludge becomes inappropriate l&md use. Therefore, their degradation
levels should be investigated in details so that actions can be taken. Unfortunately,
information on degradation pathways is limited. The motivation of the study is to fill
this gap in the literature and analyze tlegmhdation kinetics under aerobic digestion
conditions. The objective of this study is to develop reliable methods of extraction
and measurement of these compounds in sludge and monitor the degradation of
NP2EO in laboratory scale aerobic batch reacto&sL3eactors dosed with 3 mg/L
NP2EO were analyzed both in solid and liquid phases. Besides, solids content,
chemical oxygen demand (COD) and pH were monitored. The NP compounds
analyzed were: NP, NP1EO, NP2EO and NP1EC. The analyses were carried out
using GGMS.



CHAPTER 2

LITERATURE SURVEY

2.1 Sludge

Sludge (biosolid) is a sensolid material produced as a residual during wastewater
treatment. Sludge is a {product that needs to be disposed into the environment
properly. Thereuse of sludge seems sustainable, however this issue is not simple as
it seems since sludge contains harmful substances like toxicants and synthetic
organic chemicals together with the beneficial ingredients like nutrients and organics.

Quality and quantity of sludge is directly related with the type/level of treatment

applied. For instance, with the increasing levels of treatment of wastewater the
amount of sludge produced is multiplied. Or, if chemical treatment is applied rather
than bological, together with the increasing amount of sludge, the constituents also
vary. Today, amount of sludge produced across the world is increasing rapidly due to
the increase in population, in other words, increase in the boundaries of sewer
network. Tlerefore, sludge needs to be properly managed in order to avoid the harm

it may create (Sanin et.al., 2011).

As stated at the very beginning, sludge needs to be properly disposed into
environment due to some unwanted propertiesld@d is unaesthetic, contains

pathogens therefore poses danger to human health and contains moisture. Aesthetic
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concerns and pathogenic content can be solved via stabilization and water content
can be reduced by thickening and dewatering of sludge befpesal (Weiner and
Matthew, 2003).

The aim of stabilizing the sludge is to reduce the putrefaction and odor problems
together with the pathogens so that it

health. Stabilization of sludge can be achieved bsetimain approaches:

x Physical stabilization: Pasteurization (stabilization via heat), irradiation

x Chemical stabilization: stabilization via the use of chemicals such as lime
(Ca(OH) or Ca0). The aim is to reduce the pathogens and related hazards by
increasing the pH up to 11. However this is a temporary solution to the
problem since as soon as the pH falls the microorganisms may flourish again.

x Biological stabilization: Examples of this stabilization method includes
anaerobic and aerobic digestion, andnposting (Sanin et.al., 2011). Since
this study involves aerobic stabilization, the brief description of this process

is given in the section 2.2.

2.2 Aerobic Digestion of Sludge

Even though the volume of sludge in a wastewater treatment plant makes up
maximum 3% of the wastewater treated, due to its unappealing properties, sludge
creates as much concern as wastewater does (Hartman et.al., 1979). As mentioned
before, removal of the putrescible and odorous portion of the sludge is the aim of
sludge stabiration. One of the methods is aerobic digestion which is like an
extension of the activated sludge treatment used for sludge stabilization (Benefield
and Randall, 1978). Aerobic digestion is generally applied for small communities
due to extensive energgequirements along continuous operation (Koers and
Mavinic, 1977).



But when compared to anaerobic digestion, aerobic digestion:

x Consumes organic portion of the sludge much more efficiently resulting in a
highly oxidized product,
x Is less sensitive to oparonal conditions

x Produces extensively nitrified sludge which is suitable for land application.

Although anaerobic digestion is not energy intensive like aerobic digestion, it
produces a supernatant that contains concentrated nutrients and organialt giece
organic material is solubilized for methanogens. Also it is very sensitive to
environmental conditions. For these reasons, aerobic digestion seems better in terms
of operation (Rein, 1977 and Benefield and Randall, 1978).

Once sewage sludge ergeaerobic digestion, the microorganisms present in the
reactor attack organics. They consume the organic matter in order to produce new
cells (biomass) and energy for their metabolism (Benefield and Randall, 1978). The

reaction proceeds as follows:

Organc Matter + Q +NH3 - Biomass + C@+H,0 eéééeé. Reacti on

If the amount of organics is vast, Reaction (1) proceeds smoothly since the microbial
activity is at maximum. But as time goes by, organic matter will be oxidized and
microorganisms follow declining growth meaning microbial activity is below
maximum. Therre, to satisfy the energy requirement for their metabolism,
microorganisms start to oxidize their own cellular material. In other words, once the

organic matter is depleted at maximum, endogenous respiration takes place.



Then Reaction (1) becomes (Kend Hao, 1990):

CsH/NOz + 506, - 4CO, + NH4HCO; + H,O eeeéeee. Reacti on

CsH/NO; in Reaction (2) represents the biomass. Ammonia formed in the reaction
above is then converted into Ny the nitrifying organisms (Mavinic and Koers,
1979):

CsH/NO, + O, - 5COy + 3H0 + H + NOs” eeeéecee. Reacti on

Once these reactions are completed, the rate of microbial activity is minimized and
the sludge becomes biologically stable.

Aerobic digesters can be continuous, seomtinuous (fill and draw) obatch. In
batch systems, since there is no entrance and exit, the amount of organic matter can
only change with the microbial activity. This is best represented by the equation

below:

dC/dt =-kq . t éeééeéeeéeeé.eéeeée.. Equation

where,
dC/dt: rateof change of degradable organic matter with respect to time
C. concentration of degradable organic matter
t: time
kq: decay coefficient (first order)

8
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Equation (1) can be also represented as:

Ci/Co = ¢! cééeéeéeéeéeceéeéeééé Equation (
where,
Ci: concentration of degradable organic matter at time t

Co: initial concentration of degradable organic matter

As can be understood from Equation (1) and (2), the amount of degradable organics,
in other words degradable solids, within a batch aerobic meadtb follow an

exponential decay until it reaches a stable state.

The objective of aerobic digestion is to produce a more stabilized, smaller volume
(reduced solids content) and good settling sludge. It is easier in operation when
compared to anaerobgystems, but it is affected by certain parameters:

x Temperature: Temperature and decay rate are proportional to each other. As
temperature rises, the decay rate also increases. This is best shown by the

Arhenius Equation:
k1= kg 0™ g6 eeeeeééééééééé. .. Equation
where,

kq1and kg o the decay rate coefficients at temperaturean T

T.andT: tempearature (AC)

U: thermal coefficient



However, the increase in decay rate coefficients does not infinitely increase
with increasing temperature. In the study carried out by Hartman et.al., 1979,
it has been shown that the maxi mum de
temperatures lower/greate t han 30AC, the rate const

x Solids Concentration: Solids concentration within a digester also affects the
efficiency of stabilization. According to Rein, 1977, the amount of solids by
weight affects the type of microorganism and as a reseltetktent of
digestion. The results of the study indicate that certain microorganisms do not
develop until the optimum solids concentration is reached and therefore the
efficiency will decrease. For instance, accordin@gsemczarczylet.al., 1980,
the degre of decomposition increases with increasing solids concentration.

x pH: pH is also an important parameter affecting the stabilization efficiency.
During aerobic digestion, as ammonia is produced and nitrified, the pH will
decreases together with alkalinity. pH is kept around neutral {8), the
digesters will work at better efficiencies (Anderson and Mavinic, 1984).
Therefore, pH controlled digesters will result in higher degrees of
stabilization.

x Dissolved Oxygen (DO):As the name implies, aeration isaliin aerobic
digestion process. Generally it is recommended to keep the DO level greater
than 23 mg/L for microbial activity to proceed. Beyond this DO, the
microorganisms necessary for stabilization will not flourish (Rein, 1977 and
Koers and Mavinic, 977).

In addition to the factors listed above, sludge age, type of microorganisms and sludge
and mixing conditions also affect the performance of aerobic digestion. Generally the
degree of solids reduction expected in an aerobic digester is arowdds(@Bernard

and Gray, 2000, Rein, 1977 and Sanin et.al., 2011). But this number may change

depending on the composition of sludge together with other parameters mentioned.
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2.3 Description ofNonylphenol Compounds

Nonylphenolcompounds (NP, NPNnEO and NE®s) belong to a larger group of
norrionic surfactants named as alklyphenol compounds. Their consumption in
industrial and commercial formulations is vast; therefore their releases into the
natural and engineered systems are high. These compounds catedegrature to

a certain extent; however, most metabolites are even more dangerous than the parent
compound. For instancejonylphenolitself is a breakdown product of higher
ethoxylated forms and a highly lipophilic compound leading to its persistemce an
bioconcentration abilities in organisms. As a groognylphenolcompounds are

toxic to most organisms, persistent in nature, bioaccumulate and carcinogenic for
humans, additionally they are endocrine disrupting, in other words they can mimic
hormones iad interfere with the proper functioning of the endocrine system. For this
reason, great concern has been raised over their production, consumption and

presence in the environment (Warhurst, 1995).

2.3.1 Molecular Structures ofNonylphenol Compounds

In this study, under the name obnylphenolcompounds, four different chemicals
have been investigated. These can be listednasylphenol (NP), nonylphenol
monoethoxylate (NP1EO)onylphenoldiethoxylate (NP2EO) and nonylphenoxy
acetic acid (NP1EC).

Nonylphenol ethoxylates are a part of alkylphenol ethoxylates, representing

approximately 80% of this group of chemicals (USEPA, 2010). NPnEOs consist of a

nonyl chain attached to a phenol ring, but coupled with an ether linkage with

ethylene oxide unitssashown in Figure 2.1. NPnEO is described by the number of

its ethylene oxide units (length of ethylene oxide chain). The general formula of

NPnEOs is @H240(CH4)n, where n indicates the number of ethylene oxide units.
11



For instance, NP2EO has two ethyeroxide units and its formula is
Ci15H240(CoHa)z.

NP is one of the last metabolites of NPnEOs. It is formed from the attachment of
straight or branched nonyl group to a phenol ring as shown in Figure 2.2. The reason
for naming these chemical asnylphends (NPs, in plural) is that they are formed by

a number of different isomers. NPs all have the same general fornutia,Q.
Commercially produced NPs are mostly composed of branched nonyl groups
whereas straight chain forms are less likely to be fourndsic structure depends

on the point of attachment of the nonyl group as well as the structure of branching
(CEPA, 1999 and Nielsen et.al., 2000).

CoHyg O — (CHx-CH,-O), — OH

Figure 2.1 Molecular sructure ofNPNEO

CoHio OH

Figure 2.2Molecular structure of NP

The last group of chemicals governed under the scope of this study is

nonylphenoxypolyethoxy acetic acids (NPnECs). These compounds are formed via

12



the oxidation of the ethylene oxide group of NPNnEOs and the structure is given in
Figure2.3.

CoHie

A

C-CH,-O-(OCH,CH,),.,0

OH

Figure 2.3 Molecular $ructure of NPnEC

The |l etter Ano i n NPnEC chaie ssociated with one h e n
acetate group and identifies the type (Warhurst, 1995).

