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The thermodynamic properties of 39 PBDEs have been calculated using Gaussian 03
on the B3LYP/6-31G(d)//B3LYP/6-31G(d) level. The PBDE congeners’ enthalpies of
formation increase with increasing number of bromines and show a strong dependence on
the bromine substitution pattern. The effects of bromine substitution pattern have been
quantitatively studied by GAM model based on the output of the theoretical calculations.
Based on the GAM model, the enthalpies of formation of the 209 PBDE congeners were
calculated. A photodegradation model was developed and validated to predict the
products, and their relative concentrations, from the photodegradation of PBDEs.
Photodegradation experiments were conducted for octa-BDE technical mixture and its
individual components together with BDE-209, 184, 100, 99 and 47. Based on the results
of the photodegradation experiments, as well as the model predictions, the
photodegradation of PBDE:s is a first order reaction and, further, the rate determining step
is the stepwise loss of bromine. The predicted reaction time profiles of the

photodegradation products correlate well with the experimental results. In addition, the



photodegradation results were compared with anaerobic biodegradation. The PBDE
products measured in the anaerobic biodegradation were found to be the major products
in the photodegradation experiments. The photodegradation experiments and the model
predictions were also compared with zero-valent iron reduction of BDE-209, 100 and 47
from a previous study and the same products were found in both photo and Fe’
degradation. Good correlation between 15 previously reported photodegradation rate
constants of PBDE congeners and their calculated LUMO energies was found. This
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electron transfer. Furthermore, the rate constants for the three different degradation
processes are controlled by C-Br bond dissociation energy. The model was proved to be
predictive for the photodegradation of PBDEs and it should be predictive for anaerobic

biodegradation and Fe’ reduction of PBDEs.
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DEVELOPMENT, VALIDATION AND THE APPLICATION OF A CONGENER
SPECIFIC PHOTODEGRADATION MODEL FOR PBDES

CHAPTER 1. INTRODUCTION

Goal

The goal of this doctoral research and thesis has been to study the photodegradation of
polybrominated diphenyl ethers (PBDESs) and to build a model to explain and predict the
PBDE degradation products and their relative abundance.

Structures and Uses of PBDEs

PBDEs are a flame retardant sub-family of the brominated flame-retardant group. The
family of PBDEs consists of 209 different structures, which are called congeners. A
PBDE congener consists of two phenyl rings connected by an ether bond with the
hydrogens on the phenyl ring substituted by various numbers of bromines (Figure 1.1).
The chemical formula of a PBDE can be written as C1oH10.BraO (a = 1-10 = x +y) ( x
and y are number of bromines on the phenyl rings as shown in Figure 1.1).

PBDE congeners are numbered from 1 to 209 (Appendix A) using the same IUPAC
scheme used for polychlorinated biphenyls (PCBs), where the 2-monoBDE is named
BDE-1 and the fully brominated PBDE congener is named BDE-209 (1). The 209 PBDE
congeners are cataloged into ten homologous groups based on their degree of
bromination, namely, mono, di, tri, tetra, penta, hexa, hepta, octa, nona, and deca-BDEs.

PBDE flame retardants are widely used as additives to reduce the risk of fire,
particularly in items that are susceptible to igniting in fire situations, such as furniture and

textiles, or in which fires may start, like electrical devices. In the event of a fire involving
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these products, PBDEs slow the ignition and the rate of fire growth, allowing more time
for people to extinguish or escape the fire. The use of brominated flame retardants in
household materials saved thousands of lives and resulted in a 20% reduction in fire
deaths between 1990 and 2000. (2)

There are three commercially available technical PBDE products: penta, octa, and
deca-BDEs. Penta and octa-BDEs are mixtures of several congeners (3) and the
compositions of these two commercial products vary with manufacturer and with the year
in which they were produced (See Table 1.1 for an example) (6). The penta-BDE
products are primarily comprised of tetra-BDEs (especially BDE-47) and penta-BDEs
(especially BDE-99 and BDE-100), along with smaller quantities of hexa-BDEs (BDE-
153 and BDE-154). The commercial octa-BDE mixture is primarily comprised of hepta-
BDEs (mainly BDE-183) and octa-BDEs (BDE-197, BDE-203 and BDE-196), along
with small quantities of hexa-BDEs and nona-BDEs. The commercial deca-BDE product
is comprised almost entirely of BDE-209, and contains small quantities of nona-BDEs (4)
(5).

