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Abstract  

The diversity of choices we have to make everyday influence our environment and ourselves 

in more ways than most of us realise. Anthropogenic substances, such as flame retardants, 

date back as early as 450 BC when the Egyptians used alum to reduce flammability. The 

increasing demand for new articles has led to an increased production of chemical substances, 

for which many are commercially produced without complete knowledge on properties such 

as persistence, bioaccumulation and toxicology (PBT). Commercial compounds may be 

properly tested and denominated as “safe” regarding PBT properties, but their degradation 

products and/or metabolites may cause environmental impact. 

The availability of uniform and accurate data for prediction of persistence is of key 

importance for the understanding of chemical fate. A method to determine the susceptibility 

of chemicals to undergo oxidation in water has been developed and applied on several 

organohalogens, including PBDEs and OH-PBDEs. The method was used to determine 

reaction rates and the group of OH-PBDEs were subsequently subjected to photolysis by use 

of UV-light. Hence, susceptibility to undergo both oxidation and photolysis for the OH-

PBDEs were investigated and compared to previously reported degradation rates on PBDEs. 

As a final step in promoting the prediction of persistence, quantitative structure-property 

relationship (QSPR) models were performed on a set of compounds which had undergone 

photolytic degradation under similar conditions. The QSPRs were used as a preliminary step 

in predicting photolysis half-lives for chemical substances and to determine which 

physicochemical descriptors are of greatest importance thereof. 

This thesis presents the possibility of performing and assessing oxidation transformations on 

compounds of low and high water solubility, photolysis transformations in various media and 

using obtained data to predict behaviour via QSPR models, to promote predictions of 

persistence. 
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Introduction

1 Introduction 

1

From waking up in the morning until falling asleep in the evening, we are 
subjected to anthropogenic chemicals in the environment that we are living in. 
Further, the modern life we live has an impact on the total environment we 
are part of. Even asleep, we are exposed to chemicals in our ambient 
environment, e.g. present in the air we breathe and the beds we sleep in. 
Everything we touch or use has been produced in such a way that natural 
products have been refined, transformed and subjected to hundreds of process 
chemicals. Finally, both endogenous and exogenous compounds may have 
been added to form the desirable materials, products, articles or goods we use 
[1]. The demand for new products and goods are continuously increasing, 
both due to global population growth and the human desire to make life easier 
and better in a multitude of aspects. 

Even though a large number of the chemicals in use may be of limited 
concern, there are still numerous compounds that are not safe, and even 
worse, not properly tested. Further, if the popularity of a product, for instance 
some electronic goods or a pharmaceutical, increases - there will be numerous 
of copies being produced in large quantities. These copies are sometimes 
produced in poorly controlled processes, applying chemicals we are unaware 
of and possibly also of poorly tested origin. The demand for mass production 
of anything from pesticides to toys has led to undesirable contaminants in our 
environment. The intentional or unintentional release of these poorly tested 
chemicals can be attributed to several environmental problems. 1,1,1-
Trichloro-2,2’-bis(4-chlorophenyl) ethane (p,p’-DDT) was an intentionally 
released pesticide without being properly tested beforehand, for which the 
release resulted in devastation of the population of e.g. white-tailed sea eagles 
on the Swedish Baltic coast [2-4] among many others. The lack of knowledge 
of physicochemical properties and behaviour of chemicals has led to many of 
the problems we encountered in the environment over several decades up till 
now, and still encounter today. Temporal trends indicate the accumulation of 
persistent organic pollutants (POPs) such as p,p’-DDT and polychlorinated 
biphenyls (PCBs) in species which have had no actual contact with the 
compound [5-7]. 

Reasons for control of chemicals are related to hazardous effects and 
undesirable properties, the latter known as physicochemical properties, 
reactivity and/or degradation pathways. Several compounds, such as p,p’-
DDT and PCBs, were designed to be stable upon release, i.e. not to degrade. 
This stability is the primary concern when stable compounds are released and 
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can result in long-range transport (LRT). LRT may result in bioaccumulation 
and biomagnification of POPs in remote biota. Recent legislation have tried to 
determine which chemicals that are to be acknowledged as POPs and to 
receive restrictions, in e.g. the Stockholm Convention [8], the Registration, 
Evaluation, Authorisation and restrictions of Chemicals (REACH) [9] and the 
Restriction of the use of certain Hazardous substances in electrical and 
electronical equipment legislation (RoHS) [10]. The initial substances which 
were proposed as POPs, according to the Stockholm Convention are included 
in Table 1.1. 

 

Table 1.1. The initial “dirty dozen” of chemical compounds selected as POPs at the 
Stockholm Convention, ratificated in 2004. Dibenzo-p-dioxins (PCDDs) and dibenzofurans 
(PCDFs) are not commercially produced. 
 

Compound Use 
Aldrin insecticide [11] 
Chlordane pesticide [12] 
DDT pesticide [13,14] 
Dieldrin insecticide [11] 
Endrin insecticide [15] 
Heptachlor insecticide [16] 
Mirex insecticide [17] 
Toxaphene insecticide [18] 
Hexachlorobenzene fungicide [19] 
PCB dielectric fluid [20] 
PCDDs by-products [21] 
PCDFs by-products [21] 

 

Persistence is interesting because it is also a desirable property. Appliances 
that were created to service for many decades, such as the television set (TV) 
or automobile parts, had a need for its components to be stable towards 
degradation over time. The early TV-apparatus was often a major investment 
for average households and was therefore expected to have a long life length, 
even decades. The components used for the TV set production, such as 
chemicals with fire retarding capabilities, called flame retardants (FRs), 
should outlive the TV itself. This increased the need of stable anthropogenic 
chemicals. Persistence, i.e. stability, as a characteristic became a property 
which is now under discussion and close supervision. Mainly due to the 
detections of POPs in species and biota which have never been directly 
subjected to them [22-24]. 

Chemicals are usually more than just a simple carbon skeleton with 
hydrogens attached, i.e. a simple hydrocarbon. Often there is at least one or 
more functional groups, which in turn affect the physicochemical properties 
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of the compound. For the brominated FRs, one functional group is the 
bromine atom. By looking at the heteroatom substituents and functional 
groups in a molecule, we try to predict the behavior of substances on a 
physicochemical and chemical reactivity basis. For this to be realistic, each of 
the transformation reactions a chemical can undergo, in form of oxidation, 
photolysis, reduction, radical or hydrolysis, substitution and elimination (hse) 
reactions need to be investigated and assigned a model type reaction. Recent 
studies have been performed to describe both photolysis and hse reactions 
[25-27]. 

1.1 Aims and structure of the thesis 

This thesis is part of the ongoing research aimed to better describe persistence 
using the inherent physicochemical properties and chemical reactivity of 
chemical substances as outlined by Green and Bergman [28]. This research 
has so far resulted in the thesis’ by Eriksson [29], Rahm [30] and now the 
present thesis.  

The aim of this thesis was to develop a robust method to follow oxidation 
transformations of chemicals of concern and to measure reliable and 
reproducible reaction rates. The method was adapted to suit both water 
soluble compounds and compounds with very low water solubility. The 
compounds subjected to the oxidation transformation reaction were also 
subjected to UV-light in order to obtain results for comparison. Finally, a 
preliminary screening was attempted in order to describe half-lives for 
oxidation and photolysis transformations through modelled calculations of 
various quantum mechanical descriptors. 

The methodology development for oxidation transformations was the primary 
concern and most of the time has been spent on this. In this thesis I present a 
robust method for determining oxidation transformations, further use of the 
photolysis method [25] and a preliminary screening method for predicting 
degradation via use of linear solvation energy relationship (LSER) and 
theoretical linear solvation energy relationships (TLSER). The introduction of 
LSER and TLSER descriptors as a screening tool may minimize laboratory 
experimentation, which is costly and subjected to human and other 
unpredictable errors. 

In order to establish preliminary data for Green and Bergman [28], a robust 
and reproducible oxidation transformation methodology was developed and 
published (Paper I). This model was only suitable for water soluble 
compounds so it was carefully adapted and investigated to include compounds 
with very low water solubility, e.g. polybrominated diphenyl ethers (PBDEs) 
(Paper II). For comparative purposes, the previously developed method by 
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Eriksson et al. [25] was used to determine degradation rate constants for the 
OH-PBDEs, for which, very little photolytic data is available (Paper III). 
With these new reaction rate constants and degradation pathways came a need 
to describe them on a computational basis. And also to find descriptors that 
could be used in future work, to minimize experimental work. To implement 
this, various fragment based (LSER, ADME Boxes) and semi-empirical 
quantum mechenics (CACHE, TLSER) were used to try and find descriptors 
in order to be able to mathematically describe half-lives for new and similar 
compounds, instead of determining them experimentally (Paper IV). 
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When product development reached the point where the useful life of the 
material was to exceed decades, new materials were required and had to be 
developed, i.e. commercial products with long lifetimes. For instance, plastics 
manufacturers found the need to add chemical compounds to ensure the 
plastic would retain its properties, i.e. not degrade too quickly, making them 
e.g. soft, hard, colourful, thermostable and/or inflammable. Many other 
production lines found a need to prolong the life of their items by use of 
stable chemicals applied as pesticides, industrial chemicals and additives. 
This new class of chemicals, some of which are nowadays known as POPs, 
grew in popularity. Persistence, or rather chemical stability, became a 
property of environmental concern and a need for legislative measures 
emerged around the early 1970’s. The persistence needs to be assessed and 
described for each chemical in commercial use but this is still not feasible to 
do. With an estimate of approximately 30.000 chemical compounds in regular 
use today, this will prove to be a really challenging task. We cannot declare 
that all chemicals must be of low persistence, but in case of compounds with 
high stability they must neither be bioaccumulative nor toxic to humans or to 
the environment. 

2.1 Persistence 

Many chemicals in use today have reasonably short half-lives, or intermediate 
persistence. If the compounds also show a low toxicity, these substances may 
be desirable in modern production, manufacturing as well as for use in 
products and articles/goods. Compounds of high reactivity should of course 
also be properly investigated due to them being potentially harmful via 
genotoxic mechanisms [31,32]. The very slowly reacting chemicals, the 
compounds of high persistence, have to be investigated in particular for other 
undesirable properties, such as bioaccumulation and toxicity. However, the 
persistence of a chemical is currently without any uniform meaning because 
of all the frequently used definitions, as exemplified in Table 2.2. Still, there 
are numerous individual conceptual ideas of what “persistence” stands for. 

The ongoing work to describe persistence commenced in 1967 when the 
European Union wrote its directive on “Classification, packaging and 
labelling of dangerous substances” [33]. This directive was followed by 
several other legislative steps, such as the ban on carcinogens, mutagens and 
compounds toxic to reproduction (1976); risk assessment directive (1992) and 
the existing substances regulation (1993) [34]. These initial steps and bans 
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have been incorporated into REACH [9]. REACH is the present European 
community regulation on chemicals and their safe use and aims to improve 
the protection of human health and the environment through better and earlier 
identification of the intrinsic properties of chemicals. The single, common 
objective for all these directives and legislative steps is that there is a need to 
assign persistence to chemicals by use of uniform methods, which are easy to 
use, cost-efficient and rapid. 

Several ready biodegradability tests (RBTs) are available, for which accurate 
degradation rates may be obtained [35]. These RBTs were designed to 
determine degradation rates of detergents in waste-water treatment plants and 
show limited application to non-water soluble compounds or acute toxic 
compounds. Principally, selected compounds are added to sewage sludge, 
which is suspended in pure water in a closed container. Any biodegradation of 
chemical will be due to microorganisms present in the initial sludge since no 
other compounds are introduced. The microorganisms will then feed on the 
available carbon sources, compound and dissolved organic matter. The 
amount of dissolved organic matter, carbon dioxide and theoretical oxygen 
demand is measured. Any compound subjected to this type of RBT will 
receive a pass or fail judgement. Hence, there is no scale for this judgement, 
implying that the compound is either persistent or not persistent. Problems 
that arise applying RBTs may be acute toxicity of the test compound for the 
microorganisms with influence on their survival rate, or poor water solubility 
of hydrophobic compounds, or adsorption of the test compound leading to 
almost zero availability for the microorganisms [36]. 