2.3.2 Sources oNonylphenol Compounds

NP compounds have no known natural sources, meaning that these compounds are
released into the environment via anthropogenic aetsvi{CEPA, 1999). As a
whole, alkylphenol ethoxylates are the most commonly used group efonien
surfactants andonylphenolethoxylates constitute almost 80% of the broad group
(Nielsen et.al.,, 2000 and Ying et.al., 2002). Since 1940, when NP wassyeth

for the first time, the production and consumption of these compounds have been
increasing (Soares et.al.,, 2008). Industrial, commercial and even domestic
applications have been developed for them. Industrial and commercial uses govern
the manufactte of antioxidants, wetting/dispersing agents, demulsifiers, lubrication,
paints/dyes, metal finishing and pulp and paper production (Birkett and Lester, 2003;

Soares et.al.,2008; CEPA, 1999). The domestic us®mflphenolcompounds are
13



mostly in househd detergents, deodorants, hair products, moisturizers, make up and
many other personal care products (CEPA, 1999; Birkett and Lester, 2003). These
domestic products may contain NP and related compounds in the range of
concentration as small as 682 or & high as 3d00%. Through the use of these
cosmetic or cleaning products, direct human exposure to these chemicals becomes
possible (CEPA, 1999).

Industrial applications (i.e. pulp and paper, textile, metal, etc.) form approximately
55% of the total market; the rest 30 and 15% being the industrial and institutional
cleaning products and domestic applications, respectively (Ying et.al., 2002). The
amual production increased recently and exceeded approximately 154,200 tons in
United States, 73,500 tons across the Europe and 16,500 tons in Japan (Soares et.al.,
2008). Since most of these products are eventually discharged to treatment works and
are notdegraded fully, they find their way to reach different sectors of the
environment. The discharge of treated effluent into receiving water bodies will
introduce these partially degraded compounds into the aquatic life and application of
sludge in agricultte will result in their presence in the terrestrial environment
(Birkett and Lester, 2003).

2.3.3 Physicochemical Properties dfilonylphenol Compounds

The fate and existence of NP compounds are governed by their physical and
chemical properties. Physidoemical properties are the main reason behind their
persistency and bioaccumulation. Therefore, before describing their fate and
degradation pathways, physicochemical properties must be examined first (Birkett
and Lester, 2003). Unfortunately, number pbgshemical properties are not

available in literature.

14



Some physicochemical properties of interest NP and NPnEO are given in Table 2.1.

But since there is not much physicochemical data available, especially for
nonylphenolhigher ethoxylates, the ones given for NP1EO, NP2EO and NP4EO will

be assumed to be representative of the whole family (CEPA, 1999). The
physicochemical properties of NPnEOs depend on the number of ethylene oxide
units. As can be seen from Table 2.1 andufe 2.4, solubility increases with
increasing number of ethylene oxide units. This is due to the presence of hydrophilic
moiety of NPnEOs which is the ethylene oxide unit. Therefore, as the length of
hydrophilic part increases, in other words when thealmer of ethylene oxide units
increases, solubility also rises. These compounds are said to have higher solubility
once the number of ethylene oxide unit is above 6 (Nielsen et.al., 2000). There is not
much data on the Henr yo0uthayareaso aohdetectel t h e
i n air, therefore, It can be concluded t
are small for NPnEOs (CEPA, 1999).

?_DZENP

5s=255n+89%

10t r =0.9993

Solubility (pmol/L)

o | 1 1 | 1 -

) 2 3 4 5
Number of EO groups

Figure 2.4 Correlation between the aqueous solubility of NPnEOs and the number of
ethylene oxide units (Ahel and Giger, 1993a)

As can be seen in Table 2.1, solubility of NP is not high and can be said to be
practically insoluble due to presence of hydrophobic sirac(Nielsen et.al., 2000)

and tends to be in the undissociated form in water (CEPA, 1999). NP, generally tends
15



to stay on sediment surfaces due to this low solubility and high octanol/water
partition coefficient (Ky) . Due to i1 ts shPsdolnotterdriorstayd s c o
airborne and it has not been measured in atmosphere so far (Nielsen et.al., 2000).
NPnEOs show similar physicochemical properties when compared to NPsré¢hey

also not airborne and terid stick on organisurfacesdue to their lgh Ko, values.

The only difference is that these properties vary numerically when the number of
ethylene oxide unit changes as stated before. As can be seen in Table 2.1, as the
ethylene oxide unit increases in number, solubility also increases fromo37385t

mg/L.

The carboxylated metabolites of NP, which are NPnECs, are found mostly in ionized
form in the water due to their @values around 5.12. The octanol/water partition
coefficients of these metabolites are lower than those of NP or NPnEO ptheref
these compounds tend to stay in aqueous phase not in sedimentary phase or biota
(CEPA, 1999).
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Table 2.1.Physicochemical properties of NP and some NPnEOs

NP

NP1EO NP2EO NP4EO

Synonyms

CAS Number

Molecular Formula

Molecular Weight (g/mole)

LogKow

Solubility (mg/L) at 20.5 C

Henr

ybs Const

(Pa.n*/mole)

4-nonylpheno)
p-nonylpheno)
monoalkylphend
84852153
CisH240

220.3

4.48

5.43

1.02

2-(2-nonylphenoxy)ethandl 2-[2-(4-nonylphenoxy)ethoxyletharfol Nonoxynot4®

104-35-8 or 2798636-3° 2042784-3 or 2717693-8° 7311275
C1sH240(CoHa) C1sH240(CoHy)2 C1sH240(CoHa)s
264.4 308.5 396.2

417 427 4.3

3.02 3.38 7.65

o~ 0D PR

Ahel and Giger 1993a
Ahel and Giger 1993b
CEPA, 1999
Chemindustry2012
Nielsen et.al., 20D



2.4 Effects of Nonylphenol Compounds on Living Organisms

NP compounds are toxic xenobiotic compou
bi otic means drel ated Kkeoobidtic means doreignrtg ani s
living organisms) that have extensive use and production, therefore introduced into
environment through many pathways (Ying et.al. 2002, Soares et.al., 2008). As
stated before, NPnEOs are the most commonly used group of aotfaahd once

they are discharged into the environment they degrade into either shorter chain
ethoxylates or more persistent metabolites such as NP and carboxylated forms (Ying

et al. 2002). As a whole family, NP compounds are known to be toxic to living
organisms, but just like physicochemical properties, toxicity of ethoxylated forms

also change with the number of ethylene oxide units, but this time as the number of
ethylene oxide units increases, toxicity decreases. Therefore, toxicity is inversely
propational to the length hydrophilic structure and it is correct to say that NP is

more toxic than NPnEOs (Warhaust, 1995). Even in short term exposures severe
effects can be observed. For instance, if NP is somehow swallowed or inhaled, skin,

eye or even sere respiratory irritation occurs. These effects have been tested on
rabbits and guinea pigs and by which they are proven (Cox, 1996).

Beyond toxicity, NP compounds have one important feature that brings them to the
top of latest concerns in scientifieorld. This is their endocrine disrupting property.

NP compounds are listed among a group of chemicals named as endocrine disrupting
compounds/chemicals (EDCs) (Gonzalez et.al., 2010). EDC is an emerging concept
and has many definitions declared by différanstitutions. For instance, the
definition that Kavloclet.al, 1996 holds forth is:

AANn endocrriisnamexdgensuagepttthat interferes with the synthesis,
secretion, transport, binding, action, or elimination of natural hormones in the body
that are responsible for the maintenance of homeostasis, reproduction, development
and/ or Dbehavioro
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Another definition is given by European Workshop (European Commission, 1997)
as:

AAn endocroiis an exdesoussupstance that causes adverse lthea
effects in an intact organism, or its progeny, secondary to changes in endocrine

funct i on. O

There are other definitions on EDCs and all of them point out the same concerns
actually. Simply, EDCs are chemicals with the ability to mimic hormones and
unfortunately interfere with the proper functioning of endocrine system (Holbrook
et.al., 2002 and &ares et.al., 2008). Since endocrine system is responsible for the
functioning of the body in terms of growth, reproduction and maintenance, once
EDCs step in, they directly attack the hormone receptors. EDCs can either bind to the
hormone receptor to dicdy mimic the hormone, or they just bind but do not activate

the hormone and produce no response. First case is defined as agonistic effect and
the second one is antagonistic effect (Birkett and Lester, 2003). The effect of EDCs

on hormone receptors is@hin in Figure 2.5.

Response Agonistic Antagonistic
Effect Effect

Figure 2.5Natural hormone mechanism and endocrine disruption (Birkett and
Lester, 2003)
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Alkylphenol ethoxylates and their metabolites, including NP compounds, are known
to show oestrogenic effect since 1940s (Ashfetlél., 1998 and Warhaust, 1995).
How NP mimics oestradiol, the hormone that regulates female sex characteristics,
can be best demonstrated with structural similarity as given in Figure 2.6 (Warhaust,
1995). NP has been identified as EDC by many orgaoimtsuch as UK
Environmental Agency (UKEA), USEPA, Oslo and Paris Commission (OSPAR),
Japan Environmental Agency (JEA) and World Wildlife Foundation (WWF) (Birkett
and Lester, 2003).

OH

HO HO

0] (i)

Figure 2.6 Structural similartity between (i) 1@-oestradiol and (ii) 4honylphenol
(Warhaust, 1995)

Since NP compounds can mimic the sex hormone oestradiol, the adverse effects of
these interference is observed as reproductive diseases. For instaocding to the

tests conducted on laboratory animals, it has been shown that the NPnEOs result in
the inflammation of the vagina in rabbits, decrease in the amount of viable embryos,
decline in sperm counts, etc. (Warhaust, 1995 and Cox, 1996). Thepewusa

result in the inhibition of growth, and this has been shown as the decline in body

weight of female juvenile rainbow trout (Ashfield et.al., 1998).

Endocrine disrupting effect of NP compounds lead to another more severe effect; NP

compounds (NPINPnEOs, NPnECs) are also able to cause cancer. This has been
20



understood after a study conducted on human breast cancer cells, since breast cancer
is related to the oestrogen exposure. Therefore, once these cells are exposed to NPs,
NPnEOs or NPnECs, the sieogenic effect of these compounds resulted in the
multiplication of breast cancer cells. Also, ethoxylated forms of NPs are known to be
co-carcinogenic, meaning these chemicals can increase the cancer effect of any other
carcinogenic chemical (Cox, 1986d Soto et.al., 1991).

To sum up, NP compounds are toxic, carcinogenic, persistent but more importantly
endocrine disrupting compounds. Even at short term exposures they have detrimental
effects. They inhibit the growth and reproduction, and theseteféen last for long
periods of time since they accumulate in the fat tissues of organisms. The
bioconcentration factors are as high as 10,000 for algae and between 3 and 1300 for
fish. These high bioconcentration factors make the situation even worgeitsinc
means the amount of NP compounds will be higher in plants, animals and human
beings when compared to the environmental systems or lower organisms (Cox,
1996).