The commercial penta-BDE products are mainly used in textiles and polyurethane
foam in furniture, mattresses, carpet padding, and automobile seats. The commercial
octa-BDE products are used in polycarbonate, thermostats and acrylonitrile-butadiene-
styrene (ABS) plastic that is used in certain electric and electronic devices. Deca-BDE
products are used in most types of synthetic materials such as polyester used for printed

circuit boards and in certain types of flame-retardant textiles. (4)
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The global annual production of penta, octa and deca-BDE commercial products in
1990 was estimated to be 4000, 6000 and 30 000 metric tons, respectively (7) The
majority of the three commercial products is deca-BDE product, which constitutes 82%
of the total global PBDE market (8). After their introduction during the 1960s,
consumption of PBDEs continued to increase over the years, reaching 67,125 metric tons
in 1999. In this particular year, 8,290 tons penta-BDE products were consumed in North
America, about 98% of the global penta-BDE demand (8). In 2001, the total global
demand for PBDEs was 67,000 tons, including 7,500 tons of the penta-BDE product (9).
PBDE in the Environment
PBDEs are important in preventing fire and saving lives. However, they are found to
slowly migrate to and bioaccumulate in the environment. Although the pathways of
PBDEs into the environment are not fully understood, it is widely believed that their
presence in the nature world is due to leaching from a wide range of plastics, electronic
equipment and textiles, industrial facilities that produce PBDES, consumer manufacturing
facilities that use PBDE in a wide range of consumer products, as well as disposal and
recycling of PBDE containing products (4). PBDEs were first detected in the
environment in 1979 (10) and in biota in the 1980s (11). Recent monitoring of PBDES
suggests that several PBDE congeners, especially BDE-47, 99 and 100, are ubiquitous in
biotic and abiotic matrices including air, sewage sludge, sediment, wildlife, and human
tissues (12-16). BDE-209 is not thought to be a likely candidate for airborne transport;
the finding of BDE-209 in arctic biota, however, suggests the possibility of long-range

distribution (17). Studies of biota in Baltic Sea, Arctic, aquatic ecosystems along northern
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California, and British Columbia indicates that the PBDE concentrations increase with
the tropic level (4) (18). Some data has shown that PBDE concentrations are higher in the
European Arctic than in the North American Arctic (17,19). But other data suggests that
people from North America are exposed to more PBDE contamination than those in
Europe (5).

A meta-analysis of the published PBDE concentration data reported in a recent review
(5) indicates that PBDEs have migrated in large quantities from industrial products to the
environment and to people and, furthermore, that their concentrations have increased
exponentially in the last 20 years. For example, in human blood, milk, and tissues, total
PBDE levels have increased by a factor of ~100 during the last 30 years; this is a
doubling time of ~5 years. Another astonishing fact from this review is that herring gull
eggs from the Great Lakes region have PBDE concentrations as high as ~7,000 ng/g lipid
and that these levels have doubled every ~3 years.

Toxicology of PBDEs

It has been established that PBDES, which share toxicity with the structurally related
PCBs, polychlorinated dibenzofurans (PCDFs), and polychlorinated dibenzo-p-dioxins
(PCDDs), may negatively affect processes of hormonal regulation in living organisms;
therefore they are classified as so-called environmental endocrine disruptors (EEDS).
Numerous experiments in rodents have proven thyroid hormone homeostasis disruption
in the serum and plasma of individuals exposed to various doses of PBDEs, such as
pentaBDE technical mixture, octaBDE technical mixture, and decaBDE technical

mixture (20) (21). Possible adverse effects on hormonal regulation involving sex steroid
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hormones have also been examined. Among other PBDE congeners, BDE-100 (the most
abundantly found PBDE congeners in the environment), BDE-75 and BDE-51 showed
the strongest tendency to bind to estrogen receptors (ER) (22), thus competing with the
natural ER ligand estradiol to produce estrogenic or anti-estrogenic effects. Embryonic
exposure to BDE-47 resulted in the development of morphological, cardiac and neural
deficits that impair survivorship for zebra fish larvae (23). Spermatogenesis disorders in
male rodents were observed when exposed to BDE-99 even at very low doses (24).
Besides the above toxic effects, neonatal exposure to some PBDE congeners impairs
spontaneous behavior, learning and memory in exposed mice (25). Limited toxicological
studies have been done and little is known about the toxicological effects of PBDE
exposure.

Regulatory Status of PBDESs

Because of their potential toxicity (26,27), use of penta-BDE and octa-BDE
commercial products was banned in Europe in 2004 (28) and voluntarily phased out in
the U.S. (29). Penta-BDE and octa-BDE products are also officially banned in several
states in the U.S., including California, Washington and Oregon (2) due to their toxicity
and high abundance found in the environment. Currently, there is no restriction in the
production of deca-BDE product in the world.

With the continued use of the deca-BDE commercial products, large quantities of
PBDEs are still being released into the environment. BDE-209, the major ingredient of
deca-BDE technical mixture, has been reported to photodegrade under UV and natural

sunlight to give lower PBDEs, including the banned penta and octa-BDEs (30,31). This
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finding has led to a need for a model to explain and predict the products of the
photodegradation of PBDEs and their relative abundances.