A fast growing area of interest for prediction of persistence and 
environmental fate is the use of qualitative and quantitative structure-activity 
relationships (SARs and QSARs, respectively) and multimedia fate models. 
These models may serve as screening tools and minimize time consuming and 
costly laboratory work. Results are usually based on local atomic properties 
and global molecular descriptors. As with any methodology, there are 
implications to be considered. Data that is used for computational purposes 
can be derived in several ways and needs to be well though-out and evaluated. 
Table 2.1. shows the variations in data obtained by using different software 
for calculations of log Kow and pKa. If two different software are used for pKa 
and log Kow calculations, the relationship of the descriptors may vary and 
correlations may differ. With this in mind, it becomes apparent that there is 
also a need to assess the correctness and accuracy of input data to the 
modelling efforts. 
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Table 2.1. Computer software calculations of log Kow and pKa for five of the selected OH-
PBDEs applied in Paper II, III and IV. 
 
Compound log Kow pKa 

 ACD ADME Chem ID ACD Chem ID 
4’-OH-BDE-17 6.05 ± 0.64 5.27 5.57 8.79 ± 0.2 9.2 – 9.4 
6-OH-BDE-47 7.19 ± 0.77 5.91 6.36 6.80 ± 0.4 7.6 – 7.8 
2’-OH-BDE-66 7.12 ± 0.77 5.73 6.36 6.22 ± 0.4 6.6 – 6.8 
6-OH-BDE-90 8.07 ± 0.75 6.99 7.15 5.65 ± 0.5 6.6 – 6.8 
6-OH-BDE-137 9.03 ± 0.89 8.01 7.94 4.68 ± 0.5 6.2 – 6.4 
The softwares used were ACD Labs, ADME boxes and Chem ID plus. 

 

2.1.1 Definitions 
When reading Table 2.2. we can see that only one definition accounts for the 
potential by-products formed when chemical degradation occurs (OSPAR, 
2002). Indeed, for some compounds, the potential degradation products may 
be the actual persistent and toxic substances [37,38]. In Table 2.2., for the 
definition written by UNEP (2002), we see that the chemicals need to be 
hazardous. Hence, non-hazardous chemicals which resist degradation are not 
ascribed as POPs, independent of their characteristic of low reactivity - high 
persistence. There is also much work published on predicting and using 
persistence as an outcome in multimedia fate models [39-43]. 

 

Table 2.2. A selection of definitions of persistence currently in use. 
 
Author Definition 
ECETOC1 A persistent substance is one that is resistant to abiotic and/or 

biotic degradation under both aerobic and anaerobic conditions 
Green and Bergman2 The persistence of a chemical is its longevity in the integrated 

background environment as estimated from its chemical and 
physicochemical properties within a defined model of the 
environment 

Klöppfer3 Persistency means the longevity of a compound in the 
environment and is caused by the absence, inefficiency or 
inaccessibility of chemical or biological sinks for the substance 

OSPAR4 Its conversion or the conversion of its degradation products is 
slow enough to permit long-term occurrence and widespread 
distribution in the marine environment 

UNEP5 Hazardous chemicals that resist degradation by physical, chemical 
or biological pathways 

1ECETOC, 2003 [36]; 2Green and Bergman, 2005 [28];3Kloppfer et al. 1994 [44]; 4OSPAR, 
2002 [45];5UNEP, 2002 [46] 
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2.1.2 The theory behind predicted promotions 
Green and Bergman describe the persistence of a chemical substance as a 
function of its physicochemical properties and its reactivity. By analysing the 
functional groups of compounds, prediction of persistence should be possible 
without the use of expensive and tedious laboratory work. The realization of 
this is achieved by primarily describing the susceptibility of degradation via 
photolysis; oxidation; reduction; radical and hse reactions [28]. These five 
reaction types were assigned to describe the primary transformation pathways 
in the environment. Accordingly, experimental model reactions to assess the 
chemicals susceptibility towards each of the potential compartmental 
transformations are required. Research to determine, and develop, the best 
possible experimental model reactions is therefore an area of general interest, 
particularly in this thesis. There are now robust methods for determination of 
photolysis, oxidation and hse reactions [25,27,47]. A brief presentation of the 
developed methods is found in Table 2.3. 

 

Table 2.3. Presentation of the methods which have been developed within the research 
work (cf. references above). 
 
Reaction Methodology 
Photolysis Chemical transformation of chemicals through irradiation by UV-light 

from a fluorescent tube. Measurements, by use of HPLC, for loss of 
starting material are used to calculate first order reaction rates. Quantum 
yields are accessible and the media can be varied to ensure proper 
solubility of test compounds. 

HSE The small and hard nuclephile sodium methoxide is used for inducing 
hydrolysis, elimination or nucleophilic substitution reactions. Pseudo-
first order reaction rate constants are calculated from monitoring of loss 
of starting material via HPLC.  

Oxidation Transformations are performed with KMnO4 as the oxidising agent in 
water at a selected pH. Barium ions are used to ensure pseudo-first order 
reaction rates. The reaction rates are calculated from the monitoring of 
loss of starting material by use of HPLC. 

 

The methodological development of a robust method, to describe oxidative 
transformations has been a key issue for this thesis, with the methodological 
aspects outlined in Paper I. The method was applied as described in Paper 
II.  

The developed methods are not constructed to mimic the compartmental 
reactivities in the environment but to be used as tools to describe the 
susceptibility of the compound to undergo selected transformations. A key 
question is to determine the rate with which the transformations occur. By 
combining the observed rates of reactions with the actual possibility of the 



 Background

predicted reaction to occur in a selected compartment, a uniform description 
of the transformation rates can be estimated. For example, oxidations in air 
have a high chance to occur while photolysis in sediment can be expected to 
be almost non-existing. By combining these results, the behaviour of a 
chemical may be predicted for various compartments, and possibly the 
persistence of the compound may be assessed. A conceptual overview of this 
strategy is described in Figure 2.1. From this brief overview we can see that 
the persistence depends on physicochemical properties and the reactivity of 
the compound. The reactivity (i.e. reactivity towards photolysis, oxidation, 
reduction, hse and radical reactions), together with the reactive power of the 
environmental compartments (i.e. how likely it is for a defined type of 
reaction to occur in the compartment), describe the transformations that are 
likely to occur. Similarly, the partitioning of a compound is governed by its 
physicochemical properties and the physical properties of the compartments, 
describing how likely it is to find a specific compound in any compartment. 
The persistence is then described by combining the partitioning and rate 
constants. An example is the hydrolysis of a compound with low water 
solubility and high susceptibility for hse reactions.  This imaginary compound 
will readily undergo hse reactions but will only to a very low extent enter the 
“water” compartment, which is the compartment where hse reactions 
primarily occur. By investigating the susceptibility for the compound to 
subsequently undergo each of the four other reaction types, the fate of the 
chemical may be predicted. 

Persistence

Partitioning Rate constants

Physical properties
of the 

environment

Reactive properties
of the 

environment

Physicochemical
properties of the

substance

Chemical reactive
properties of the

substance

Fixed

Measured

Figure 2.1. An overwiev of the proposed strategy for determining persistence as proposed 
by Green and Bergman [28]. 
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Several chemicals have been selected to promote the development of a robust 
method for assessing oxidative transformations. Among those used, we have 
selected primarily halogenated compounds as discussed in some more detail 
below. 

Flame retardants are not a new class of chemicals but still referred to as 
“emerging contaminants” nowadays. However, alum was used more than 
2000 years ago by the Egyptians to reduce the flammability of wood [48]. 
When chemical synthesis developed, and the industrial revolution brought us 
into the electronic decade, new classes of chemicals were required. Chemical 
substances, with good fire retarding capabilities, preferably easy to synthesize 
in a large scale and to low cost were of particular interest. Today, brominated 
flame retardants (BFRs) are commonly used due to the high efficiency of 
bromine to reduce flameability. The BFRs can be divided in two types of 
chemicals; additive and reactive compounds. The additive compounds are 
non-covalently bound to the matrix and may accordingly leach out of the 
products. The reactive compounds on the other hand are covalently bound to 
the matrix and remain stationary in the final product. The role of a FR is both 
to reduce the chances of its matrix from igniting and to reduce the rate of 
combustion. 

The usage of BFRs in electronic devices has been claimed to reduce fatalities 
caused by fire by 20% in Europe over the last ten years [49]. It is questionable 
if this is a reasonable conclusion since there are several other factors to 
consider in relation to reduced numbers of casualties in fires, such as an 
increased number of fire alarms in private homes and better information about 
fires in general. 

A problem with chemicals is accidents due to human and random errors. For 
example, the Yushu/Yu-cheng incidents in 1968 and 1978, respectively when 
around 2000 people were poisoned by polychlorinated biphenyls (PCBs) 
present as a contaminant in rice oil [50]. Another tragic accident emerged 
through mislabelling a commercial polybrominated biphenyl product in 
Michigan 1973, leading to the intoxication of a huge number of farm animals 
[51]. 

Halogenated FRs are frequently applied because they act in the vapour phase, 
i.e. they actually interfere with the flame and prevent the reaction from 
propagating. Fluoride based compounds are slightly too stable and iodine 
based compounds are slightly too unstable which leaves us with the 
brominated and chlorinated classes of FRs [52]. The most common 
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halogenated FRs are the PCBs (used in transformers as dielectric fluid) [20], 
terabromobisphenol A (TBBPA) [53] and the polybrominated diphenyl ethers 
(PBDEs) [54]. The following chapter is a brief review of the most commonly 
used FRs and some other related substances, all of significance for the present 
thesis. Among them are both PBDE metabolites and naturally occurring 
polybrominated phenoxyphenols (OH-PBDEs) and -anisols (MeO-PBDEs). 

3.1 Polybrominated diphenyl ethers, phenoxyphenols and -anisols 

3.1.1 PBDEs 
PBDE is the common name for the 209 different brominated diphenyl ether 
(BDE) congeners that can theoretically be obtained in complex mixtures via 
bromination of diphenyl ether or as individual, pure, compounds via specific 
routes for their synthesis [55-57]. The common structure of PBDE congeners 
is depicted in Figure 3.1. 
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Figure 3.1. Common structure of PBDE. The numbers denote the various bromine atom 
numbering by carbon position. 

 

The PBDEs are numbered as proposed for the PCBs by Ballschmiter et al. 
[58] by using the abbreviation BDE and their corresponding number. PBDEs 
are never commercially synthesized and used as single congeners but rather as 
mixtures. The mixtures arise from the quantity of bromine used in the 
synthesis, which commonly has been used for the production of the 
commercial PentaBDE, OctaBDE and DecaBDE products. The PentaBDE 
and OctaBDE were banned in the European Union (EU) in 2004 [59]. The use 
of DecaBDE has less than a year ago been restricted according to the RoHS 
directive within the EU [10]. 

PBDEs are used as FRs with amounts ranging from 5 to 30% added to 
products to protect them from catching on fire. The products may be 
polymers, resins, rubbers or textiles [54]. The PBDEs are used as additives, 
which mean that they are moulded with the polymer or rubber to form the 
final product. Since the PBDEs are not covalently bound with the product, 
they can migrate (diffuse) out of the products during their lifetime. A study 
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has shown the migration of PBDEs from electronic devices into air, from 
recycling of electronic equipment, followed by uptake in humans [60]. 

PBDEs have high octanol-water partitioning coefficient (log Kow) values, all 
above 4, which is an indication of possible bioaccumulation. The high log Kow 

values generate problems when performing tests in aqueous media, which is 
one reason for them not passing the RBT tests. For BDE-209, solubility in 
water is extremely low and its abundance for possible microbial degradation 
in any water based RBT is therefore an inappropriate methodology for 
assessment of persistence. A summary of physicochemical characteristics for 
a few PBDEs that are of particular environmental concern are listed in Table 
3.1.  

 

Table 3.1. Selected physicochemical properties are shown for a few PBDE congeners of 
particular environmental concern. 
 