2.5 Preventive Measures againsgtonylphenol Compounds

The concerns regarding EDCs did radért scientific world only, but also forced
governments to take precautions against the production and use of these chemicals.
Because of the risk they pose, United Kingdom (UK) haslantary agreement with
industrieson not to use NP compounds in datie detergents since 1976. However,
other uses (industrial, institutial, commercial) still continueSince domestic
consumption is significant and eventually ends up in the sewerage system, the aim of
this ban was to protect natural waters and aquaticament. European Union also
banned the use of NP for many purposes and restricted to certain extent in some
industrial formulations. For instance, REACH (Registration, Evaluation,
Authorization and Restrictions on Chemicals Regulation) Regulatid2006 has
been arranged to set the rules on the supply and use of NPnEOs. This is a set of
21



regulation that is applicable to all EU member states. In Annex 17 of this regulation
(amended as EC 552/2009 in 2009), there is a list of hazardous substaheges tha
restricted both in terms of manufacture and market supply. NP and NPnEOs are in
line 46 of this list and the use of these compounds in the market at concentrations
greater than 0.1% by weight including: industrial/institutional cleaning, domestic
cleaning, textile/leather processing, agricultural uses, pulp and paper industry,
cosmetics, pesticides and herbicides formulations (with certain exceptions) have
been strictly prohibited. This regulation however does not govern the materials

imported from dher countries.

NP compounds have been included inthe lisigf r i or i ty hazaff dous
EU Water Framework Directive (Directive 2000/60/EC). Other than this, these
compounds are also included in the list of hazardous substances of OSPAR and
HELCOM. Actually in 1992, the Paris Commission (PARCOM 92/8) recommended
that the domestic and inglmial use of NPnEOs should be phased out in 1995 and
2000, respectively.

Even though many EU member states adopted the restrictions on NP compounds,
some of the countries are more stringent and faster on the application of these
regulations. For instae¢ Danish Government proposed the ban of alkylphenols in
general in 2000 and this resulted in the removal of all alkylphenols from soaps and
detergents (WWF Canada, 1997). Switzerland also banned the use of all alkylphenol
ethoxylates (WWF Canada, 1997)e® many di dnot onl vy ban
compounds in domestic applications but also in industrial formulations in 2004
(EPHA, 2005). The bans and restrictions of European countries made United States
to take actions like them and USEPA started a researcheoconhtamination levels

of contamination in surface waters and sewage works. At first sight, they thought that
Europe has overreacted since the degradation efficiencies are acceptable but then
with further studies it was understood that the levels of cang&tion cannot be

ignored. The USEPA decided set a guideline on the NP concentrations in water

22



resources: below 6.6 Og/L in freshwater
2006).

Even though many countries banned the use and supply of NP compihendsare
countries who haved t n ang grecautions. For instance, in China, India and in
several other South American countries, the extensive use and production of NP

compounds still continue (Soares et.al., 2008).

The restrictions on NP compoundse not just about their marketing and use but
there are also restrictions on their discharge in treatment works. Due to their
physicochemical properties these compounds favor organic systems such as soill,
sediment and sludge. Once these chemicals areamsedischarged, they eventually
reach treatment works and end up accumulated in sludge. Among other sludge
handling methods, land application is the most favorable due to its low cost and
beneficial recycle of nutrients in sludge. However, sludge doesomgt contain
nutrients but also contaminants such as NP compounds; they must monitored
properly to judge about their suitability for land application (Aparicio et.al., 2007).
To test the suitability, European Union came up with a limit value for the §INR 0
compounds as NPE (NP+NP1EO+NP2EO) and set it as 50 mg/kg dry mass (dm) in
its draft regulation (Working Document on Sludg¥ Braft, 2000). While most of

the European countries are using this limit, some made it much more stringent like
Denmark. InDenmark, the limit value for NPE is 10 mg/kg dm, which forces
researchers/engineers to look for alternative sludge handling methods (Knudsen
et.al., 2000). In Turkey also the limit value is set as 50 mg/kg dm in the Regulation
on Land Use of Domestic andthan Sludges (August, 2010).
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2.6 Degradation Mechanisms ofNonylphenol Compounds

The degradation mechanism of NP compounds is not very well defined in the
literature but it is generally believed that the degradation starts with the shortening of
ethylene oxide units of NPnEOs. This transformation results in the formation of
NP1EO and R2EO at the end. However, degradation mechanisms and the products
formed are different for aerobic and anaerobic conditions (Ying et.al., 2002). The

difference between two mechanisms is clearly shown in Figure 2.7.

The reason why degradation mechanismden aerobic and anaerobic conditions are
evaluated separately can be clearly understood from Figure 2.7. The mechanism of
transformation, also the end products differ from each other in each condition. But
even if there are differences in the later stepslegradation, the common step in
both aerobic and anaerobic transformation of NPnEOs is the attack of
microorganisms to shorten of the ethylene oxide chain at the very beginning. As can
be seen in Figure 2.7, under both conditions, the first step ishbeening of
ethylene oxide chain, e.g. the conversion of NP2EO into NP1EO. NP1EO is the final
ethoxylated metabolite formed during biodegradation. Under aerobic conditions,
following the formation of NP1EO with the oxidation of ethylene oxide chain, the
carboxylated forms such as NP2EC and NP1EC are formed (Soares et.al., 2008).
However, under anaerobic conditions NPnECs are never formed, the only
metabolites formed are: NP, NP2EO and NP1EO. Similar to anaerobic conditions,
under aerobic conditions, NB formed finally. Since in most of the legislations, the
sum of NP, NP1EO and NP2EO (NPE) is taken into account and NPECs are not
included, aerobic treatment processes are better in complying with the regulations

when compared to anaerobic treatment.
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CoHyg O O— (CHx-C;H,-0),— OH NPnEO

Shortening of ethylene oxide chain

CoHig @ O— (C,H,-C,H,-0),— OH

ANAEROBIC

AEROBIC

NP2EO NP2EO
Cngg l o— (C2H2‘C2H2'O)2_ OH Cngg @ o— (CZHZ'CZHZ'O)zl OH
NP1EO NP1EO
Cngg @ O_ (C2H2'C2H2-O)1_ OH Cngg @ O_ (CZHZ'C2H2'O)1_ OH
+ NP2EC
C9H19 @ o— (CHZ'CHz'O' CHz)-COOH
l NP1EC
CoHio @ 0— CH,-COOH
Anaerobic
) 4

CoHyg @ OH NP

Figure 2.7.Biological degradation mechanisms of NPnEOs under aerobic and
anaerobic conditions (Ahel et.al.,1994; CEPA, 1999)
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Under anaerobic conditions, the speeddefradation is much slower and this is
another difference between two conditions in addition to the type of metabolites
formed. NPnEOs are degraded much faster under aerobic conditions, but still under

both aerobic and anaerobic conditions, these comparedsot fully degraded.

2.7 Presence oNonylphenol Compounds in Natural Systems

Fate and occurrence of any chemical is determined by its physicochemical properties
and this statement is same for the NP compounds, too. For NPnEOs (with number of
ethylene oxide unit less than 6) and NP, octanol/water partition coefficients are
above 4 gee Table 2.1), indicating once these compounds reach surface waters they
tend to stay on organic phase like sediments (John et.al., 2000). These compounds
are recalcitrant meaning they persist in the environment and resist degradation. NP
is the least aluble metabolite when compared and during its transport along
groundwater supplies, it has been proven that the transport is especially being
retarded by its sorption to sediments and soil (Barber et.al., 1988). The main
degradation mechanism for NP comojpds is biological; therefore compounds must

be free for microbial breakdown. That 6s
recalcitrant, they bind to organic phases and become unavailable to microorganisms
for breakdown (John et.al.,2000). It has bsbown that once NPnEOs stick onto
sediment surfaces, they resist degradation so intense that the half life for these
chemicals exceed well beyond 60 years (Shang et.al.,, 1999). Especially, if
soil/sediment surface is contaminated with organic pollutamta prolonged period

of time, then the bioavailability of the compounds is decreased even further. Due to
ageing or weathering effect, the sorbed organics establish some sort of bond with the
organic fraction of soil/sediment. This eventually resulthedlow mass transfer of

the compound to be degraded to the microorganisms in charge, even in nutrient rich

medium (Bosma et.al., 1997).

26

V



The metabolites of NPnEOs, with,)Khigher than 4, are not the only ones that stick
onto sediment surfaces. HydropbiNPnEOs are also found to stay on sediments but
this time obviously not due to the organic content and hydrophobic interactions but
mineral rich content of sediments. Through multiple interactions with the organic
free but mineral rich sediments like cldyPnEOs with higher ethylene oxide units
can bind to sediment surfaces (John et.al., 2000).

Even though, the dominant mechanism for the breakdown of NPnEOs is biological
degradation, Faust and Hoigne, 1987, claimed that a significant portion of NPs,
appoximately 30%, can be degraded photochemically in the top layers of water. The
results of this study indicated that under a clear sky with summer sunlight, the half
life of NP is about 1415 days at the surface. When the depth increases,
photochemical tresformation becomes slower due to lower light attenuation. Also, it
has been demonstrated that the photolysis rate of NPNnEOs is much slower when

compared to NP.

2.7.1 Levels oNonylphenol Compounds in Surface Waters

Like other surfactants, NPNnEOs aregaet in water bodies, such as rivers, lakes and
groundwater supplies, at considerable concentrations due to municipal or industrial
discharges or surface runoffs (Ahel et.al., 1994). Other than NPnEOs, NP and
NPnECs are also found to exist in environmesyatems mainly due to the fact that
these compounds are the metabolites of widely used NPnEOs (Voutsa et.al., 2006).
Unfortunately, literature on the analysis of these compounds in the nature is limited
since measurement is a challenge due to two thiflggach NP compound has
several isomers with different properties and (ii) environmental systems are complex
matrices (Arditsoglou and Voutsa, 2008). Even limited, there still exist some
measurements of NP compounds in natural waters and sediment. Somaesxof
the studies conducted on the levels of NP compounds in water resources are given in
Table 2.2.
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Most of the studies given in Table 2.2 are done to show whether the levels of NP
compounds pose a threat to the aquatic life. For instance, in thsiandbne by

Bennie et.al. 1997, it was claimed that concentrations of NP compounds increase at
the points close to industrialized areas and sewage discharge, but even at those points
the concentrations are much less than the lowest concentration to pldso®a
vitellogenin (the concentration necessary to mature male rainbow trout). In the study
carried out by Field and Reed in 1996, it was found that the highest concentrations
for NPECs have been observed in points close to the sewage treatment mdant, si
these compounds are intermediate compounds and formed as a result of degradation
of NPnEOs during treatment. Unfortunately, since limited amount of data is available
on the bioaccumulation and toxicity levels of NPECs, it is difficult to make a

judgmern on the impact of NPEC concentrations.
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Table 2.2.Levels of NP compounds in the surface waters of Europe, USA and Japan

Compound Sampling Point Concentration Reference
(Og/ L)
NP Glatt River, <0.53
x NP n En@1-2) Switzerland <0.520 Ahel et.al., 1987
xNPnEC-2)r 2-50
NP Thermaikos Gulf, 0.112 Arditsogluou and
NP1EO Thessaloniki, Greece 0.113 Voutsa, 2008
NP2EO 0.05
NP Louidias River, 0.277 Arditsogluou and
NP1EO Thessaloniki, Greece 0.147 Voutsa, 2008
NP2EO 0.029
NP <0.01:0.92
NP1EO Great Lakes Basin, Canad: <0.027.8 Bennie et.al., 1997
NP2EO <0.0210
NP 1.810
x NP n E O -3) r River Waters of Taiwan 2.825.7 Ding et.al., 1999
xNPnEC-3)r 16.4292
NPEC Fox River, nd-13.5 Field andReed,
Green Bay, WI 1996
NP Tokyo, Japan 0.0511.08 Isobe et.al., 2001
NP Glatt River, Switzerland 0.0290.195 Jonkers et.al., 200¢
NP Han River, Korea 23.2187.6 Li et.al., 2004b
x NP n EO -2) r Venice Lagoon, 1.1-:38.5 Marcomini et.al.,
x NPn EC -2j r ltaly 0.5102 2000
NPEO River Po, ltaly 0.61.8 Pojana et.al., 2004
NP Glatt River, Switzerland 0.0680.326 Voutsa et.al., 2006

Another important point to be discussed is the seasonal variations of NP compounds

i n surface waters. For instance, I n the
NP concentration has been measured to be betwed22ZBng/L and this huge

variation was due to the seasonal changes (i.e. temperature, rainfall, use and

consumption, etc.). It is not surprising to hear that NP concentrations change with the
29



seasonal parameters. For example, when temperature rises, the biological activity of
microorganisms degrading NP compounds also increase, resulting in extensive
breakdown. As a result of this, the concentrations of metabolites like NP and NPECs
may rise, whereas NPnEO concentrations shall fall. Another seasonal parameter that
results in the variationfdNP concentrations is rainfall. Rainfall has two different
effects on concentration change: (i) with the increased rainfall amount surface runoff
will carry more organic contaminants to the surface waters (i) when rainfall
increases surface waters wilk liluted, in other words, concentrations will be
diluted.

As can be seen from Table 2.2 clearly, the concentrations of NP compounds in
surface waters vary from country to country. In Japan and USA, the levels are much
higher than that in the Europearuotries. The reason is the consumption habits and
legislative actions taken against these compounds. In most of the European countries,
there are strict legislations on the production and consumption of NP containing
products and even in some of them NRnpoundshasbeen banned altogether.
However, in USA, the importance of the issue is very well understood and USEPA
has revealed documents on the levels of these chemicals but there are no strict bans

on the levels or production of NP compounds when cordgar&uropean countries.

2.7.2 Levels oNonylphenol Compounds in Groundwater

Just like other natural systems, the occurrence of NP compounds in groundwater
systems is solely due to human activities such as wastewater treatment plant effluent
discharge, leachate, surface runoff from agricultural activities, etc. Fate and
occurrence of NP copounds in groundwater sources arere critical since
groundwater is used as drinking water supplies in many places. Therefore, if NP
compounds are present in grourader supplies at high concentrations, it would
mean direct intake of these contaminants by ingestion. The degradation of
contaminants in subsurface layers is not as fast as it is in surface waters since the
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microbial population is limited and degradatios governed by: (i) microbial
breakdown, (ii) chemical oxidation/reduction, (iii) sorption, (iv) filtration and (v)
volatilization (Tchobanoglous, 20P4 Among these mechanisms, biological
degradation and sorption are the dominant ones that determine the fate of organic

contaminants such as NPnEOs in subsurface layers (Barber et.al., 1988).

Organic contaminants, including NP compounds, can easily agtefer systems

since the top layer is rich with minerals, carbon content and microorganisms but
beyond a certain km of depth (depending on the type of aquifer) degradation is
limited. Since NPnEO, NP and NPECs are recalcitrant compounds, they tend to
persist in aquifers and the extent of degradation and sorption becomes limited. In the
study carried out by Barber et.al., 1988, the concentration of NP isomers in the
aquifers in Boston, Massachusetts has be
underlned that, since NP is a persistent compound the biological breakdown is
limited and the subsurface transport is generally controlled by sorption mechanism.
However, sorption is also limited due to the low organic carbon content of
subsurface sediments. fortunately, since NP persists for long years of time in
groundwater supplies, it may contaminate larger areas via subsurface transport in the

future even if its transport is limited to its solubility.

In another study carried out by Montgomdsown et.&, 2003, the parameters
crucial for the degradation of NPnEOs in subsurface layers have been discussed. It
has been found out that presence of oxygen and depth of aquifer are two important
parameters in the degradation of NPnEOs. It has been demon#ttttioe degree

of degradation of NPnEOs is directly proportional to the amount of oxygen present.
At a certain aquifer depth, the conditions shift from aerobic to anoxic and at that

point the rate of degradation starts to decline.
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2.7.3 Levels oNonylphenol Compounds in Soil and Sediment

Data on the levels of NP compounds in soil and sediment is limited when compared

to natural waters. However, it is certain that these compounds are introduced into soil
via anthropogenic activities like land ajmaition of sludge, accidental spills and

| eachat e. Lately, |l and application of s
understanding the fate and occurrence of these compounds in soil is crucial.
According to a Danish study carried out in the ye202 it has been found out that

the percent of sludge being recycled by farmers was almost 66% of the total
production. This fact underlines the critical importance of monitoring of NP

compounds in soil systems is important (Soares et.al., 2008).

It hasbeen reported that once soil is exposed to sewage sludge, almost 80% of NP is
degraded within the first 3 weeks whereas 10% of the initial concentration was found

to persist in soil even after a year (Hesselsoe et.al., 2001). In the study carried out by
Gibson et.al., 2005, the level of NP in sludge amended soil was found to be higher
than 1 mg/ kg dry weight but NP wasndt pr
the sewage sludge was determined as 238 mg/kg dry weight providing the evidence

of NP occurrace in sludge amended soil for this study and many other similar cases

of land application of sludge.

NPs have been identified in soil samples not only amended with sludge but close to
runoff points. NP compounds have also been analyzed in landfill deacmder

aerobic conditions. Once NP compounds enter soil environment, their concentrations

vary with the mechanisms such as: (i) biological breakdown, (ii) sorption and (iii)
volatilization. Due to their high log, values, these compounds tend to sticko

soil particles and thatodods why the rate o
et.al., 2008). But other than their strong interactions with the soil matrix,

environmental circumstances also affect the rate of biodegradation and this has been
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best shown by the study of Hesselsoe et.al., 2001. Here, oxygen has been found out
to be a limiting factor in the degradation of NPnEOs.

Once NP compounds enter aquatic system, similar to soil, they generally tend to stick
onto sediment surfaces duetteir high Ky, coefficients and low solubility. Again

due to the recalcitrant nature and their strong sorption interactions, extent of
degradation is limited in sediments. It is claimed that the half life of these
compounds in sediments could be as longs@syears due to these interactions
(Shang et.al., 1999). The levels of these compounds in sediments are given in Table
2.3.

Table 2.3.Levels of NP compounds in sediment

Compound Sampling Point Unit Level Reference
NP 0.1772

NP1EO Great Lakes Basin, Canad: Og / <0.01538 Bennie et.al.,
NP2EO <0.0156 1997

NP Jamaica Bay, Long Island, 6.993700

NP1EO NY ng/g 26.413300 Ferguson et.al.,
NP2EO 16.1-3580 2001

NP Lake Shihwa ng/g 11-624 Li et.al., 2004a
NP Han River, Korea ng/g 25.4932 Li et.al., 2004b

Similar to the findings in natural waters, the highest values for NP compounds in
sediments were observed in the points close to treatment plant runoffs. Again the
concentration profile changes between sampling points in each of the studies given in
Table2.3 depending on the distance to the contaminated zones. Seasonal change in
the levels of NP compounds is also observed possibly due to microbial breakdown,
and the dependence of the activity of microorganisms on temperature. One final

point is that, thesomers of NP compounds at each sampling point is different from
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each other, and that is also a reason why the concentration profile differs that much
(Li et.al., 2004a).

2.8 Presence oNonylphenol Compounds in Engineered Systems

Domestic, industrial andrban wastewater treatment plants contain many different
synthetic organic contaminants like NP compounds. These chemicals are not
removed effectively during wastewater treatment and eventually detected in the
receiving bodies (Conn et.al., 2006) or acalate in sewage sludge. Sludge is a by
product of wastewater treatment and concentrates the pollutants present in the
wastewater. Therefore, once land application of sludge is in question, then the fate of

these contaminants should also be considered ¢Gigtsal., 2005).

2.8.1 Levels of Nonylphenol Compounds in Wastewater Treatment Plant
Effluents

The principal system responsible for the presence of NP compounds in surface
waters is the effluents of the wastewater treatment plants. Generally, NPNnEOSs in
higher forms pose less endocrine disruption threat, but the degradafmndugcts

are more dangerous. What treatment processes typically do is to convert NPnEOs
into more persistent compounds and NP. The fate of NP compounds in wastewater
treatment is dermined by the mechanical, chemical and biological processes
applied during the treatment (Ahel et.al., 1987; Esperanza et.al., 2004; Lian et.al.,
2009). Unfortunately, under any condition the degradation is incomplete and the
most oestrogenic metabolitédke NP has the potential to accumulate (Sole et.al.,
2000).
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There are a number of studies on the levels of NP compounds in wastewater
treatment plant influents and effluents. These studies provide information on which
compounds face biodegradation awtiich ones accumulate in the effluents and

sludge. Table 2.4 summarizes some of these studies.

Table 2.4.Levels of NP compounds detected in the influent/effluent of wastewater

treatment plants

Compound Sampling Point  Raw/Treated Concentration Referene

NP Raw 12.0 C
Rome, Italy Treated 1.0 O¢ DiCorcia
NPnEO Raw 203. 0 et.al., 1994
(n=11-18) Treated 9.9 Oc¢
NP 1.6 Oc¢
NP1EO 9.6 O¢
NP2EO Taipei, Taiwan Treated 15. 3 ( Dingand
NP1EC 19. 2 C Tzing, 1998
NP2EC 99.2 C
NP Green Bay, WI, Treated (primary) 2.83 0 O¢ Field and
USA Treated 0815 Oc¢ Reed, 1996
(postchlorination)
NP Raw 5453022 ng/L
Treated 126-1965 ng/L
NP1EO Northern Greece Raw 466-4025 ng/L  Pothitou and
Treated 13573 ng/L  Voutsa, 2008
NP2EO Raw 490-2670 ng/L
Treated 26-216 ng/L

As can be seen from the concentrations stated in the studies above, NPnEOs decrease
significantly once the wastewater faces treatment. This is explained by

biodegradation most of the time. One should note that, the levels in the treated
35



effluents are nothat low either, meaning the formation rates of NP compounds (or
production and consumption) exceed the degradations rates during treatment
(Pothitou and Voutsa, 2008).