Characteristic BDE-47 BDE-99 BDE-153 BDE-183 BDE-209 
Melting point (°C) 84a 92a 161a 172a 300b 
Solubility in water (mol/dm3) 1.9x10-7a 6.9x10-8a 2.6x10-8a 2.1x10-9a - 
log Vp (Pa, (25 °C)) -3.7c -4.8c -5.7c -6.6c -8.7c 
log kow 6.4d 6.8d 7.1d 8.3d 10 
aGouin and Harner [61]; bPalm et al. [62]; cTittlemeir et al. [63]; dBraekvelt et al. [64]. 

 

Because of these physicochemical properties, PBDEs may be bio-
accumulative and those with higher bromine content being the most abundant 
in soil and sediment [65]. Lower and medium brominated PBDEs have been 
found to bioaccumulate in both aquatic and terrestrial species, as reviewed 
elsewhere [66-68]. 

3.1.2 OH-PBDEs and MeO-PBDEs 
OH-PBDEs received increased attention because of their frequent, as of 
lately, appearances in environmental samples. They are similar in structure to 
the PBDEs, as shown in Figure 3.1. and Figure 3.2., but very little has been 
reported on their physicochemical properties. The abbreviation numbering 
system used for the OH-PBDEs is directly related to the abbreviation system 
used for polychlorinated biphenylols (OH-PCBs) [69]. The OH-PBDEs 
should, according to IUPAC, be named as polybrominated phenoxyphenols. 
For simplification and comparisons with the PBDEs, they will be referred to 
as OH-PBDEs in this thesis and the included studies (Paper II, III and IV). 
The general structure for OH-PBDEs and MeO-PBDEs are presented in 
Figure 3.2. 
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Figure 3.2. Common structure of OH-PBDEs and MeO-PBDEs, respectively. 

 

OH-PBDEs have to our knowledge never been produced as commercial 
compounds and have no specific use in the technosphere. Still, they are found 
in biota, including humans, a fact that can be attributed to e.g. natural 
production, particularly in the marine environment [70,71], production 
through radical reactions of PBDEs in air at waste water treatment plants [72] 
and finally through metabolic degradation of PBDE congeners [73-75]. 
Compared to the PBDEs, little is reported about the OH-PBDEs. However, 
recent studies have tried to prove the sources of OH-PBDEs as of both natural 
and anthropogenic origin [76,77]. A selection of naturally produced OH-
PBDEs is presented in Figure 3.3. 

 

Figure 3.3. Chemical structures of naturally producted OH-PBDEs, which have been 
isolated and determined by NMR and MS [78-82]. 

 

There are more than 3800 halogenated compounds which are known to be 
produced by living organisms or through natural abiotic processes [83]. In the 
marine environment it has been showed that marine sponges, red alga and 
blue mussels may account for the bulk of OH-PBDEs [70,79,84,85]. 

The physicochemical properties of the OH-PBDEs are similar to those for 
PBDEs when protonated. When the OH-PBDEs are protonated and in their 
neutral form, they are only slightly less lipophilic than PBDEs. Due to the 
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hydroxyl group content, OH-PBDEs are more water-soluble than PBDEs. 
Water solubility increases at higher pH due to the OH-PBDEs analysed herein 
having a calculated pKa value ranging from five to nine. A set of 
physicochemical properties for the eight OH-PBDEs analysed in Paper II, III 
and IV can be found in Table 3.2. The pKa values used herein are calculated 
by use of commercial software and should be used with caution, the 
experimentally determined pKa for 6-OH-BDE-47 has been reported to be 7.8 
[86] and should be compared to those obtained by use of ACD/Labs software 
(6.8) and Chem ID plus (7.6 - 7.8). 

 

Table 3.2. Selected physicochemical properties for the eight OH-PBDEs used in Paper II, 
III and IV. 

 
OH-PBDE  Mw pKa

1 Melting point (°C)2 
4’-OH-BDE-17 420 9.2 - 9.4 88 - 89 
6’-OH-BDE-17 420 8.0 - 8.2 98.5 - 99.5 
6-OH-BDE-47 498 7.6 - 7.8 171 - 172 
6’-OH-BDE-49 498 6.8 93.5 - 95 
2’-OH-BDE-66 498 6.6 - 6.8 108 - 109.5 
6-OH-BDE-85 576 7.6 193 - 194.5 
6-OH-BDE-90 576 6.6 - 6.8 126 - 127 
6-OH-BDE-137 654 6.2 - 6.4 159.5 - 161 

 1Calculated using Chem ID plus software; 2Marsh et al. [87]. 

 

MeO-PBDEs are another group of compounds with similar structures as the 
PBDEs. Their structure can be found in Figure 3.2. and their numbering 
system follows that of OH-PBDEs. MeO-PBDEs can, like the OH-PBDEs, be 
found in the marine environment [88] and were reported as bioaccumulative 
compounds in seals and fish living in the Baltic Sea by Haglund et al. [89]. 
They have to our knowledge never been commercially produced but are found 
in environmental samples. Several bacteria and enzymes can also perform o-
methylation, resulting in methoxylated compounds [90].  

Only one MeO-PBDE has been used in this thesis and solely as a marker for 
any potential oxidation of the compound due to the structural similarity to 
OH-PBDEs. More work needs to be performed on MeO-PBDEs, both in 
relation to oxidation reactions and for photolysis reactions for which no 
reactions have been performed in the studies presented herein. They show low 
susceptibility to undergo oxidation, as expected, but are probably prone to 
undergo photolysis reactions. The group is not pH-dependent as the OH-
PBDEs. Several studies have reported the occurrence of MeO-PBDEs in close 
relation to that of OH-PBDEs [76,89,91-94].  



 Test chemicals

3.2 Halogenated phenols 

Halogenated phenolic compounds (HPCs) can be of natural or anthropogenic 
origin, as indicated above. In nature, HPCs are most commonly found in 
plants. Simple phenols have pKa around 10 and therefore exist mostly in their 
neutral form in environmental waters for which the pH rarely reaches above 
8. By adding halogen atoms to these simple phenols their physicochemical 
properties are altered, such as pKa. For the HPC used in Paper I the pKa are 
between 6-9, indicating that they exist mostly in their ionic form in 
environmental water. The halogenated phenols used within these studies 
contain chlorine or bromine substituents and their structural representation is 
depicted in Figure 3.4. 

OH

Br

OH

Br
OH

BrBr

Br

2-BP
2-bromophenol

2,4-DBP
2,4-dibromophenol

2,6-DBP
2,6-dibromophenol

OH

Br

OH

Cl
OH

BrBr

Cl

2,4,6-TBP
2,4,6-tribromophenol

2,3,4-TCP
2,3,4-trichlorophenol

2,3,4,6-TeBP
2,3,4,6-tetrabromophenol

Br

Br

Cl

Br

Br

OH

Cl

2,4,6-TCP
2,4,6-trichlorophenol

Cl

Cl

 

Figure 3.4. Common name and structure for the selected, halogenated phenols used in 
this thesis. 

 

2,4-Dibromophenol (2,4-DBP), 2,6-dibromophenol (2,6-DBP) and 2,4,6-
tribromophenol (2,4,6-TBP) are commonly used as BFRs or as building 
blocks for other BFRs [95]. 2-Bromophenol, 2,4-DBP and 2,6-DBP may also 
be formed as by-products to TBBPA, either through its photochemical 
degradation in water [25] or from the decomposition of plastics [96]. The 
hydroxyl group gives these halogenated phenols increased water solubility, as 
compared to several other BFRs, such as hexabromocyclododecane and 
PBDEs. Some physicochemical data for these halogenated phenols are shown 
in Table 3.3. 
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Table 3.3. A selection of physicochemical properties of 2-BP, 2,6-DBP, 2,4,6-TBP and 
2,4,6-TCP. 
 
Compound pKa Melting point (°C) Log Kow

7
 

2-BP 8.31 1854 2.470 ± 0.289 
2,6-DBP 6.2 - 7.12 565 3.412±0.400 
2,4,6-TBP 6.33 925 4.326±0.486 
2,4,6-TCP 6.4 - 6.72 676 3.576±0.327 
1Vandelbelt et al. [97]; 2Hanai et al. [98]; 3Broderius et al. [99]; 4Richards et al. [100]; 
5Orton et al. [101]; 6Felton et al. [102], 7Calculated using Advanced Chemistry 
Development (ACD/Labs) Software V9.04 for Solaris (1994-2009 ACD/Labs) 

 

3.3 Bisphenol A, tetrabromobisphenol A and tetrachlorobisphenol A 

Bisphenol A (BPA) is the precursor of tetrabromobisphenol A (TBBPA) and 
tetrachlorobisphenol A (TCBPA), with structures as shown in Figure 3.5. 
BPA is the result of an easy and inexpensive synthesis, the reaction of phenol 
with acetone [103,104]. The BPA molecule and its derivatives incorporate 
two separate hydroxyl groups, which make them into difunctional building 
blocks of several important polymer and polymer additives. BPA has grown 
to become a high production volume chemical, used mainly as a monomer in 
the production of polycarbonate plastics and epoxy resins [105]. 
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Figure 3.5. Structure and name for TBBPA, BPA and TCBPA. 

 

The annual production of BPA on the global market is estimated to be 3.8 
million tonnes [105] and amounted to 800.000 tonnes in the United States 
alone [106]. For TBBPA, the global production volume is estimated to be 
150.000 tonnes (V. Steukers (Albemarle), pers. commun., 2008). 
Physicochemical characteristics of BPA and derivatives are given in Table 
3.4. 
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Table 3.4. A selection of physicochemical properties of BPA, TBBPA and TCBPA. 
 
Characteristic BPA TBBPA4 TCBPA 
Melting point (°C) 150 - 1551 181 - 182 161 - 1625 
Solubility in water 120 - 300mg/dm3 0.75 mg/dm3 at 15 °C no information 
Log Kow 2.22 4.5 - 5.3 5.7 ± 0.366 
pKa1 and pKa2 9.6 to 10.23 7.5 and 8.5 6.42 ± 0.256 
1Howard (1989) [107]; 2Staples et al. [104]; 3Kosky et al. [108];  4WHO (1995) [53]; 
5Tashiro et al. [109]; 6Calculated using ACD/Labs). 

 

TBBPA is the brominated form of BPA and is mainly used as a BFR in 
phenolic resins and adhesives [53]. TBBPA has not been reported to occur 
naturally. It can be used both as a reactive compound and as an additive [53]. 
When TBBPA is used as a reactive compound, its identity is lost in the 
polymerisation process. This process is usually carried out in a totally 
enclosed environment, to minimize the possibility of release to the 
surroundings. When TBBPA is used as an additive, dusting may occur during 
mixing and because it does not react chemically with the other compounds, it 
may therefore leach out of the polymer. TBBPA can also be used together 
with other BFRs or as a precursor for the production of other BFRs, such as 
the TBBPA-2,3-dibromopropyl ether and TBBPA-diallyl ether [110]. 

TCBPA is used in a similar way to TBBPA, but as a chlorinated flame 
retardant and to a much lesser extent than TBBPA [53]. The chlorine-carbon 
bound is stronger than the bromine-carbon bond, making these chlorinated 
compounds less effective as FRs. 

3.4 Environmental occurrences and biological and health effects 

A selection of the PBDEs of particular environmental concern is described in 
Table 3.1. The occurrences of these PBDEs have been investigated and 
reported and extensive review articles have been published [111,112]. All 
PBDE congeners seem to be bioavailable and show a potential for 
bioaccumulation in mammals, fish and birds [22,113], as well as in humans 
[114]. A study in Sweden reported high levels of PBDEs in the indoor air of 
an electronic dismantling factory [115]. When the blood plasma of employers 
at this factory was analysed, the levels of PBDE were found to be 
significantly elevated above those of the general Swedish population [116]. 
The biological and toxicological effects of PBDEs are not fully understood, 
but are under assessment as possible gene expression effectors [117]. 