However, if the single mechanism responsible for the disappearance of NP
compounds wabiodegradation, NP levels should increase in the treated effluents as
NPnEOs are converted. But as shown in Table 2.4, that is not the case due to
adsorption. As stated, these compounds have higher affinity to organic surfaces like
biotaandasaresu,bur i ng treat ment, NP accumul at e:

why its concentration drops in the secondary effluent (Scrimshaw et.al., 2004).

These compounds have complex nature and their degradation rates depend on the
process applied. But other tharethature of the process, seasonal variations and
changes in the influent characteristics also affect the removal rates (Esperanza et.al.,
2004). Especially, for biological systems seasonal variations mean change in
temperature and rainfall, which will affethe microbial activity. Change in the
influent characteristics means shock loading, variations in the NP compounds in the
raw sewage. As the loading of NP compounds varies and exceeds the capacity of
treatment plant, it is not surprising to hear thdiceincy of treatment declines
immediately. However, regardless of the treatment efficiency it is inevitable that

carboxylated forms or NP are formed at the end of treatment.

2.8.2 Levels oNonylphenol Compounds in Sludge

Production of sludge has increased over the years significantly. Today the most

common sludge handling methods are landfilling, incineration and agricultural use of

sludge. Among all these three methods, the cheapest and most beneficial option is the

land application of sludge (Aparicio et.al., 2007; Santos et.al., 2007). Sludge is rich

in nutrients and that is why it is suitable for land use as a soil conditioner or fertilizer
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(Gibson et.al., 2005). However, since it is admgduct of wastewater treatnteit

also contains most of the contaminants being removed, like heavy metals, pathogens
and organic chemicals like NPNnEOs (Abad et.al., 2005). Once sludge is used as a
fertilizer for agricultural purposes without testing its suitability, these contansinant
may enter the food chain, taken up by the roots of plants and pose both
environmental and human health risk (Gibson et.al., 2007; Pryor et.al., 2002).
Therefore, these contaminants, including NP compounds, must be monitored

properly to prevent the risk.

Due their high consumption and production, NPNnEOs are the dominant compounds
in the influent sewage, however, once treatment is applied, the situation is reversed
and the metabolites start to accumulate. They do not accumulate solely in the
treatment efflent but the majority prefers to accumulate on sludge surface due to

their physicochemical properties underlined before. A summary of recent research

studies evaluating the levels of NP compounds in sludge is given in Table 2.5.
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Table 2.5.Levels of NP compounds in sludge

Compound Sampling Type of Concentration  Reference
Point Sludge (mg/kg dm)
Raw 48.62668
NPE (NP + NP1EO + Catalonia, Composted 17.9363.4 Abad et.al.,
NP2EOQ) Spain Thermally 2005
Treated 14.33150.3
Seuville, Primary 16.87405.87 Aparicio
NPE (NP +NP1EO + Spain Secondary 12.44207.26  et.al., 2007
NP2EO) Anaerobically
Digested 30.931700.00
Composted 44-962
Anaerobically
NPE (NP + NP1EO + Andalusia, Digested 8-669 Gonzalez
NP2EO) Spain Lagoon 27-319 et.al., 2010
Aerobically
Digested 61-282
Composted 6.1-176
NPE (NP + NP1EO +  Different Lime Treated 529932 La Guardia
NP2EQ) regions of  Heat Treated 544 et.al., 2001
USA Anaerobically
Digested 721981
NP NY, USA  Anaerobically 11001800 Pryor et.al.,
Digested 2002

As given in Table 2.5, each study compared the concentrations of NP compounds at
different sludge treatment alternatives. In most of the studies, most of the times the
sum of NP, NP1EO and NP2EO which is indicated by NPE, is greater than 50 mg/kg
dm statedn the European Union Sludge Directive (Working Document on Sludge).
Even though, in all of the sludge stabilization methods the limit value is exceeded,
the methods are compared based on which one produces less contaminated sludge in
terms of NPE.
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For instance, in the study of Abad et.al., 2005, composting was suggested to be a
better method when compared to thermal treatment. But this does not mean that
composted sludge always produces the least contaminated sludge. In another study
done by Gonzalez el., 2010, aerobic digestion was found to be the best method in
terms of NPE degradation. Actually, in this study not only aerobic digestion, but
lagoon and anaerobic digestion were also found better than composting. Since the
sum of three NP compounds gésnsidered in legislations, it is not surprising that
aerobic methods vyield sludges in better conformity with regulations, since under

aerobic conditions, carboxylated forms are also produced decreasing the sum NPE.

In some studies primary and secondagglisientation sludges are also compared
(Gonzalez et.al., 2010). It has been observed that in primary and secondary sludge,
NP is less abundant when compared to NP1EO and NP2EO. In primary and
secondary sedimentation NP is not abundant because the extagrafiation into
metabolites is much less when compared to sludge stabilization techniques. From
primary to secondary treatment, the concentrations also change due to degradation

during aerobic treatment of wastewater.

Since in sludges examined in madtthe studies the 50 mg/kg dm is found to be
exceeded and the limits are more stringent in some countries like Denmark,
alternative methods of sludge treatment are being searched. Knudsen et.al., 2000,
started to work on methods to decrease the sum Wwleng/kg dm. They have
worked on posteration technique following anaerobic digestion. The aim of this
study is actually not the 50 mg/kg dm but to satisfy the 10 mg/kg dm limit of
Denmark. According to the results of the study, sludge stabilization dgetho
combined with aerobic techniques yield NPE values lower than 50 mg/kg dm and

even 10 mg/kg dm.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Waste Activated Sludge

Waste activated sludge (WAS) samples used during the experimentalvweozk
supplied from Ankardatlar Wastewater Treatment Plant, which has a current
flowrate 765,000 rfiday (ASKI, 2012).

The samples were taken from the return activated sludge line. The collected samples
were left to settle so that a certain solids cobegion could be achieved by

removing the supernatant from the top of sample bottles. During the settlement of
solids, samples were kept at 4AC in the |

minimized.

3.2 Chemicals

NP compounds used during the calibration of gas chromatogiegisg
spectrometry device (G®IS) were: nonylphenol solution (analytical standard,

50g/ L i nnospheriolmoedet hoxyl ate solution (an
in acetone),nonylphenoldi et hoxyl at e solution (analy
acetone) were purchased from Fluka, Sigma Aldrich Chemie GmbH and
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nonylphenoxy acetic acid (10 ng/L in acetone) was supplied from Dr. Ehrenstorfer
GmbH. 4n-nonylphenol( 10 ng/ OL i n c ydcas suttogateadorsg wa s
extraction studies and was purchased from Dr. Ehrenstorfer GmbH. In order to spike

the aerobic batch reactors, satohylphenoldiethoxylate (purity 99,0%, 10 mg) was

used and obtained from Dr. Ehrenstorfer GmbH.

During derivatizabn of the chemicals prior to GBS analysis, BSTFA+TMCS
(N,O-Bis(trimethylsilyltrifluoroacetamide) + trimethylchlorosilane), 99:1 (Sylon
BFT) Kit was used and it was supplied from Supelco Analytical, Sigma Aldrich
Chemie GmbH. The chemical used for theidsization of NP1EC was boron

trifluoride (BFs, in methanol) and supplied from Merck KGaA, Germany.

Following the extraction of the chemicals from sludge samples several chemicals
were used prior to GC injection. One of these chemicals was sodiumesulfat
(anhydrous granulated for organic trace analysis) which was used to remove the
residual moisture of extracts to protect -®fS and supplied from Merck KGaA,

Ger many. During extraction <copper (fine
added to remove sulfatand obtained from Merck KGaA, Germany. For the
extraction of liquid samples, SHPAK Vac C18 (6 cc/500 mg) cartridges were used

and they were purchased from Waters Co.

All throughout the study, solvents like acetone, methanol, hexane and petroleum
etherwere used for various purposes and they were gas chromatography grade and

supplied from Merck KGaA, Germany.

The chemicals used for the preparation of COD were: high puritP{96 HSO,,
K2Cr,0O7, AgSQ,, and HgSQ All of the chemicals used for the pegption of COD

solution were supplied from Merck KGaA, Germany.
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3.3 Experimental Setup

3.3.1 Setup of Preliminary Laboratory Scale Aerobic Batch Reactors

In the first part of the study, laboratory scale aerobic batch reactors without NP2EO
were operated. The objective was to determine the systematic and possible problems
that may be faced during the operation of future NP2EO dosed aerobic batch reactors
so as to take the necessary precautions beforehand. For this purpose two sets of
reactors were operated with different solids concentrations. The only data monitored

was the change in solids concentration throughout the operation.

First Set Reactors

Two liter aerobic laboratory scale batch reactors were set up using WAS. Without

any external force applied, the WAS added to the reactors were let to settle under
gravity for one day to obtain a more concentrated sludge. Once the supernatant was
removed,22 L of WAS was placed into the 2.5 L reactors and then the operation was
started. Initially, TSS and VSS values of WAS used in the set up of both reactors
were 8540 mg/L and 6985 mg/L, respectively. The duration of operation was 32
days. Reactors were keptt 25AC (constant temperature)
adjusted to a certain value since sludge contains enough buffering materials. The
reactors were aerated using air pumps connected via 2 mL pipettes dipped into them.

Maximum amount of oxygen wasgplied into system.
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Second Set Reactors

After the operation of first set of reactors, it was decided to operate another set of
aerobic batch reactors. The idea behind this set was to observe the performance of
reactors in terms of solids destructibthe solids concentration is increased. For this
purpose, in addition to the settling of sludge for one day, the WAS added to the
reactors were centrifuged at 2200 rpm for 1 min. The initial TSS and VSS values for
WAS used in the set up of second setredictors were 21850 and 17050 mg/L,
respectively. Similar to the first set, the reactors were established in 2.5 L glass
bottles with an effective volume of 2 L. This set of reactors was operated for 30 days.
Reactors were kept ae)in2vmlr®ath(. The eatorawete t e m

aerated using air pumps connected with 2 mL pipettes.

In both sets, daily sampling was applied. Since there was only one exit from each
reactor, the samples were poured through the tubulure into a graduated @ftieider
shaking. All the analyses were conducted in duplicate and the average of the

duplicate results are presented.

3.3.2 Setup of Nonylphenol Diethoxylate Spiked Laboratory Scale Aerobic

Batch Reactors

The third set of aerobic laboratory scale batcactaers were set up in order to
observe the degradation mechanismilBcompounds under aerobic conditions. For
this purpose, two sets of 5 L aerobic batch reactors were operated with a working
volume of 3.2 L. Head space was increased to overcome thidowveroblem that

was encountered in the previous sets. If not prevented, the overflow could result in

the loss of compounds to be analyzed and the results could have been misleading.
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Each set was operated in duplicates, making four reactors in totatetdés are
given in Table 3.1.