TBBPA is a high volume production chemical but reports on the levels and 
trends in the environment are scarce. Sellström and Jansson analysed TBBPA 
in sediments from the river Viskan in Sweden and found levels of 34 ng/g 
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upstream and 270 ng/g dry weigh (d.w.) downstream form a plastic factory 
[118]. A study performed in Detroit and Canada by Quade et al. reported 
levels from 0.6 ng/g up to 1.84 ng/g d.w. in sediment and sewage sludge 
[119]. TBBPA is not included in the “dirty dozen” and is not considered to be 
bioaccumulative since it is readily metabolised in animals. TBBPA has been 
detected in fish from Japan [53] and in human plasma in Norway [120], but 
only at trace concentrations. 

Recent studies have shown the possibility of BPA as a possible thyroid 
receptor antagonist [106]. BPA has also been found as a degradation product 
to TBBPA in sediment [103]. 

The initial report of OH-PBDEs in biota was by Sharma and Vig [82], who 
isolated them from the marine sponge Dysidea herbacea. The natural 
formation of the OH-PBDEs found in these sponges are most likely due to a 
cyanobacterial symbiont and has been suggested as a chemical defence 
against predators and bacterial invasion [121-123]. 

3.5 Selection of test chemicals 

No chemical study is complete without the use of a set of selected chemical 
compounds for testing, analysis and synthesis. The selection and use of these 
compounds is a tedious process and the test compounds selected for this 
thesis are briefly brought forward below. 

TBBPA was chosen as an initial test compound, to apply in the work on 
oxidative degradation methodology development. This was mainly due to 
TBBPA being a large production volume chemical and because of its 
previously reported data of physicochemical properties and chemical 
reactivity. TBBPA was previously applied as the key test compound for the 
development of the methodology to assess rate constants for photolysis [25]. 
TBBPA has a relatively low toxicity, high abundance and a reasonable water 
solubility (4.16 mg/L, 25°C) [53]. Therefore, TBBPA could be expected to 
undergo oxidation transformations in water without significant adsorption of 
the compound to occur. Green and Bergman [28] propose to group chemicals 
of similar physicochemical properties and this motivated the inclusion of both 
BPA and TCBPA. This, initial study, was now leaning towards flame 
retardants containing a phenol functionality. The vast majority of HPCs used 
as FRs contain bromine instead of chlorine and therefore, HPCs were chosen 
with predominance for brominated phenols over chlorinated phenols. Two 
chlorinated phenols were included in this study, Paper I, to estimate their 
susceptibility to undergo oxidation transformations. 
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When the primary study proved to be adaptable to fit compounds of very low 
water solubility, the PBDEs were included in the next study. The reason for 
inclusion of PBDEs into these studies is related to the concern about the risks 
of brominated flame retardants, especially the PBDEs [48,111]. 

As increased concern developed with OH-PBDEs as possible metabolites of 
PBDEs, the OH-PBDEs were also included. OH-PBDEs and PBDEs were 
matched in congener numbers, i.e. BDE-47 and 6-OH-BDE-47, when 
possible. Seven OH-PBDEs had the hydroxyl group in ortho substitution 
relative to the diphenyl ether oxygen, the most common substitution pattern 
for OH-PBDEs of natural origin [76]. The sole MeO-PBDE used herein was 
only used as a marker to detect any possible oxidation transformation within 
the group of MeO-PBDE congeners. 
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4 Oxidation and photolysis transformations 

Life is dependent on chemistry and chemical reactions, independent of the life 
form being an animal, microorganism or plant. However, several reactions 
may also occur in the abiotic environment and become of key interest when 
looking into environmental transformations of anthropogenic compounds. 
Two of these are the oxidation and the photolysis reactions which are to be 
reviewed and discussed in this chapter. 

4.1 Oxidation reactions in the environment 

Environmental oxidations are of key interest because they can take place in all 
compartments except the anoxic ones. In abiotic environments, such as soil 
and sediment, there are microbial oxidations, in air and surface waters there is 
ozone as oxidising species and in natural waters there are hydroxyl radicals, 
among many other species with oxidising capabilities [124]. Combustion 
consists of reduction-oxidation (redox) reactions involving free radicals, such 
as the combustion of propane which is described in Scheme 4.1. 

C3H8 + 5 O2 4 H2O + 3 CO2 + Heat

 20

cheme 4.1. The complete combustion of propane. 

 the oxidation of benzene (1) to 
henol (2), which is described in Table 4.1. 

Table 4.1. Schematic view of the oxidation of be

 
S

 

Another type of oxidation is known as weathering and describes the 
decomposition of rocks, soils, minerals, wood and plastic materials through 
direct contact with the atmosphere. The most commonly observed weathering 
reaction through oxidation reactions is the oxidation of Fe2+ to Fe3+. The 
oxidation of chemical compounds results in new compounds with new 
physicochemical properties. An example is
p

 

nzene. 

[ox]

OH

Nr Mw Solubility in water1 Melting point (°C)2 
1 2

1 78 0.02 mol/dm3 5.5 
2 94 0.99 mol/dm3 43 

 1Environmental organic chemistry [125], 2The Merck index [126]. 
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he 
compounds 1 and 2 can not be treated as the same compound with similar 

gh they have structural similarities. 

cting electrons. Oxidising agents are usually chemicals with 

is means that a complete oxidation of such 

n and hydrogenperoxide), ultrasound and 

Table 4.1. indicates a profound change in physicochemical properties after 
oxidation. The molecular weight has increased by approximately 17%, the 
atomic weight of one oxygen atom, but the solubility has increased greatly 
from 0.02 to almost 1.0 mol/dm3. Benzene is a volatile liquid at room 
temperature, while the phenol is crystalline at room temperature. T

physicochemical properties, even thou

4.1.1 The chemistry of oxidations 
Oxidation is described by; 1) The complete, net removal of one or more 
electrons from a molecular entity, 2) An increase in the oxidation number of 
any atom within any substrate or 3) Gain of oxygen and/or loss of hydrogen 
of an organic substrate [127]. This results in an increase of oxidation state for 
the molecule, atom or ion in question. The opposite of an oxidation is a 
reduction. These two reaction types, oxidations and reductions, are usually 
described as redox reactions and always appear in pairs. For an oxidation to 
be successful there is a need for an oxidising agent, which itself can be 
reduced by abstra
elements that are high in oxidation numbers, such as H2O2, MnO4

-, CrO3, 
Cr2O7

2- or OsO4. 

A complete oxidative degradation of hydrocarbon substances results is carbon 
dioxide and water. Unfortunately, this is a very time consuming reaction for 
complex organic substances. The anthropogenic compounds which are 
commercially produced are rarely as simple as pure hydrocarbons, i.e. consist 
only of carbon and hydrogen atoms. They usually contain heteroatoms and/or 
other functional groups. Th
compounds does not really occur for those intentionally or unintentionally 
released to the environment.  

A class of processes which has received much interest over the past 30 years 
is the advanced oxidation processes (AOPs). A selection of AOPs include 
ozonation, the Fenton’s reagent (iro
wet air oxidation [128]. The main application of AOPs include water and 
waste water treatment plants [128]. 

For this thesis, the principal of investigating the use of strong oxidising agents 
to degrade possible environmental pollutants came from the hypothesis 
presented by Green and Bergman [28] to define persistence. Research has 
been quite intense to promote development of methods on chemical reactivity 
for progress of defining a parameter for persistence, based on their 
hypothesis. This has led to the development of methods to determine rate 
constants for photolysis and hse reactions. The route of constructing a robust, 
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oxidation transformation step, abstraction of electrons or 
loss of hydrogens, via use of oxidising agents as a measurement of 

suring pseudo first order reaction. For this to be feasible, the 

em. The 
oxidising agents used for this investigation were quinones with varied 
halogenation and a commonly used peroxide, as shown in Figure 4.1. 

easy, in-expensive and reproducible method for oxidative transformations of 
contaminants was initially neither clear nor easy. Many different reaction 
types were considered and investigated prior the development of the present 
method. One of the larger obstacles to overcome has been the solvent 
dependency for the different test compounds. Several of the stronger 
oxidising agents, such as potassium permanganate (KMnO4), are stable only 
in water or water miscible solvents. On the other hand, most organic 
pollutants are more or less soluble in organic solvents. For our purposes, we 
only regard the first 

transformation rate. 

4.1.2 Methodological developments 
Initially, the use of a phase transfer agent was applied in a two phase system 
with dichloromethane (DCM) and water. The oxidising agent was KMnO4 
and the phase transfer agent used was tetrabutylammoniumhydroxide. The 
ammonium salt works by transporting ionic substances into organic solvents 
by forming ion pairs. The results obtained from the phase transfer oxidation 
method were not sufficiently reproducible. The oxidation transformation 
reaction rates obtained from this reaction type showed dependencies of 
amount phase transfer agent as well as amount of compound. In order to 
obtain a pseudo first order reaction type this dependency has to be eliminated 
so that the reaction rate is only dependent of the concentration of compound, 
thus en
concentration of oxidising agent has to be maintained at a large stoichiometric 
excess. 

When the phase transfer system failed, we tried to use oxidising agents that 
are soluble in organic solvents, trying to eliminate the solubility probl

O OO O O

 

Figure 4.1. Structures for the quinone and peroxy acid substances used for oxidations 
 to develop the methodology described in this thesis. The substances are: (1) 2,5-
cyclohexandiene-1,4-dione; (2) 2,6-dichloro-2,5-cyclohexandiene-1,4-dione; (3) 2,3,5,6-
tetrachloro-2,5-cyclohexandiene-1,4-dione; (4) 1,2-dichloro-4,5-dicyanoquinone (DDQ); 
(5) 3-chloro-benzenecarboperoxic acid (MCPBA). 
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esent. By changing the 

und over time but the 

ction 

nese ions that exist and their oxidation state 
nd will not be further discussed within this thesis. Information on Frost 

s can be found in [130]. 

 

Quinones are common agents for oxidations in synthetic organic chemistry. 
Of the quinones used herein, 1,4-benzoquinone (1) is the weakest oxidising 
agent while DDQ (4) is the strongest. The benefit of using quinones is that 
they are soluble in organic solvents and the oxidation reaction can be 
performed with only substrate and oxidising agent pr
substitutents of the quinones, their oxidising strength can be varied according 
to what is needed for the reaction to occur as desired. 

In Paper I, reactions were performed in DCM at an elevated temperature of 
50°C and aliquots were taken out and analysed by GC-ECD. Several 
compounds of low water solubility, such as p,p’-DDT and p,p’-DDE, were 
subjected to oxidation by use of quinone with DCM as the solvent. To ensure 
that we were able to properly monitor the reaction, several different 
concentrations of both quinone and substrate were used. Several substances, 
including p,p’-DDT, showed disappearance of compo
reactions were not reproducible to a satisfactory extent, i.e. the calculated rate 
constants had low correlation and too high variability. 

A more environmentally friendly method, was thereafter investigated using 
only water soluble compounds and KMnO4 as the oxidising agent in pure 
water. The use of water as solvent decreased cost and toxicity of chemicals 
applied in the method and was preferred over performing reactions in DCM. 
KMnO4 is a strong oxidising agent for which the complete mechanism of 
reaction remains unclear. Even so, it is clear that there is radical chemistry 
involved because of the one-electron abstraction that occurs initially. The 
mechanism after electron abstraction remains uncertain. There is evidence 
that oxidation of simple phenols follows a dimerisation reaction when 
subjected to MnO4

-
 ions on activated carbon surfaces [129]. The possibility of 

structurally identifying such a dimerisation product from our oxidation 
methodology would aid in possibly shedding a light on the rea
mechanism. Most likely, the test compound concentration needs to be higher 
than the concentrations used in Paper I and II to promote dimerisation. 

Manganese can form various types of ions which possess various oxidation 
states. When KMnO4 is dissolved in water, the ion distribution will depend on 
the pH of solution. The oxidation states of manganese are described in the 
Frost diagram for manganese, presented in Figure 4.2. This diagram is only 
for presenting the various manga
a
diagram
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Figure 4.2. The Frost diagram of manganese. 

 

The reactions performed in Paper I and II were done in a buffered system to 
ensure pH was constant. The choice of buffer was initially the use of a 
common phosphate buffer and reactions were performed at pH 7.6. Therefore 
we should concentrate on the lower part of Figure 4.2., representing the 
alkaline contribution of KMnO4 to an aqueous solution. Initially, upon 
dissolving KMnO4 in water, permanganate ions (MnO4

-) are formed, i.e. the 
species furthest to the right of the Frost diagram. As the reaction progresses, 
the permanganate ion is reduced and the analyte is oxidised, i.e. the 
manganate ions (MnO4

2-) are formed. These manganate ions can then further 
react with any compound present and create implications on measuring the 
reaction rate. There is also a contribution of mangante ions from the 
decomposition of permanganate which occurs over time in alkaline solutions 
[131]. Ladbury and Cullis [132] described the need to trap the manganate ions 
in order to prevent them from further reaction with substrate and thus 
removing them from the reaction. The suggested trapping agent consisted of 
barium ions. Barium hydrogen phosphate (BaHPO4) has low water solubility 
but any presence of barium ion is enough to trap and suppress the manganate 
ion by forming an insoluble salt. Several reactions were performed in water 
with the phosphate buffer as a buffering system and with varying 
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concentrations of barium ions obtained from solvation of BaHPO4. The 
reaction rates showed no dependence of BaHPO4 as long as it was in excess, 
as compared to KMnO4. When the addition of BaHPO4 was used to trap the 
mangante ions, the last piece of the puzzle came into place and the method 
showed high reproducibility. Several reactions were performed for BPA and 
TBBPA at various temperatures and the robustness was investigated. Also 
several halogenated phenols were initially investigated because of their 
solubility in water (Paper I). As a second step, OH-PBDEs were subjected to 
the oxidation method and found to transform readily (Paper II). 

The present method of performing oxidation transformation in aqueous 
solution with KMnO4 as oxidising agent is presented in Paper I and II and 
will only briefly be described here. Substances are dissolved in water, with a 
small addition of sodium hydroxide, or methanol for compounds of very low 
water solubility. Solutions of phosphate buffer and KMnO4 are prepared in 
pure deionised water. A portion of the solution containing the chemical is 
transferred to a round bottomed flask containing BaHPO4. The phosphate 
buffer is added to a certain volume. A quenching solution of sodium sulfite is 
prepared and portioned out in test tubes. Two zero time samples, aliquots of a 
certain volume, are taken out from the reaction vessel and added to two of the 
test tubes. These tubes are then shaken and analysed by high performance 
liquid chromatography (HPLC). The reaction is started by adding an 
appropriate aliquot of the KMnO4 solution to the reaction mixture. Samples 
are then taken out at appropriate time intervals, transferred to the test tube and 
analysed by HPLC. The reaction vessel was maintained in either an ice bath 
or a water bath, at a preset temperature. The method showed high 
reproducibility and several HPCs were subjected to oxidation using KMnO4. 

The inclusion of compounds of very low water solubility was of high 
relevance because of the future applicability of the method. By dissolving 
small amounts of the test compounds in solvents such as acetone, DCM, 
methanol and ethanol the function of the oxidation method was evaluated, and 
the use of a very small portion of methanol showed no disturbance of the 
reaction rates. Hence, methanol was used for dissolving the compounds of 
very low water solubility, such as the PBDEs, and then extensively diluting 
the solution with water. The HPLC is used to monitor the loss of starting 
material over time by measurements of integrated area of the obtained peaks. 
The complete reaction time is chosen so as to include at least two half-lives. 
The peak area is then plotted in a graphical representation, with time on the x-
axis as shown in Figure 4.3. The reason for denoting this transformation as a 
pseudo first order reaction is simply that the oxidising agent is kept at an 
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extensive excess, indicating that any loss of KMnO4 does not significantly 
change the overall concentration. 
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Figure 4.3. Oxidation transformation of 6’-OH-BDE-17 at 50°C in water with KMnO4 as 
oxidising agent. 

 

A few, selected, reactions were completely quenched with sodium sulfite after 
reaction was completed (according to HPLC measurements) to support any 
transformation products identifications. The reaction volume was then 
extracted with DCM and analysed by gas chromatography-mass spectrometry 
(GC-MS). The detailed GC-MS conditions are presented in Paper I and II.  

4.1.3 Oxidation transformations of halogenated chemicals 
Oxidations of HPCs, by AOPs, have been studied in waste water treatment 
plants as a way to degrade and clean the passing water [128]. The use of 
hydrogen peroxide in such treatment plants, in addition to other 
methodologies, facilitates degradation and removal of the organic matter 
[133]. For our studies, oxidations were performed according to the 
methodology described in Paper I and II. 

4.1.4 Halogenated phenols 
In Paper I, HPCs and BPA, a non-halogenated phenol, were subjected to the 
developed oxidation method as performed in pure water. The reaction rates 
and half-lives obtained from these transformations can be found in Table 4.2. 
The temperature was maintained at 0°C for all HPCs except 2,3,4,6-TeBP for 
which temperature was raised to 54°C. The reason for raising the temperature 
when oxidising 2,3,4,6-TeBP is that the compound is very rich in 
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electronegative bromine substituents, decreasing the reaction rate. By 
increasing the temperature we could ensure that reaction occurred at a 
measurable rate. TBBPA was oxidised at four different temperatures in order 
to evaluate if the reactions followed the Arrhenius equation and that reaction 
rates could be extrapolated. A few of the HPCs, including BPA, were also 
oxidised at 20-21°C by the use of an external water bath. Unfortunately, some 
compounds such as the HPCs undergo oxidative transformations readily and 
for transformations with half-lives of a quarter of a minute, at room 
temperature, the samples are required to be taken out every 10 seconds. 
Extraction of a sample and transferring it to a test tube to be quenched every 
ten seconds is hard to reproduce with high precision. At 0°C, sample intervals 
can be twice a minute, which gives better reproducibility. 

 

Table 4.2. Selected1 reaction rates and calculated half-lives for the parent compounds 
from Paper I, as obtained from the performed oxidation transformations. 
 
Substance T (oC) k’ (s-1) k2 (L*mol-1*s-1) T½ (min) 
TBBPA 0 ± 1 0.005 ± 5x10-4 100 ± 7 2.3 
 21 ± 1 0.03; 0.03 640; 599 0.4 
TCBPA 0 ± 1 0.008 ± 5x10-5 170 ± 9 1.5 
 21 ± 1 0.04; 0.04 816; 833 0.3 
BPA 0 ± 1 0.002; 0.002; 0.002 41; 40; 38 5.8 
 20 ± 1 0.006 ± 4x10-4 120 ± 9 2.0 
2,3,4-TCP 0 ± 1 0.00013; 0.00015 2.7; 3.0 82 
 20 ± 1 0.0007; 0.0006; 0.0006 15; 13; 13 18 
2,4,6-TCP 0 ± 1 0.0002; 0.0002 3.1; 3.7 62 
 20 ± 1 0.0009; 0.0011 17; 21 11 
2-BP 0 ± 1 0.001; 0.001 18; 21 10 
2,4-DBP 0 ± 1 0.0004; 0.0005; 0.0004 8.3; 10; 7.9 27 
2,6-DBP 0 ± 1 0.001 ± 1x10-4 22 ± 2 10 
2,4,6-TBP 0 ± 1 0.0002; 0.0002 3.3; 3.8 60 
 20 ± 1 0.0007; 0.0008 15; 15 16 
2,3,4,6-TeBP 54 ± 1 0.0003; 0.0003; 0.0004 6.6; 5.8; 7.7 34 
1The complete table can be found in Paper I, page 1199. The half-lives (T½) are calculated 
on the pseudo first order rate constant. 

 

From the obtained reaction rates herein, we can conclude that HPCs and BPA 
readily undergo oxidation transformations when subjected to KMnO4. 

4.1.5 OH-PBDEs and PBDEs 
As the oxidative transformations of the halogenated phenols showed high 
reproducibility we focused our efforts on compounds of lower water 
solubility, the PBDEs. The PBDE congeners have in general several bromine 
atoms covalently bound to the phenyl ring. Since bromine is fairly 
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electronegative, 2.96 on the Pauling Scale [130], they are leaving a rather 
electrophilic phenyl ring behind. The higher the content of electron 
withdrawing substituents within the molecule, the lower is the probability that 
an electron will be available for abstraction by an oxidising agent. PBDEs 
lack a specific site of oxidation, such as a hydroxyl group in OH-PBDEs. 
Hence, the bromine content and lack of reactive site predicts that oxidative 
transformations of PBDEs will not be a major degradation pathway within the 
environment. Nevertheless, we subjected them to our model reaction (Paper 
II) to measure the rate of oxidative transformations. The temperature used for 
the reaction was raised substantially (50°C), to ensure reaction to occur. The 
reaction rates for the OH-PBDEs and PBDEs are presented in Table 4.3. 

 

Table 4.3. Measured rate constants and calculated half-lives for the selected1 OH-PBDEs 
and PBDEs tested in Paper II. 
 
Substance k’ (s-1) k2 (L*mol-1*s-1) T½(min) 
6’-OH-BDE-17 0.01 ± 0.001 210 ± 15 1.07 
4’-OH-BDE-17 0.05; 0.06; 0.04 930; 1050; 880 0.23 
6-OH-BDE-47 0.001; 0.001; 0.001 22; 20; 21 11.0 
6’-OH-BDE-49 0.003 ± 0.0003 49 ± 3.9 4.50 
2’-OH-BDE-66 0.06; 0.06; 0.05 1100; 1200; 1100 0.20 
6-OH-BDE-85 0.0002 ± 6,4x10-6 4.3 ± 0.3 53.3 
6-OH-BDE-90 0.0003 ± 3.5x10-5 7.0 ± 0.6 33.3 
6-OH-BDE-137 0.0001; 0.0001; 0.00009 2.0; 2.3; 1.8 102 
4’-MeO-BDE-17 6.8x10-6; 1.1x10-5 0.004; 0.006 1317 
BDE-11 1.6x10-5; 1.3x10-5 0.014; 0.012 800 
BDE-17 1.2x10-5; 1.2x10-5 0.013; 0.013 950 
BDE-28 1.9x10-5; 2.0x10-5; 2.5x10-5 0.021; 0.021; 0.028 533 
BDE-47 3.8x10-5; 2.7x10-5 0.04; 0.03 300 
BDE-49 3.6x10-5; 3.7x10-5 0.037; 0.036 317 
BDE-66 4.2x10-5; 3.0x10-5; 4.4x10-5 0.047; 0.03; 0.043 250 
BDE-99 2.2x10-5; 1.1x10-5 0.024; 0.016 700 
BDE-153 2.3x10-6; 1.2x10-5 0.003; 0.01 1650 
1The complete Table can be found in Paper II, page 610. The half-lives (T½) are calculated 
on the pseudo first order rate constant. 

 

As shown in Table 4.3., the half-lives of the OH-PBDEs are between half a 
minute (4’-OH-BDE-17 and 2’-OH-BDE-66) and two hours (6-OH-BDE-
137), while the calculated half-lives for the PBDEs are far longer. The half-
life of BDE-66 is four hours and increases for the other PBDE congeners 
tested. The reaction rates obtained from oxidative transformation of PBDEs 
prove our hypothesis stated above, namely that the PBDEs show low 
susceptibility towards oxidation. Interestingly, it is not the PBDE congeners 
with the lowest content of bromine atoms (3 bromine atoms; BDE-11, -17 and 
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-28) that have the highest reaction rates but those of medium bromine content 
(4 bromine atoms; BDE-47, -49 and -66). 

The OH-PBDEs on the other hand, have a “handle for oxidation” in the 
hydroxyl group. Their transformation rates are therefore quite faster than 
those obtained for the PBDEs. The degradation rates for the OH-PBDEs are 
still not as straight forward as those obtained for the PBDEs. One possible 
trend is that the content of bromine atoms, i.e. electronegative substituents, 
decreases the reaction rates, when looking at the group contribution by the 
OH-PBDE congeners. This is presented more clearly in Figure 4.4 where the 
mean half-lives have been calculated for the groups of OH-PBDE congeners 
containing 3, 4, 5 and 6 bromine atoms, respectively. The mean half-lives 
have been calculated, by use of the presented values in Table 4.3., to 0.65, 
5.2, 46.7 and 102 minutes, respectively. 
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Figure 4.4. Diagram with mean reaction half-lives versus number of bromine atoms of the 
OH-PBDEs. 