Table 3.1Detailsof the reactor satp

Reactor WAS (L) Acetone addition NP2EO addition

Control-1 (C-1) 3.2 5mL
Control-2 (C-2) 3.2 5 mL
Reactor-1 (R-1) 3.2 3 mg/L
Reactor-2 (R-2) 3.2 3 mg/L

One set of these reactors was composed of two control reactors containing WAS and
acetone (the solvent which is used in spiking NP2EO) only, whereas, the other two
reactors were dosed with 3 mg/L NP2EO in the same volume of acetone. All four
reactors werélled with WAS, concentrated (TS~2%, VS 1.4%) by settling.

The 5 L glass reactors used were graduated in order to follow the volume change
along the operation. The configuration of the reactors used is shown in Figure 3.1. As
can be seen from the Figutlere are two outputs at the top, one used for inserting

aeration pipettes (connected to an air pump) and the other is closed. At the bottom of
the reactors there is a sampling port used to withdraw sludge and closed with a hose

clip after each sample iaken.
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Figure 3.13.2 L laboratory scale aerobic batch reactors

Instead of water bath, this time all four reactors were kept at constant temperature
room which was at 25 AC. The reason for
temperature room was to assure constant temperature in the whole reactor. Because

in waterbath, only a portion of the reactor is within the constant temperature water

and as a result uniform temperature distribution within the reactor cannot be
achieved. TheHs of the reactorswe®@. 9 NO. 1 and were not buf
set up. Mixers wee placed under the reactors to make sure complete mixing is

achieved.

For the first 4 days, the reactors were operated without any external NP2EO addition.
At the 4" day of reactor operation, one set of reactors (two reactors) were spiked
with 3 mg/L NP2EO dissolved in 5 mL acetone. At the same time 5 mL of acetone
(which did not contain NP2EO) was added to the other set (two control reactors).
Before spiking NP2EO (in the first four days of reactor operations) samples were
taken once a day. Since undegrobic conditions biodegradation is faster, it was
decided to take samples more frequently in the following couple of days of NP2EO

spike. Starting from the™day, samples were taken twice a day until tfiel8y of
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operation. As the degradation of NEQ became more stationary, the sampling
schedule was switched to daily basis, this schedule was kept going untif'tteyl3

of reactor operation which was time at which reactors were thought to stable both in
terms of solids concentration and concemratbf NP compounds. Starting from 13
days, the sampling schedule was widened and the samples were taken once in two
days. The sampling schedule was decided dynamically based on previous samplings
and the measurements done upon them. In each sampling, 46 sllidge was
withdrawn from the reactor. On these samples, duplicate analysis of TS, VS, TSS,
VSS, COD and NP compounds (NP, NP1EO, NP2EO and NP1EC) were carried out.

3.4 Analytical Methods

Parameters measured all throughout the study were totas $08), volatile solids

(VS), total suspended solids and volatile suspended solids (VSS) concentration, pH
and COD. For the determination of NP compounds usingM&Cdevice, first the
extraction of these compounds from liquid and solid phases were achfdied

these analyses are carried out on the samples collected from the laboratory scale
aerobic batch reactors being operated. In this section, each of the methods listed

above will be described.

3.4.1 Solids Determination

Determination of TS and VSoacentrations within the sludge samples were carried
out according to the Standard Methods, 2540B and 2540E, respectively. Whereas, for
the determination of TSS and VSS, Standard Methods 2540D and 2540E were
followed, respectively (APHA, AWWA, WEF, 2005).
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3.4.2 Chemical Oxygen Demand

One of the analyses done on sludge samples was chemical oxygen demand (COD)
determination. For this purpose, one of the widely used COD method which was
Hach USEPA approved COD test was followed. The COD kits were not gertha
from Hach Company. They were prepared in the laboratory according to the Hach
Water Analysis Handbook (2011M5Ed.). Since the kits were prepared in the
laboratory, a calibration curve was prepared and used for the spectrophotometric
analysis and tlsicurve is given in AppendiA. Potassium acid phthalate (KHP) was
used and on weight basis, the theoretical oxygen demand of KHP was 1.175 mg
O./mg KHP.

Once the COD kits were prepared and calibrated, sludge samples taken from the
reactors were diluted and added to the kits to react. The spectrophotometric analysis
of this experiment was carried out using a Hach DR 2400 portable
spectrophotometer.

3.4.3pH Measurements

The pH measurements were conducted according to Standard Method 4500+
a pH meter of model 510 with the pH probe (EB 510/21S) purchased from
EutechInstruments (APHA, AWWA, WEF, 2005). The pH meter was calibrated

prior to analysis using standard solutions of pH 4, 7 and 10.
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3.4.4 Determination ofNonylphenol Compounds

The compounds of concern (NP, NP1EO, NP2EO and NP1EC) were analyzed using
GC-MS (Agilent Technologies 7890 GC system coupled with 5975C inert MSD with
triple axis detector). The methods which are explained in the following sections were
used in analysis. However, before deciding which method to use, an extensive study

was conducte which is also explained in the coming up sections of this thesis.

3.5 Development of a GEMS Procedure for the Measurement ofNonylphenol

Compounds

3.5.1 General Principles of Gas ChromatograpMass Spectrometry

GC-MS is an analytical device used fdahe separation, identification and

guantification of volatile or semiolatile compounds in mixtures. Besides its well

known pharmacological applications, @4S is also used in organic trace analysis in
water or wastewater samples and forms a basis fary il SEPA drinking and

wastewater analysis methods (Hites, 1997).
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Figure 3.2A general overview of GBS device (Whitman College, 2008)

As the name implies, GBS is composed of two different devices, each having its
own responsibilities. Gashromatography (GC), is mainly responsible for separating
the chemical mixtures into individual components. Once the sample is injected, it is
volatilized at high temperatures. The carrier gas, mostly helium, transports the
compounds on the stationary peas other words column as shown in Figure 3.2.
The gas is supplied from a cylindrical tank coupled with a reducing valve to keep the
pressure at a constant value. As the sample flows through the column, each
compound within the sample interacts with tmoating of the column. According to

the speed of interaction, each compound leaves the column at different time
intervals. This time interval between the sample injection and column elution is
called retention time (Douglas, 2012). Within this time interach component of

the mixture is separated based on their physicochemical properties. For instance, if
the compound of interest has a low molecular mass it interacts with the column much
quickly and leaves before other molecules. Not only the physicachkeproperties

but also the rate and extent of interaction with other molecules within the mixture

also affect the retention tim®guglas,2012).
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GC is coupled with a detector in order measure the compounds eluted from the
column Douglas,2012). In this study, mass spectrometer (MS) detector has been
used. Once the gas molecules enter the MS via transfer linealdpmbarded by

high energy electron beam, accelerated through a magnetic field and disintegrated
into charged fragments. Then these fragments travel towards the MS detector, whose
responsibility is to identify the different charges with respect to thesnoh each
fragment and obtain an output. The output produced by MS detector is named as
mass spectrum which is a chart of peaks. The height of a peak changes with the
number of fragments detected for a certain mass, however, according to the
sensitivity d the spectrum this may also change. Mass spectrums are unique; each
compound is distinguished from the other based on this uniquéhmsglés,2012).

Since mass spectrums are unique obstances, compounds can be identified by
comparing the spectrum obtained at the end of the analysis with the spectrum of
known substances. Mass spectrums generally present one great peak which is the
parent mass. Once the parent mass is identifiednttecular mass and structure of

the molecule can be guessed and the compound will be determined. For
confirmation, one can compare the spectrum with a reference spectrum of the

compound Douglas,2012).

Even though, GEMS is a helpful analytical tool, it has its own limitations also.

These limitations can be listed as:

x Depending on the duration of the @€S program, the analysis of certain
compounds may be tirm@nsuming.

x Only the compounds with vapor pressure greater thaf®16rrs can be
analyzed using GMS.

x  Determination of the positional substitution of aromatic rings is difficult.

x Even if a compound is separated by-GIS, it may not be identified by MS
detector or vice verg®ouglas,2012; Hites 1997).
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3.5.2 Selection of Proper Solvent for Sample Preparation

The measurements of the chemicals (NP, NP1EO, NP2EO, NP1EC) included in this
thesis were done using @@S device. The first stage in the analysis of these
compounds in G@AS is the selection of the solvent proper for both the compound
and GGMS. For the ifection of the samples, they must be in solution first. Just like
the compound to be analyzed, the solvent must also be volatile and organic. But
more importantly, while calibrating the device, the compounds must be dissolved
homogenously in the stock stins prepared so that accurate measurements can be
done. To prevent contamination, high quality solvents were used throughout this

study.

To select the proper solvent, different solvents like acetone, methanol, hexane,
dichloromethane were tested andettter the chemicals could be dissolved properly

or not were determined based on-GIS analysis. According to the analysis done,
acetone and methanol showed the highest responses whereas hexane and
dichloromethane showed the lowest responses. Acetone Jestede for the
preparation of stock solutions due to two reasons: (i) the chemicals used were
dissolved in acetone originally as they were purchased, (ii) methanol was thought to
harm GGMS device in long run.
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Figure 3.3 Total ion chromatogram (TIC) for NP dissolved in methanol and acetone
3.5.3 Optimization of a Derivatization Method forNonylphenol Compounds

As mentioned above, the mixture of compounds injected into GC is volatilized and
separtged at the high temperature column. The compounds must be volatile and
thermally stable at high temperatures. The NP compounds analyzed during this thesis
study have rather low volatility and thermal stability, meaning these compounds
cannot be volatilizeavithout thermal decomposition at high temperatures within the
column. As a result the compounds cannot be separated properly in the GC and MS
cannot detect them.

To preserve the thermal integrity of the compounds, akwmeilvn chemical process
called fAderivatizationo was applied. Der
into volatile compounds that could be resolved at high temperatures without thermal

or molecular decomposition. This procedure makes the analysis of this group of

compounds even at low concentrations with improved GC efficiency.
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To derivatize these chemicals, there are several methods underlined in the literature.
Derivatization agents and time of derivatization reaction is different for each method.
In this study, derivatization methods underlined in Gatidou et.al., 2007 andrBarb
et.al.,, 2000 were tested, modified and compared. Chemicals to be analyzed were

reacted with chemicals in Table 3.2 at the given temperatures and times.