 

The variations in reaction rates within a group of compounds with a similar 
number of bromine atoms is also of interest., The three tetrabrominated OH-
DEs show a wide variation in half-lives ranging from 0.2 minutes to 11 
minutes. The bromine atom content within this group is four and only their 
positions in the phenyl rings, and physicochemical properties thereof, affect 
the reaction rate. Figure 4.5. shows the structure of 6-OH-BDE-47, 6’-OH-
BDE-49 and 2’-OH-BDE-66 and their disappearance rate over time. The R 
group, as presented in Figure 4.5., describes the phenyl ring, which has a 2,4-
substitution pattern, and is shown in the upper left of the figure. 
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goes through an intramolecular reaction. Due to the very low initial 
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Figure 4.5. Structure of 6-OH-BDE-47, 6’-OH-BDE-49 and 2’-OH-BDE-66, with relative 
degradation shown versus time. 

 

The variation in reaction rates shown in Figure 4.5. probably stems from 
electronegative effects arising from the bromine substituents. The position of 
a bromine atom, ortho to the hydroxyl group has a stronger influence than a 
bromine substituent in a meta or para position. Hence, 6’-OH-BDE-49 and 
2’-OH-BDE-66 undergo oxidation transformation more readily than 6-OH-
BDE-47. The difference in reaction rate for 2’-OH-BDE-66 and 6’-OH-BDE-
49 (0.2 and 4.5 minutes respectively, both share ortho and meta bromine 
substitution), may arise from another structural difference, which will be 
discussed below. According to Table 4.3., 2’-OH-BDE-66 and 4’-OH-BDE-
17, are the two OH-PBDE congeners with the highest susceptibility to 
oxidation. Their half-lives are less than half a minute, implying that 2’-OH-
BDE-66 does not obey the rule of higher bromine content equals decreased 
reaction rates. One possibility for the very fast reaction rate of 2’-OH-BDE-66 
as compared to the other tetrabrominated OH-DEs (6-OH-BDE-47 and 6’-
OH-BDE-49) is that it has one carbon atom next to the ether bond which is 
free from any substituents. Possibly, this may facilitate in conformational 
changes needed for reaction to proceed. 

Transition state for any reaction consists of an energy barrier that needs to be 
passed in order for the reaction to occur. For PBDEs subjected to UV-light, 
one such barrier is the change in conformation which is sometimes needed for 
the formation of brominated dibenzofuranes [134]. The OH-PBDEs contain a 
very active site in the form of a hydroxyl group. When this hydroxyl group is 
subjected to KMnO4, a known one-electron- or hydrogen- abstraction agent, 
the net results will most likely be a phenoxy radical. A similar change in 
conformation can be expected for the OH-PBDEs, when the phenoxy radical 
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r instance by 

4.2 Photolysis reactions in the environment 

f key importance in our 

4.2.1 Photochemistry 
s a wide variety of reactions and transformations that 

concentration of the test substance, it is more likely for any reaction to take 
place within the same molecule, than by possible dimerisation reactions, as 
discussed elsewhere. The low initial concentration also worsened the 
circumstances to the point that no products could be isolated and properly 
structurally identified. The structures for the complete set of PBDE and OH-
PBDE congeners used in this thesis can be found in Paper II. 

When shielding the reactive site of the OH-PBDE, fo
methylation, oxidative transformations become much more difficult to 
perform because no electrons are readily available for abstraction. One MeO-
PBDE was included in this study for curiosity only and indeed, the half-life, 
i.e. susceptibility to undergo an oxidation transformation was found to be very 
low, comparable to those of hexabrominated DEs. 

As stated earlier, photolysis reactions are o
environment. All life on earth is governed, both directly and indirectly by the 
influence that light has on chemistry. A very well known chemical processes, 
which is driven by light, is the photosynthesis and subsequent production of 
oxygen within our atmosphere. The word “light” has a broad interpretation 
within photochemistry as it refers to radiation of any part of the spectrum that 
can promote chemical change. The radiation in question usually lies between 
700-400 nm (visible spectrum) and 400-300 nm (ultraviolet spectrum), 
although the radiation emitted from the sun exerts wavelengths of both shorter 
and longer wavelengths. Principally, this radiation or energy may be absorbed 
by a chemical species, resulting in an excited state. The course of events for 
this excited species is what is referred to as photochemistry. 

Photochemistry describe
can occur as a consequence of absorbed light. A few, environmentally 
relevant reactions involving photochemistry can be found in Scheme 4.1. 

 
nCO2 + nH2O + h (CH2O)n + nO2

NO2 + h NO + O

O3 + h O2 + O(1D)  
 

cheme 4.1. A few, environmentally important, reactions involving the absorption of light S
and subsequent conversion of reactant. 
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In Scheme 4.1., the photochemical reactions involving photolysis of carbon 
dioxide, nitrogen dioxide and ozone, respectively, are described. For this 
thesis, photolysis is the sole type of reaction investigated. The IUPAC 
definition states that a photolytic transformation is the cleavage of one or 
more covalent bonds in a molecular entity resulting from absorption of light, 
or a photochemical process in which such cleavage is an essential part [127].  

Light, h, photons or energy are several denotations of the radiation that is the 
genesis of photochemistry. The photon is an elementary particle and all 
photons possess a particular amount of energy, a quantum. They can, very 
simplified, be seen as packages of various sizes. Molecules and atom can 
absorb photons if their quanta coincide, i.e. if their package has the right size 
and fits the molecule. The ability to absorb light by a molecule is denoted by 
its molar absorption coefficient,  (M-1 cm-1). When a photon of appropriate 
quanta interacts with an atom or molecule, the net result is the transition to an 
excited state. Excited molecules can then undergo several processes in order 
to dispatch the excess of energy. A few of these processes are presented and 
summarised in Table 4.4. and involve; i:  the release of  energy as light 
(luminescence, i.e. fluorescence and phosphorescence), ii: reaction with other 
molecules (energy transfer, quenching and chemical reaction) or iii: an 
intramolecular reaction (chemical reaction or dissociation). 

 

Table 4.4. The possible fate of the excited molecule AB*. 
 

Process Example 
Luminescence AB* → AB + h 
Energy Transfer AB* + M → AB + M* 
Quenching AB* + M → AB + M 
Chemical Reaction AB* + C → A + BC 
Dissociation  AB* → A + B 

 

For the purpose of this thesis, the chemical reactions are of highest 
importance and belong to the reactions that will be further discussed herein. 
In the field of photolysis there are two reaction pathways, direct photolysis 
when the analyte absorbs light and reacts and indirect photolysis when the 
analyte reacts with an excited species. For the reactions involving direct 
photolysis, due to the light that reaches Earth has wavelengths longer than 
290 nm, the molecules under investigation need to absorb light at this 
wavelength or longer. This is usually the case for aromatic compounds 
substituted with halogens or long conjugated systems. 

When the molecules are solvated in a media such as methanol or water, the 
processes change due to the high probability that one or more of the excited 
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molecules collide with solvent molecules before emitting their excess energy. 
Hence, the probability of a chemical reaction with the solvent molecules 
increases. 

4.2.2 The photochemical method 
The choice of a suitable energy-source is a primary topic when investigating 
photolytic transformations. For environmentally relevant purposes, many 
different light sources exist, such as natural light from the sun or artificial 
light emitted from light sources such as mercury and fluorescent lamps. As of 
lately, several studies have been performed to report the photochemical 
transformations for a large number of organohalogens, both under natural and 
experimental conditions. One of the first reported photolytic studies 
performed on BDE-209 was that of Watanabe et al. in 1987 [135]. They 
found consecutive debromination down to pentaBDE and also formation of 
polybrominated dibenzofurans (PBDFs) when subjecting BDE-209, in a 
mixture of hexane, benzene and acetone, to the emissions of a mercury lamp. 

Christiansson et al. studied the transformation products formed via photolysis 
of BDE-209 in water/methanol by the use of a fluorescent lamp [134]. Several 
products such as debrominated PBDEs and hydroxylated bromobenzenes 
were identified. 

Eriksson et al. conducted a study of the photolytic transformation of 15 PBDE 
congeners in water/methanol by use of a fluorescent lamp and found 
increased reaction rate with increased bromine content, indicating the very 
fast (<1 h) elimination of BDE-209 via photolysis [26]. 

No reported studies have to the best of our knowledge been reported on OH-
PBDEs subjected to photolytic degradation. 

The selected light source and methodology used in Paper III is based on the 
method developed by Eriksson et al. [25]. Initially, stock solutions were 
prepared of PBDEs and OH-PBDEs in acetonitrile. These solutions were kept 
in the dark until reactions were performed. An aqueous solution (2L) of 
appropriate content (pure water at pH 7, methanol/water (8:2) or 
water/hydrogen peroxide) was prepared and a small portion of the stock 
solution was added. The reaction vessel, a cylindrical tube, was then filled 
with the homogenised solution and a gentle stream of nitrogen was 
introduced. A HPLC was used to monitor the disappearance of parent 
compound over time and samples were taken with a syringe directly from the 
reaction vessel and injected into the HPLC system. Prior to switching on the 
fluorescent tube, which is placed in the middle of the cylindrical reaction 
vessel, several zero time samples were taken out and analysed by HPLC. 



 Oxidation and photolysis transformations

After the light was turned on, samples were taken out at appropriate time 
intervals so that at least two half-lives could be monitored. 

The fluorescent lamp source used was a Philips Cleo 40W. Its emission 
spectrum is shown in Figure 4.6., for wavelengths between 250 and 460 nm. 
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Figure 4.6. Emission spectrum of the fluorescent tube used for the experiments described 
in Paper III. 

 

The measurements of the UV light source emission spectra are important in 
order to be able to calculate the quantum yields for the molecules. The 
quantum yield (Φ) is defined as: 

photonsabsorbedofnumber

processaundergoingmoleculesofnumber


 

This means that if the quantum yield is 0.5 for some process, half of the 
excited molecules undergo this type of process. The most important quantum 
yield in photochemistry is the disappearance quantum yield. The sum of all 
quantum yields is 1, except chain-reactions, for which the sum can be higher. 
Calculations of the disappearance quantum yields for the OH-PBDEs used in 
Paper III are adapted from Eriksson et al. [25] and are calculated by dividing 
the rate constant by the overlap between the emission spectrum of the light 
source (3) and the absorption spectrum of the compound, which is presented 
in Figure 4.7., for 4’-OH-BDE-17 (1) and 6-OH-BDE-137 (2). 
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Figure 4.7. Emission spectrum for the fluorescent light source (3) and absorption 
spectrum for 4’-OH-BDE-17 (1) and 6-OH-BDE-137 (2) in water at pH 7.0, in the range of 
290 - 350 nm. 

 

The overlap between (2) and (3) is much greater as compared to the overlap 
between (1) and (3). Hence, 6-OH-BDE-137 absorbs a greater portion of the 
emitted light, compared to 4’-OH-BDE-17. The photochemical 
transformation rate is almost equal for both compounds, which is explained 
by 4’-OH-BDE-17 having a higher quantum yield. Therefore photochemical 
transformations of any chemical can not only be expressed by their rate of 
reaction or absorption spectrum. Care should be taken when investigating 
photolytic transformations, as to obtain complete results before conclusions 
can be drawn. 

 

The numerator used for calculating quantum yields describes how many 
molecules that actually undergo a photolytic process and can be described by 
the rate of reaction. According to Eriksson et al. [25], the reaction rate 
constants are determined by illuminating the sample solution for a certain 
period of time and by periodically taking out samples. These samples are 
analysed by HPLC and the loss of compound is plotted in a graphical 
representation. This has been illustrated in Figure 4.8. where the natural 
logarithm between the ratio of HPLC area under the curve for a compound at 
time 0 and time t, is plotted versus time. 
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Figure 4.8. Plot of disappearance of 6-OH-BDE-90 during illumination. 

 

The slope of the curve is the rate constant but the rate constant alone is not 
sufficient to characterise the photochemical processes. Hence, the quantum 
yields are used, as has been described elsewhere [25]. 

4.2.3 Photochemistry of OH-PBDEs in various aqueous media 
Due to an increased interest in OH-PBDEs [72,76,136] and lack of knowledge 
regarding their fate when subjected to UV-light, the eight OH-PBDEs from 
Paper II were selected for inclusion in a photochemical study. Three aqueous 
systems, water at pH 7, methanol/water (8:2) and water/hydrogen peroxide 
were chosen as to obtain several influencing factors on the rate, such as ionic 
form of investigated compound and presence of hydroxyl radicals. The eight 
OH-PBDEs were subjected to the reaction conditions of the three aqueous 
media at least two times per substance and media. These multiple reactions 
were performed to ensure the calculated rates were reproducible. Absorption 
spectra for each compound were recorded in water at pH 7 by use of a double 
beam instrument. 

Water at pH 7 was chosen to include both neutral type and ionic type OH-
PBDEs. Because we are investigating the susceptibility of OH-PBDEs as a 
group to undergo oxidations, the use of a pH that includes both ionic and 
protonated forms of the molecules were of interest. The pH is of high 
importance when studying photolysis, mainly because natural waters can 
reach pH levels as high as 8.4 [124] and several organohalogens can then 
remain in ionized form, cf. Table 3.2.-3.4. for pKa values. Ideally, single OH-
PBDE congeners are easily accessible, of any volume, and reactions can be 
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performed at any pH and number of times. In practice, the high abundance of 
single congeners are low and reactions and stock solution concentrations need 
to be kept at a minimum. The calculated quantum yields and half-lives (T½), 
for reactions performed in water at pH 7, (Paper III) are presented in Table 
4.5. 

Table 4.5. Spectral absoprtion data, quantum yields and half-lives for eight OH-PBDEs in 
water at pH 7. 
 

Compound Spectral absorption data quantum yield T½ (min) 
 max (nm)  (cm-1 M-1)  
4’-OH-BDE-17 283 3844 0.684 38 
6’-OH-BDE-17 281 4800 0.126 180 
6-OH-BDE-47 289 5118 0.046 70 
6’-OH-BDE-49 304 6902 0.027 59 
2’-OH-BDE-66 292 5653 0.026 29 
6-OH-BDE-85 293 4288 0.019 21 
6-OH-BDE-90 315 6021 0.011 21 
6-OH-BDE-137 312 5512 0.005 29 

 

The calculated pKa values for the selection of the OH-PBDEs are presented in 
Table 3.2., which indicate that 4’-OH-BDE-17 and 6’-OH-BDE-17 should be 
mostly in their neutral form at the investigated pH of 7. The three tetraBDEs 
and 6-OH-BDE-85 should according to their predicted pKa remain mostly 
(>50%) in their deprotonated, phenoxy form. While 6-OH-BDE-90 and 6-
OH-BDE-137 should exist exclusively in the deprotonated phenoxy form. 
The half-lives show no clear trend in relation to pH but the quantum yields 
seem to be pH dependent as they rise in relation to pKa. Half-lives are 
relatively short, between 20 minutes and three hours. This indicates that the 
OH-PBDEs, as a group, are susceptible to photolysis reactions in water. The 
spectral absorption data are in accordance with previous data from Eriksson et 
al. [26], indicating that the degree of bromination effects the spectral 
absorption properties and shifts max towards higher wavelengths when the 
bromine content is increased. Individual differences in the reaction rates of 
OH-PBDE congeners are hard to ascertain. The hydroxylated penta- and 
hexaBDEs analysed herein have similar reaction rates. The three tetraBDEs 
have similar pKa values (6.79 - 6.22) and have similar quantum yields, but 
show a change in reaction rates (approximately half an hour to one hour). The 
mutual relationship within the group of tetrabrominated OH-DEs towards 
degradation by UV-light is comparable to the transformation rates obtained  
in Paper II, towards oxidation, where the order of reaction was 2’-OH-BDE-
66 > 6’-OH-BDE-49 > 6-OH-BDE-47. 
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Reactions performed in water/methanol are, methodologically, comparable to 
those obtained for the group of PBDEs analysed by Eriksson. Some of the 
results from the study by Eriksson have been included in Table 4.6. together 
with the data obtained for the OH-PBDEs. 

 

Table 4.6. Half-lives measured in hours for a selection of previously reported PBDEs and 
eight OH-PBDEs, when subjected to UV-light in methanol/water (8:2). 
 

Compound Half-live Number of bromine 
BDE-47 1961 4 
BDE-77 2301 4 
BDE-99 43.21 5 
BDE-183 19.61 7 
BDE-209 0.341 10 
4’-OH-BDE-17 7.00 3 
6’-OH-BDE-17 16.7 3 
6-OH-BDE-47 2.67 4 
6’-OH-BDE-49 1.55 4 
2’-OH-BDE-66 0.53 4 
6-OH-BDE-85 2.00 5 
6-OH-BDE-90 0.93 5 
6-OH-BDE-137 1.10 6 

1The data from Eriksson et al. [26] has been recalculated to be comparable to the stronger 
flourescent tubes used in Paper III, as compared to Eriksson. 

 

Eriksson found that BDE-209 readily undergoes photolytic degradation under 
the investigated conditions and that the rate of reaction is decreased with 
decreased bromine content. The half-lives obtained for the OH-PBDEs in 
methanol/water are in the same range as those of highly brominated DEs 
(octaBDE - decaBDE), indicating that the OH-PBDEs are, in general, more 
susceptible to undergo photolytic transformations than the PBDEs. As for the 
rates of reaction obtained from photolysis in water at pH 7, the individual 
differences in reaction rates for the OH-PBDE congeners are difficult to 
explain. As a group, they seem to undergo photolysis transformations more 
readily when bromine content is increased, with 2’-OH-BDE-66 as a possible 
outlier. It is speculated that, as for oxidation reactions, the reason for 2’-OH-
BDE-66 to become an outlier may be the transition state and conformational 
changes thereof. 

The reaction volume for 6-OH-BDE-137 was, upon complete photolysis, 
evaporated and the remains were analysed by GC-MS after being dissolved in 
a small amount of DCM. The GC-MS indicated the possible formation of 
debrominated OH-PBDEs and PBDDs. Due to PBDF formation when PBDEs 
are subjected to UV-light, PBDDs should be expected when photolysis of 
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OH-PBDEs occurs. Seven of the OH-PBDE congeners investigated in Paper 
III provide a bromine atom in an ortho position next to the ether bridge, 
which is ideal for PBDF formation. 

The use of hydrogen peroxide for the photolysis reactions was performed 
because of the increased interest in using hydrogen peroxide for treatment of 
waste water [128]. By adding hydrogen peroxide to the solvent, the reaction 
mechanism is changed as there are other reactive species formed. For our 
purposes, the solvent of choice was water as the reactive species can then be 
attributed to the presence of hydroxyl radicals. The use of hydrogen peroxide 
in waste water treatment plants has been reported to increase degradation 
rates for the investigated compounds and to ensure that extensive degradation 
occurs [128]. 

Methodologically, the content of hydrogen peroxide must be kept at an 
optimal concentration. When concentration of hydrogen peroxide is too high 
it will quench the incoming light and decrease rate of reaction. The reaction 
rates and calculated half-lives for photolysis reactions performed in water 
with hydrogen peroxide present can be found in Paper III. The half-lives of 
the eight OH-PBDEs when subjected to UV-degradation in the presence of 
hydrogen peroxide ranged from 6.3 to 11 minutes, i.e. only small differences 
in reaction rates were observed for any of the OH-PBDEs tested. Hence, no 
theories are proposed as to single congener transformation pathway. The 
presence of hydrogen peroxide can indeed be seen as a “catalyst” to ensure 
complete degradation over a smaller amount of time, as compared to 
photolysis reactions with no presence of hydrogen peroxide. 

When hydrogen peroxide is illuminated by UV-light, hydroxyl radicals are 
formed and the reaction should probably be regarded as a photochemical 
radical reaction. 
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Computer based models can be used as a tools for predictions of 
physicochemical properties, biological effects and environmental fate. By use 
of models, laboratory work and eventual animal testing can be minimised. A 
brief selection of models include qualitative and quantitative structure-activity 
relationships (Q)SARs and multimedia fate models. Activity is in this context 
often referred to as biological effects and quantitative structure-property 
relationships (QSPRs) are often used when linear relationships are developed 
for properties. The only difference between SAR and QSAR is the 
development of a mathematical relationship (i.e. equation) in the latter. The 
use of SARs and QSARs were initiated in drug design. Drug discovery often 
involves the use of (Q)SARs to identify chemical structures that could have 
good inhibitory effects on specific proteins and have low toxicity (non-
specific activity). Of special interest is the prediction of the octanol-water 
coefficient (Kow), which is an important measure of partition. QSAR is also 
common within environmental chemistry and ecotoxicology to describe 
various environmental properties and biological effects of pollutants. 

In computational chemistry, molecular structures are represented as numerical 
models which simulate their behaviour with the equations of quantum and 
classical physics. Available software enables scientists to easily generate and 
present molecular data including size, shape, energies of structure and 
molecular orbitals and other electronic properties. These properties are often 
calculated by the use of molecular mechanics and semi-empirical quantum 
mechanics based on the three-dimensional compound structure in addition to 
various two-dimensional fragment based methods. 

Typically, QSAR is used to refer to a process in which the structure of a set of 
compounds are quantified through calculated molecular descriptors and then 
trained against their numerical values of the biological activity or physical 
properties. QSAR is based on the relationship of free energy to equilibrium 
constants, therefore the data for a QSAR study must be expressed in terms of 
the free energy changes that occur during the biological response/chemical 
reaction. The result is a mathematical model that can be used to predict the 
activity or property value of new compounds. The quality and predictive 
capacity of the QSAR equation depends on the size and the diversity of the 
molecules found in the training set. The larger and more diverse is the training 
set, the better suited is the QSAR equation, i.e. equipped to predict activities 
or properties of new compounds. 
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The result from the QSAR process is a mathematical equation where chemical 
structure is quantitatively correlated with a well defined end-point, for 
instance of chemical reactivity. This process is based on the assumption that 
similar molecules have similar activities. The prediction of boiling points was 
one of the initial uses of QSAR applications [137]. A selection of models is 
presented in Table 5.1., with a brief explanation and main applications. 

 

Table 5.1. Explanation and use of some computational models used for predictions of 
various relatioships. 
 
Model type Definiton Use 
SAR Relationships between biological or Pharmaceutical development 
 chemical activities and chemical structure Protein inhibition 
QSAR Chemical structure is quantitatively  Boiling points, Log Kow, IC50 
 correlated with biological or chemical 
 reactivity 
Multimedia fate The environment is considered as a Chemical fate 
 chemical reactor whose compartments 
 are physically different media. 

 

Multimedia fate models have received increased interest and are used to 
understand and predict the environmental fate of organic contaminants [35]. 
These multimedia fate models depend on the physicochemical properties of 
the analysed compounds, such as Log Kow and pKa. Several of these partition 
coefficients can be hard to measure through laboratory practice. Some of the 
partition coefficients have been described by a linear relationship to other 
partition coefficients, but lately the use of polyparameter linear solvation 
energy relationships (LSERs) have been used to describe these properties 
[138]. LSERs can be described as equations involving the use of solvent 
parameters in linear or multiple linear regressions and account for molecular 
size and various solubility descriptors. 

QSPRs describe compound properties used for correlations as compared to 
compound activities (Q)SAR. Computational chemists try e.g. to predict the 
absorption, distribution, metabolism and excretion (ADME) qualities of 
compounds through methods like QSPR or QSAR. For Paper IV, we used 
QSPR as a tool to describe laboratory determined photolytic half-lives of 
halogenated compounds of different classes. 