Table 3.2Details of the derivatization methods derived from Gatidou et.al., 2007
(Method1) and Baber et.al., 2000 (Metheg)

Parameter Method
Method-1 Method-2
Name of the chemical used BSTFA + Pyridine  BSTFA + Pyridine
Volume of the chemical 50 OL BS 50 OL BS
500L pyr 500L pyr
Derivatization 65 AC 90 AC
Time for derivatization 20 min 5 hours

The derivatives obtained with both of the methods were analyzed by the following
GC oven programs shown in Table 3.3. The chromatograms given in Figures 3.4 and
3.5 were obtained. These Figures and the ones coming after were similar for NP1EO
and NP2EO teasd together with NP.
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Table 3.3GC oven programs used in the analysis of derivatives obtained by

Method 1&2
Barber et.al., 2000 Gatidou et.al., 2007
Initial Temperature 40AC 80AC
Ramps 6 AC/ min to 315AC/ min to
15 min then 5AC/ mi
Carrier Gas Helium (constant pressure Helium (constant flow)
Column Type HP-5MS Phenyl Methyl HP-5MS Phenyl Methyl
Siloxane Siloxane
Abundance

2e+08

1.5e+08

Time (min)
4.00

1e+08 1
S5e+07 4
=N A K JLJ.;\ = | LJ»hJ A ||l Ao
7 L e B e e ——— Ly
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10.00 12.00 14.00 16

Figure 3.4TIC for NP derivatized usinljlethod 1

54



5000

3000

2000

1000

|

Time (i)

8

Abundan

1400000 3
1300000 3

1200000
1100000
1000000

900000 3
800000 3

700000
600000

500000 :

400000
300000
200000

100000 3

0

B e e —r T T —T
11.00 12.00 13.00 14.00 15.00

Figure 3.5TIC for NP derivatized usinlylethod 2
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Figure 3.6 TIC presented in Gatidou et.al., 2007
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Figure 3.7TIC presented in Barber et.al., 2000

As can be seen in Figure 3.4 and 3.5 the family of peaks obtained were not
acceptable when compared to Figures 3.6 and 3.7. The abundamces w
unacceptably low. Therefore, modifications were done on these methods. The

parameters that were altered are given in Table 3.4.

In the application of these methods, water bath and drying oven were used and the
results were compared. The results were close to each other (in terms of abundances
in TIC), and due to this drying oven was selected for more uniform distribution of
heat since in water bath only the bottom of vials were submerged to prevent water

intrusion into the vials.
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Table 3.4The modifications in the derivatization methods of Gatidou et.al., 2007
(Method 1) and Barber et.al., 2000 (Methaj

Method-1 Method-2
Temperature 65AC and 71 75AC and 9(
Volume 50 OL BSTFA:; ! 50 OL BSTFA; !
100 OL BSTFA; 100 OL BSTFA;
Duration 60 min, 90 min, 120 min 5 hours

When these two methods were compared, Methgtelded the same results as it

was before modification. Therefore, the derivatization studies were concentrated on

Method 1 at this point. However, since pyridine causes background concentration to

rise and a decrease in signal to noise (S/N) ratio, aligenreagents have been

investigated. Instead of pyridine it was decided to use TMCS. The idea behind the

addition of TMCS or pyridine is to speed up the derivatization reaction, in other

words, these two chemicals act as catalysts. Since they serve fearhe purpose,

the solutions of BSTFA+TMCS have been prepared at different volumetric ratios

(see Table 3.5)

Table 3.5Details of the modifications of Methetlusing TMCS as catalyst

Method-3 Method-4
Reagents BSTFA+TMCS BSTFA+TMCS +Solvent
BSTFA+1%TMCS BSTFA+1%TMCS

% Volume BSTFA+10%TMCS BSTFA+10%TMCS

BSTFA+33.3%TMCS BSTFA+33.3%TMCS
Total Volume 50 OL, 100 50 OL, 100
Temperature 70AC 70AC
Duration 30 min 30 min
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The only difference between Meth@dand Methoé! is that in Methodd solvent is
added to the reaction vial after the same derivatization procedure. The purpose of
solvent addition is to increase the effectiveness of derivatization reaction. In this
context, acetone, hexane and dichloromethane have beerThseeixample TIC for

acetone, hexane and dichloromethane is given Figure 3.8, Figure 3.9 and Figure 3.10.

Abundance
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Figure 3.8 TIC for NP derivatized according to Methddusing acetone
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Figure 3.9TIC for NP derivatized according to Methddusing hexane
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Figure 3.10TIC for NP derivatized according to Methddusing dichloromethane

As can be seen from the Figures 3.8, 3.9
the effectiveness of derivatization but rather retarded the process. That is why,
Method4 is eliminated and the modifications of Meth®dccording to the values

given in Table 3.5 were continued. One of the parameters was the volume of
BSTFA+TMCS solution added to derivati ze
were the volumes of BSTFA+TME solution being experimented. As can be seen
from Figure 3.11, addition of 200 OL di
Both in terms of peak quality (resol uti
BSTFA+10%TMCS addition was better than 2
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Figure 3.11T 1 C for NP derivatized with 100 OL

Therefore, the volume 200 OL BSTFA+TMCS
of BSTFA+TMCS solution gave cl ose abunde
3.12), the integrated arearfo 50 OL (23721903) was | ower
(33179081). Besides, for the homogeneity of sample, it is better to inject it at higher
volumes. As a result, 100 OL BSTFA+TMCS

volume for derivatization.
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Figure 3.12T1 C f or NP derivatized with 50 OL
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The next step in the establishment of the derivatization method is to decide on the
volumetric ratio of the BSTFA+TMCS solution mix. As stated in Table 3.5, 1%,
10% and 33.3% of BSTFA+TME& solutions on volumetric basis have been prepared
and exper i menwlenk. As the pertebit@ige &f TMCS increases, the
effectiveness of derivatization declines and this is best shown in Figure 3.13.

Abundance
50000 1 .. .
NP containing 100 pL BSTFA with 10% TMCS

40000 4
30000 1

20000 1

NP containing 100 pL BSTFA with 33.3% TMCS
10000 1
Ao @
0

. . T T T T T T T T
Time (min) 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00

Figure 3.13TIC for NP derivatized with 100L BSTFA+10 %TMCS and
BSTFA+33.3% TMCS

As can be seen in Figure 3.13, the abundance and resolution of the peaks for 10%
TMCS is better than 33.3% TMCS. Also the integrated area of BSTFA+10%TMCS
is 4265590 and it is greater than that of BSTFA+33.3% TMCSiki€927378.

When BSTFA+1%TMCS and BSTFA+10% TMCS were compared, it was seen that
they were close to each other both in terms of integrated areas and peak resolutions
(see Figure 3.14). In order to save chemicals it has been decided to use
BSTFA+1%TMCS.Besides this, rather than preparing the 10% TMCS solution in
the | aboratory, It is a better decision

ampoules to exclude the experimental errors from the picture.
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Figure3.14T1 C f or NP derivatized with 100
BSTFA+10% TMCS

As a result of all the trials made on the components of the derivatization method, the
reagent selected was the mixture of BSTFA and TMCS. The volume of the solution
has been decidedteb 100 OL with 1%TMCS by vol ume.
decided to be used as heating device at
The details of the ultimate derivatization method are given in Figure 3.15.

100 OL
3 BSTFA+1%TMCS
containing ampule was

1 mL of sample was The sample was
placed in 2 mL amberp———> evaporated to

GC vials dryness using Ngas added to the vial
v
The solution inside the vialk
; . were transferred into The derivatized
\7/'(35'(3: \g\%?] |?(I):?c3%dr|nr;:]o —>] pol ymer f ee tf—2{] sample was injected
placed inside the 2 mL to GC for analysis
vials.

Figure 3.15Flow scheme of the seledtéerivatization method
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Since the characteristics of carboxylated forms of NPs are fairly different, the
method of derivatization employed also differs from the previous method. NP1EC is
the only carboxylated form of NP compounds that is under reseatits istudy. At

the very beginning of the experiments, the silyl derivatization of NP1EC was
investigated, and this method was not satisfactory. Besides, silylation of NP1EC as a

derivatization method is not commonly seen in the literature.

In order to derivatize NP1EC, three different methods have been experimented. The
first method is the one applied by Diaz et.al., 2002. In Figure 3.16, the details of the

procedure are presented.

2000L ( H@@pand 5000 hex
were added t@ mL of sample in 12 mL p—->
amber teflon covered vials.

The amber vials were placed in a/&D
oven and kept there for 1 hour.

i 5 mL CuSQ.H,O0/NasqQ (0.2 M/0.7 M)
After 1 hour, the vials were cooled to¥@. p———> was added in to vials and shaken for 3
minutes manually.

v

Using the phase seperation, 30 helx ane
from the top of the mixture was transferrpd
into the 2 mL GC vials and injected.

Figure 3.16Derivatization procedure applied by Diazaét.2002

The method given in Figure 3.16 has been applied without a modification. The GC

program given in the article has been used for GC/MS analysis. The chromatogram
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obtained and the one given by Diaz et.al., 2002 in their study are given in Fijlire 3.
and Figure 3.18 for comparison.
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Time (min)

Figure 3.17TIC for NP1EC derivatized according to Diaz et.al., 2002

%07 NPIEC
m/z= 207+235+292
% IS3=n-nonyloxybenzoic acid
m/z=278

1 1 T T 4 T ] 1 I

Figure 3.18TIC given by Diaz et.al., 2002

As can be seen from Figures 3.17 and 3.18, the method proposed by Diaz et.al.,
2002, was not successful in the derivatization of NP1EC. As a result, other methods
of derivatization were investigated. The second method experimented was the one

proposed by Ding and Tzing, 1998. The details of the methods are given in Figure
3.19.
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2000 L
mL amber vial containing inL NP1EC
solution evaporated to dryness using N

chl oroform wdgds
—>

a d|l The vial containing NP1EC dissolved it
chloroform was evaporated to dryness
again using bl

v

2 mL npropanolacetyl chloride reagent

oven.

was added to the vial and placed in/80 p——>

Then the vials were taken out and cooldd.

v

The mixture inside the vial was evaporafed
to dryness using Nand redissolved in 10
OL chlorofor

The propyl esters obtained at the end ¢f
this procedure were injected to GC/M
dissolved in10@L chl or off or m.

Figure 3.19Derivatization procedure applied by Ding and Tzing, 1998

The derivatized samples obtained according to the method given above were

analyzed using the GC/MS method given by Ding and Tzing, 1998 (see Figure 3.20).
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Figure 3.20TIC for NP1EC derivatized according to Ding and Tzing, 1998
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Figure 3.21TIC given by Ding and Tzing, 1998

As can be seen from Figures 3.20 and 3.21, the second derivatization method
experimented did not work either. Since both of the methods didyiedd

satisfactory results, the derivatization method applied by Lee et.al., 1997, was
experimented with some modifications in the solvent used and volumes added. The

details of the method are given in Figure 3.22.
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1mL NP1EC
solution was _

2 mL 14% BF solution

The vials were then
placed into the 8%

evaporated to 200 L > was added. > oven and kept there for
using N. 30 min.
|
\4

At the end of 30 min, thg
vials were cooled and

evaporated to 3@D L >

using N.

2.5 mL double distilled
water and 2 mL of
petroleum ether were
added.

The vials were then

3 placed into a mechanics

shaker at 400 rpm for 1
min.

v

The methylated product
were extracted by 2 mL

of petroleum ether
addition for three times.

4

The eluate obtained wa
then passed through
Na,SO, column.

The resulting mixture

was evaporated to
> p

complete dryness using
N2-

\

1 mL of hexane was
added to the vials and
transferred into 2 mL G(
vials after 1 minute
vortex

Figure 3.22Derivatization procederapplied by Lee et.al., 1997

Like in the previous methods, the derivatized samples obtained are injected into the

GC/MS using the program applied in the study of Lee et.al., 1997. The result of the
analysis is given in Figure 3.23.
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Figure 3.23TIC for NP1EC derivatized according to Lee et.al., 1997
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Figure 3.24TIC given by Lee et.al., 1997

When the TICs given in Figure 3.23 and 3.24 are compared to each other, it is
obvious that this last method applied was successful in the derivatid#ibEC.

This way, the derivatization method applied by Lee et.al., 1997 was selected as the
method to be used.
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3.5.4 Development ofa Gas Chromatography-Mass Spectrometry Method for
the Determination of Nonylphenol Compounds (NP, NP1EO and NP2EO)

In order to determine the GKAS program for the analysis of NP compounds, a
detailed literature research was conducted to benefit from the experiences in this
field. The details of the programs being experimented in the first place are given in
Table 3.6.The programs given in this table include some modifications (i.e. helium
flow, initial temperature, etc.), when compared to the original studies, according to
the solvent used in this study and the features of thdiSGlevice used. In all of
these progmas the carrier gas was helium and the mode of injection was splitless.
The type of column was Agilent 1909¥33E HR5MS 5% phenyl methyl siloxane
(30 mx0.25mmx0.250m). The mass spectrome:!
monitoring (SIM) mode, meaninipe compounds were identified using the mass to
charge (m/z) ratios given specifically for each. The reason for that is SIM mode

increases the sensitivity and eventually the accuracy of the analysis.

Since NP is the most commonly analyzed chemical inlitbeature and thermally
stable among the other NP compounds, programs given in Table 3.6 were compared

on NP, and then the ones found satisfactory were verified with other compounds.

All these programsin Table 3.6 were applied to the compounds without
derivatization. Unfortunately at low concentrations, these methods did not make
satisfactory readings in the analysis. Since these low concentrations are critical for
the analysis in reactors derivatization methods have been investigated as presented in
the previous part. Then according to the derivatization method, other methods have
been searched. Since the derivatization method used was very close to the one
presented by Gatidou et.al., 2007, their method of analysis was used along with other

methods irthe literature and the es developed in our laboratory.
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Table 3.6GC-MS programs experimented (1)

Name of Method Agilent Aparicio et.al., Barber et.al.,, 2000 Diaz et.al., 2002
Technologies, 2007 2007

Injection Volume 1 OL 1 OL 10L 1 OL

Injection Temperature 250AC 250AC 280AC 250AC

Gas Flow (mL/min) 1.2 1.0 15 15

MS Interphase

Temperature 280AC 280AC 280AC 280AC

MS Source Temperature 230AC 230AC 230AC 230AC

MS Quadrupole

Temperature 150AC 150AC 150AC 150AC

Initial Temperature 60AC 70AC 100AC 70AC

Ramps 60AC for 170AC for 100AC for 70 Ad€3min
10AC/ min t25AC/ min 6AC/min t20AC/ min
5AC/ min tc3AC/ min t 300AC for 10AC/ min
10AC/ min t8AC/ min t 285AC for

280AC for
Duration 22.0 min 57.0 min 49.3 min 27.0 min
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Table 3.6GC-MS programs experimented-Qont 6 d)

Name of Method

Field and Reed,

Gatidou et.al., 2007

Gibsonet.al., 2005

ISO 1885%2, 2009

1996
Injection Volume 2 OL 2 OL 1 OL 2 OL
Injection Temperature 280AC 250AC 250AC 280AC
Gas Flow (mL/min) 15 0.9 1.0 1.0
MS Interphase
Temperature 280AC 280AC 280AC 280AC
MS Source Temperature 230AC 230AC 230AC 230AC
MS Quadrupole
Temperature 150AC 150AC 150AC 150AC
Initial Temperature 70AC 40AC 60AC 60AC
Ramps 70AC for 140AC for 160AC for 160AC for 1
20AC/ min t15AC/ min t10AC/ min t10AC/ min t
300AC for 5AC/ min tc280AC for 280AC for
Duration 12.5 min 25.0 min 30.0 min 25.0 min
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Table 3.6GC-MS programs experimented-Qont 6 d)

Name of Method Isobe et.al., 2001 Li et.al., 2001 Lian et.al., 2009 Lu et.al., 2008 Richter et.al., 2009
Injection Volume 1 OL 1 OL 1 OL 1 OL 1 OL
Injection Temperature 300AC 280AC 300AC 280AC 250AC
Gas Flow (mL/min) 1.5 1.5 0.9 1.2 1.0

MS Interphase

Temperature 280AC 280AC 280AC 280AC 280AC
MS Source Temperature 230AC 230AC 230AC 200AC 230AC
MS Quadrupole

Temperature 150AC 150AC 150AC 150AC 150AC
Initial Temperature 70AC 50AC 50AC 130AC 100AC

Ramps

Duration

70AC for
30AC/ min
2AC/ min t
30AC/ min
310AC for

22.0min

~

Z

t

50AC for
20AC/ min

250AC for
t20AC/ mi n

cl10AC/ Ri0®Ax200AC for

t

20AC/ mi n
290AC for

21.0 min

t 5AC/ min t
235AC for
25AC/ min
280AC for
29.3 min

1
t

C

t

5AC/ min tcl100 AC fo

280AC for

50.0 min

10AC/ min
280AC for

22.0 min

r
t




The programs applied by Field and Reed, 1996, Isobe &08all, and ISO 18857
yielded no peaks in the total ion chromatogram and therefore failed in the analysis of
NP compounds. Some examples of TIC obtained for the programs given are
presented in Figures 3.25, 3.26 and 3.27.

Abundance
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Figure 3.25Example TIC: Comparison of NP (1ppm) analyzed via Gatidou et.al.,
2007, Gibson et.al., 2005 and Barber et.al., 2000

Abundance Gatidou et.al., 2007
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Figure 3.26Example TIC: Comparison of NP (0.1 ppm) analyzed via Gatidou et.al.,
2007, Lian et.al., 2009, Lu et.al., 2008 and Richtel.e2009
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Figure 3.27Example TIC: Comparison of NP (1 ppm) analyzed via Gatidou et.al.,
2007, Diaz et.al., 2002, and Agilent Technologies, 2007

As can be seen from Figure 3.25, 3.26 and 3.27, th&IS@nethods Gatidou et.al.,

2007 and Diaz et.al2002 were the ones that showed the best TIC for the analysis of

NP. When these two methods were considered for the other chemicals, the results
were again too close to each other both in terms of resolution of the peaks and
abundances. But in order to & all NP compounds in this study, each one has to
appear on the chromatogram on a different retention time, each of which come as a
number of isomeric peaks, if possible. In these two programs, there was the risk that

NP compounds would be closetoeach her . That 6s why, it was
GC-MS method based on these two sources but obtain peaks with relatively different
detention times. The methods experimented are presented in Table 3.7. In all four
methods, the column used was Agilent 190483E HR5MS 5% phenyl methyl
siloxane (30 mx0.25mmx0.250m) and the sa
method given in Figure 3.15. Splitless injection was carried out and the sample
vol ume was 2 OL to assur e hontleegngecionus i nj
temperature was 250 AC. The carrier gas
flow, this time constant pressure (10.152 psi) mode was applied. The ions of the
compounds were detected via SIM mode. The Interphase, MS source and MS
quadrupb e t emperatures were the same for al
150AC.
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Table 3.7GC-MS programs experimented (2)

Name of the program Program-1 (P1) Program-2 (P2) Program-3 (P3) Program-4 (P4)

Initial temperature 100AC 100AC

Ramps 100ACmihhor 5 100AC for 5
25AC/ min to 25AC/ min to
10AC/ min to 10AC/ min to
8AC/ min to 2 260AC for 5
10AC/ min to 35AC/ min to
250AC for 5 285AC for 7

35AC/ min to
285AC for 7
EM Volts 1400 1494 1400 1494
Duration (min) 304 30.114

The TICs obtained when the programs given in Table 3.7 were applied are presented
in Figure 3.28 to Figw 3.30

Abundance

120000 Program-2
100000

80000

|
|

| Program-1 ‘

60000
40000

|
20000 f

Time (min)0-5 T T T T T
10.00 10.50 11.00 11.50 12.00 12.50 13.00 13.50 14.00

Figure 3.28Comparison of TICs for NP analyzed using Diaz et.al.,2002, Prefjram
and Progran®
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Abundanee

Program-4

140000

120000

100000

80000

60000

40000

20000

Tﬁng(nﬁn)O-:;-w-—-T-——;;-q-T—r-_7

T T T T T T T T T T T T T
11.20 1140 11.60 11.80 12.00 12.20 12.40 12.60 12.80 13.00 13.20 13.40 13.60 13.80 14.00

Figure 3.29Comparison of TICs for NP analyzed using Diaz et.al.,2002, Pregram
and Progran#

Abundance

Program-4
140000
120000 |

100000

Program-2
80000
60000 Program-1
40000

20000

. B e o e o e S e e e B e R e
Time (min)  11.0p 1120 1140 1160 1180 12.00 12.20 1240 12.60 12.80 13.00 13.20 13

R — T

T T
13.60 1330 14.00

40

Figure 3.30Comparison of TICs for NP analyzed using Progfgrrogran,
Program3 and Progrard

When all four GEMS programs given in Table 3.7 were evaluated based on the
chromatograms presented, it was obvious that Progrgrmalded the best results in
terms of peak quality (resolution and abundance) and integrated area under the
family of peaks otained. Therefore, it was decided to use Progfaimhe injection
volume was decreased to be 1 OL since
column negatively if injected at high volumes. And since the volume of injection was

decreased, EM volts have beenreased to ~1800 EM volts. As a result, the final
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GC-MS program used in all analysis during the reactor operation is given in Table

3.8.

Table 3.8GC-MS program used for the analysis of NFhMP, NP1EO and NP2EO

Column Agilent 19091$433E HR5MS 5% phenyl
met hyl siloxane (30

Carrier Gas Helium

Mode Constant Pressure (10.152 psi)

Flow 1.0043 mL/min

Injection Temperature
Injection Mode

Injection Volume

MS Interphase Temperature
MS Source Temperature

MS Quadrupole Temperature
EM Volts

Initial Temperature

Ramps

Final Temperature

Duration

280 AC

Splitless

1 OL

280AC

230AC

150AC

1718

100AC

100AC (hold for 5 mi
10AC/ min to 260AC (h
35AC/ min to 285AC (h
285AC

30.114 min

When chemicals NP,-ANP, NP1EO and NP2EO were all silyl derivatized and

analyzed using the program given in Table 3.8, the resulting TIC is given in Figure

3.31.
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Figure 3.31TIC obtained for NP,-4NP, NP1EO and NP2EO analyzed by the
selected GEMS program

As stated before, the compounds were analyzed using SIM mode. NP compounds
have numerous isomers and each isomer have its characteristic target and
quantification ionsFor each chemical (NP;@NP, NP1EO and NP2EO) these ions

are listed in Table 3.9 to Table 3.12 together with their retention times.
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