5.1 Methodology 

Creating molecular descriptors requires knowledge on chemical structure and 
is not dependent on any experimental properties. In a mechanistic approach 
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one aims to interpret molecular descriptors on a chemical basis for the 
description of observed properties, i.e. that the descriptors in the final 
mathematical QSPR equation can be chemically understood as relevant for 
the experimental photolytic half-lives in Paper IV. The work flow is usually 
that a training set (a selection of compounds for which half-lives are known) 
and a prediction set (a selection of compounds for which half-lives are 
unknown) of compounds are selected. The training set can be compounds for 
which half-lives have been experimentally measured to ensure that the 
outcome of the QSPR can be related to experimentally determined half-lives. 

 

Table 5.1. Chemical substances included in the study for QSPR comparisons of 
photochemical degradation. The half-lives are measured in hours. 

 
No. Name Abbreviation Half-lives 
1 2’-hydroxylated diphenyl ether #66  2’-OH-BDE-66 16.71 
2 4’-hydroxylated diphenyl ether #17  4’-OH-BDE-17 7.001 
3 6’-hydroxylated diphenyl ether #17  6’-OH-BDE-17 2.671 
4 6-hydroxylated diphenyl ether #47  6-OH-BDE-47 1.551 
5 6’-hydroxylated diphenyl ether #49  6’-OH-BDE-49 0.531 
6 6-hydroxylated diphenyl ether #85  6-OH-BDE-85 2.001 
7 6-hydroxylated diphenyl ether #90  6-OH-BDE-90 0.931 
8 6-hydroxylated diphenyl ether #137  6-OH-BDE-137 1.101 
9 1,1-bis(4,-chlorophenyl)-2,2-dichloroethene p,p’-DDE 1102 
10 Hexabromobenzene  HBB 1.552 
11 Hexachlorobenzene  HCB 8592 
12 Pentabromophenol  PBP 1.552 
13 Pentachlorophenol  PCP 1.822 
14 2,2’,4,4’-tetrabromoDPE  BDE-47 1963 
15 3,3’,4,4’-tetrabromoDPE  BDE-77 2303 
16 2,2’,4,4’,5-pentabromoDPE  BDE-99 43.23 
17 2,2’,3,4,4’,5’-hexabromoDPE  BDE-138 20.93 
18 2,2’,3,4,4’,6-hexabromoDPE  BDE-139 32.43 
19 2,2’,4,4’,5,6’-hexabromoDPE  BDE-154 39.23 
20 2,2’,4,4’,6,6’-hexabromoDPE  BDE-155 31.73 
21 2,2’,3,4,4’,5,6-heptabromoDPE  BDE-181 4.053 
22 2,2’,3,4,4’,5’,6-heptabromoDPE  BDE-183 19.63 
23 2,3,3’,4,4’,5,6-heptebromoDPE  BDE-190 4.323 
24 2,2’,3,4,4’,5,5’,6-octabromoDPE  BDE-203 3.383 
25 2,2’,3,3’,4,4’,5,5’,6-nonabromoDPE  BDE-206 1.553 
26 2,2’,3,3’,4,4’,5,6,6’-nonabromoDPE  BDE-207 0.683 
27 2,2’,3,3’,4,5,5’,6,6’-nonabromoDPE  BDE-208 0.743 
28 2,2’,3,3’,4,4’,5,5’,6,6’-decabromoDPE  BDE-209 0.343 
29 2,3,3’,4,4’,5-pentaCB CB-156 1002 
30 Tetrabromobisphenol A-diallylether  TBBPA-diallylether 1362 

1Paper III; 2Thesis by Sara Rahm [30] and 3Eriksson et al. [29]. The half-lives for the 
compounds used in the thesis’s by Eriksson and by Rahm have been recalculated as to 
be comparable with those of Paper III 
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For Paper IV, all compounds used in the QSPR had previously been 
subjected to UV-light according to the methodology described by Eriksson et 
al. [25]. The complete sets of compounds used for the QSPR can be found in 
Table 5.1., together with their name and measured and reported half-lives. 

 

For QSPR purposes, their molecular structures were generated with the use of 
a molecular modelling software (Cache WorkSystem Pro, 2000-2004 Fujitsu 
Limited). The 3-dimensional structures were build manually and geometry 
optimised with the use of energy minimisation (geometry optimisation) using 
the semi-empirical quantum mechanics MOPAC AM1 method. Several 
molecular descriptors were then calculated using the following three 
methodologies; 1) MOPAC AM1 with geometry optimisation, 2) fragment 
based LSERs by the ABSOLV module of the software ADME boxes v. 4.1 
and 3) the semi-empirical quantum mechanics LSER (TLSER) method using 
MOPAC with AM1 parameterisation and MADCAP to extract the TLSER 
solubility descriptors. This resulted in a vast amount of descriptors (78) which 
were gathered and imported into a multiple linear regression (MLR) software 
(ADMEWORKS ModelBuilder v. 3.0.60, 2006 Fujitsu Kyushu System 
Engineering Ltd.). Figure 5.1. is a schematic presentation over the route of 
analysis.  

structure

3D-optimised
structure

MOPAC AM1 ADMEboxes MOPAC AM1
MADCAP

ADMEWORKS

Geometry optimization

Descriptor retrieval

Compilation

MLR

 

Figure 5.1. Schematic presentation over the route to obtaining suitable descriptors for 
describing photolytic half-lives according to chemical properties. 
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Prior to regression analysis, with ADMEWORKS ModelBuilder, the 30 
compounds and 78 descriptors were evaluated with multivariate statistics 
analysis using principal component analysis (PCA) with the software SIMCA 
(v. 11.5, Umetrics Inc.). This was done to check similarities and 
dissimilarities of the physicochemical properties. The PCA plot revealed that 
all the brominated compounds except HBB were clustered in one group. The 
chlorinated compounds CB-156, p,p’-DDE, PCP, HCB and HBB were 
scattered in one group and HCB was, in addition, located on the outside of the 
Hotellings T2 limit, suggesting this compound to be a significant outlier, as 
shown in Figure 5.2. On the basis of these findings, two main groups were 
subjected to multiple linear regression (MLR) analysis. One group with the 
brominated compounds, HBB excluded, which is referred to as Model 1 in 
Paper IV and one group with all compounds and HCB excluded, referred to 
as Model 2. 
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Figure 5.2. Principal component analysis (PCA) plot. First two principal components with 
an R2 of 0.66, explaining 66 % of the variation in the X-data (calculated properties) with a 
cross-validation result of Q2 of 0.54. 

 

The selection of validation compounds was based on preferably same 
structural and physicochemical diversity as the training set and comprises of 
four substances. The remaining compounds in Table 5.1. were then selected 
as the training set. This training set was subjected to genetic algorithm in 
order to find the best set of descriptors with highest correlation to the 
experimental half-lives and further, multiple linear regression was applied to 
extract the mathematical equations. Suitable descriptors, such as energy gap 
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between HOMO-1 and LUMO (GAP-1), topological polar surface area 
(TPSA), highest atomic LUMO density (LUMO+), highest atomic radical 
superdelocalizability (Rad-super+), lowest atomic charge on halogen (Qhal-) 
were identified as potential descriptors of photolytic half-lives for the 
brominated group (Model 1). The complete sets of compounds and results are 
shown and discussed in Paper IV. 

Principally, the conclusion is that many descriptors can be used to describe 
half-lives. The importance of these descriptors need to be investigated and 
chemically interpreted in order to choose relevant descriptors to describe the 
experimentally determined half-lives. Due to the recent rise in interest of 
multimedia fate models and (Q)SARs, care needs to be taken when selecting 
prediction sets and descriptors. 

5.2 Predicted promotions 

The use of QSPRs to predict half-lives for chemical degradations is only the 
first step to bring the hypothesis by Green and Bergman further. Here, a 
QSPR has been developed to predict half-lives for photolytic transformations. 
Further, unpublished work, is ongoing to predict half-lives for oxidation 
transformations [139]. In the study performed by Harju et al., results from 
Paper I and Paper II were analysed as shown in Figure 5.1. and two linear 
mathematical models for estimation of oxidation potential were presented 
with a R2 between 0.82-0.93. 

When oxidations, photolysis, reductions, radicals and hse reactions are made 
uniform and easily accessible, by use of laboratory work or QSPRs, the final 
part of predicted promotions will hopefully be reachable. 

The obtained reaction constants, either experimentally or mathematically 
determined, are considered as the substance reactivity constants (S) and 
describe the susceptibility for which the chemical is likely to undergo any sort 
of reaction. The susceptibility constants which describe the susceptibility for a 
compound to undergo a certain type of reaction are then multiplied with the 
environmental reactivity power (). The environmental reactivity power 
describes the probability for a reaction to occur in any of the four 
compartments; air, water, soil and sediment. The transformation systems 
include any of the five reaction types oxidation, photolysis, reduction, radical 
and hse reactions within the compartments. The values within the 
environmental matrix should be decided on a predetermined scale, for 
instance eh-sed (photolytic reactions in sediment) should receive a low score. 
When the environmental matrix is multiplied with the substance reactivity 
constants, the net result are the compartmental transformation rates (k) which 
describe how fast transformations will occur in each of the four 
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compartments. The complete equation proposed by Green and Bergman is 
shown in Figure 5.3. 

 

ε ox-wat ε ox-soil ε ox-sedε ox-air

ε red-air ε red-wat ε red-soil ε red-sed

ε hse-air ε hse-wat ε hse-soil ε hse-sed 

 46

Figure 5.3. The equation to use for estimation of persistence, as hypothesised by Green 
and Bergman. 

 

6-OH-BDE-47 (as a representative for the group of OH-PBDEs) is susceptible 
to undergo oxidation and photolysis transformations. The compound has a 
low susceptibility to undergo hse reactions [30], which will yield a low score 
mainly in the water compartment. If we presume that 6-OH-BDE-47 will have 
a high susceptibility to undergo radical reactions but a low susceptibility to 
undergo reductions, the reactivity constants are all accounted for, presumably. 
By defining the environmental matrix, we can now acquire the compartmental 
transformation rates for 6-OH-BDE-47 and thus make a preliminary 
assumption on its persistence. 

 

ε h-air ε h -wat ε h -soil ε h -sed

ε rad-air ε rad-wat ε rad-soil ε rad-sed

=sox  sred  shse  sh  srad kair  kwater  ksoil  ksed* 
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The title of this thesis is “Comparison of experimentally and theoretically 
determined oxidation and photochemical transformation rates of some 
organohalogens to promote prediction of persistence” with the objectives 
described in chapter 1.1. Looking back on my thesis work I like to stress that I 
am able to present a robust method for assessment of potential pollutant 
oxidative potentials (Paper I and II). The methodology was developed 
through application of several different and plausible potential methods for 
measuring rate constants for oxidations. The final method is not the only one 
to be used in the future but it is relevant for numerous POP like compounds 
and HPCs. The work presented clearly indicates the importance of looking 
into one class of chemicals at a time. Hence there are new classes to be 
assessed in a near future.  

The counterpart of oxidation is reduction. Even though work is in progress to 
find a robust method for reductions it may be interesting to develop 
experimental measurements of redoxpotentials to serve in the objective to 
assess both oxidative and reductive sensitivity of a compound. 

Photolysis of a new class of chemicals was also tested (Paper III). The 
methodology serves its purpose and is easy to apply. It is however important 
for the future to discuss and agree on how to handle ionisable compounds, 
like HPCs. Should the compartmental characteristics be adopted or should the 
acidity of the compound dictate the conditions of the experiment. It is 
possible to argue for both these experimental conditions and it is evident that 
more work need to be done in order to decide on this issue. In fact, the present 
set of compounds, the OH-PBDEs, is well suited for such an extended study. 

The comparison of experimentally and theoretically determined reaction rates 
has taken a significant step forward. Through the collaborative effort shown 
in Paper IV, it is evident that careful selection of parameters and 
development in relation to experimental data makes it possible to model 
reactivity. Still, the chemicals modelled should be primarily related to one 
class of compounds. A similar study as presented in Paper IV has been 
carried out also for oxidative transformations and a full paper is on its way. 
This work is very promising as briefly discussed in an extended abstract from 
Harju et al., 2008 [139]. 

Last but not least, the approach taken and discussed in this thesis is still 
promising in relation to the ultimate goal, to make “Persistence” predictable. 
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