Thermodynamic Properties of PBDES

It is important to know the physiochemical properties of PBDEs in order to explore
the mechanisms by which PBDEs transform in the environment. PBDEs are highly
lipophilic and chemically stable (32-34). Similar to the other polyhalogenated aromatic
compounds, such as polychlorinated biphenyls (PCBs), polychlorodibenzo-p-dioxins
(PCDDs), polychlorodibenzofurans (PCDFs), and polybromodibenzo-p-dioxins (PBDDs),
the physical, chemical, and biological properties of PBDE congeners strongly depend on
the halogen substitution pattern.(35,36) Although extensive studies have been conducted
to measure the presence of PBDEs in the environment, their vapor pressures (37), and
their octanol-air partition coefficients (38), none have been conducted to measure their
thermodynamic properties. Therefore, theoretical calculations are of interest for
estimating the thermodynamic properties of PBDEs.

Density Functional Theory (DFT) calculations have been performed on PBDDs (39),
PCDDs (36) and PCDFs (40). As part of this research, the thermodynamic properties of
39 PBDE congeners were calculated using DFT calculations in Gaussian 03 and a Group
Additivity Method (GAM) was developed (41). This approach made it possible in this
research to predict the stability of all 209 PBDE congeners using the GAM model and
develop a photodegradation model to predict the relative abundances of their

photodegradation products.



Photodegradation of PBDEs

Until recently, few published studies were available regarding the biotic and abiotic
transformation of PBDEs. Photodegradation may be one of the major abiotic
transformation reactions of PBDEs in the environment. Some investigations on the
photodegradation of PBDEs by both artificial and natural sunlight have been reported
(30,31,42,43). BDE-209 and 14 other PBDE congeners were shown to undergo first order
photodegradation reactions and stepwise loss of bromine (30). Bezares-Cruz et al. studied
the degradation of BDE-209 by direct solar irradiation, and proposed a reaction pathway
for BDE-209 photodegradation to BDE-47 (31). Their results indicated that BDE-209
dissolved in organic solvent photodegrades rapidly by natural sunlight, and they predicted
that the photodegradation rate in natural waters could be attenuated. Others also reported
that the rates for photodegradation of PBDEs varied in different types of solutions (44)
(30). Photodegradation of BDE-209 in different matrices under artificial and natural
sunlight was also studied, with the reaction time profile for products in homologous
groups (42). It was found that the patterns for the photodegradation products of BDE-209
were similar in the different matrices or under different light conditions; however, the
debromination rates were strongly dependent on the matrix and the light condition (42).
Time profiles for the photodegradation products of several tetra- to hexa-BDE congeners
coated on a Solid Phase Micro Extraction (SPME) fiber and irradiated with simulated
sunlight, were reported in a recent study (43). In these previous studies, the
photochemical behaviors of PBDEs were not well understood and the identification and

interpretation of products and reaction pathways were limited.



Biodegradation of PBDES

Pervious research has shown that halogenated aromatics can be biodegraded by
bacteria under aerobic conditions, involving hydroxylation and methoxylation together
with aromatic ring cleavage (45-47). This may result in the formation of toxic
halogenated aliphatic metabolites. In contrast, anaerobic biodegradation may only
remove the halogen substituents, resulting in the formation of less hydrophobic
compounds, and eventually, complete mineralization, (48). The octa-BDE technical
mixture was reported to undergo stepwise debromination in Dehalococcoides-containing
cultures and produce the more toxic congener BDE-154, BDE-99, BDE-49, and BDE-47
(49). BDE-209 was also reported to degrade to lower PBDEs in sewage sludge (50,51)
and Sulfurospirillum multivorans culture (49).

A recent study reported that both photodegradation and anaerobic biodegradation of
BDE-15 (4,4’-diBDE) followed the same degradation pathway and that the step-wise
products were BDE-3 and diphenyl ether (48). Neither rearrangement of Br nor C-O and
heterolytic bond cleavage were found in either reaction. This indicates that anaerobic
microbial degradation and photodegradation for PBDEs may share the same reaction
mechanism.

Reduction of PBDESs by Zero-valent Iron

Zero-valent iron metal (Fe®) has been studied for remediation of polyhalogenated
aromatic compounds. Kinetic data for the dehalogenation of PBDEs by Fe° is available
and a first order reaction rate was found (52). A linear correlation between the rate

constants for dehalogenation and the LUMO energies was reported for PBDEs (53) and



9
other halogenated compounds (54). A lower LUMO energy makes it easier to add an
electron than to a high-lying LUMO. The heat of formation was also found to correlate
well with the degradation constant (53). The energy gap between HOMO and LUMO was
considered to be an indication of kinetic stability and was reported to correlate well with
the chemical reactivity of electrophilic aromatic substitution (55). A small HOMO-
LUMO gap indicates low stability, and thus, high reactivity of a compound.

Although the three different forms of PBDEs degradation, namely anaerobic,
photodegradation, and Fe° reduction, have been recently studied, the mechanisms of these
processes are not well understood. These previous studies reported stepwise
debromination, first order reaction, and the same degradation products, indicating that
there may be some connection between them. Based on the above discussion, a congener
specific model was developed, validated, and applied to explain and predict these

reactions.
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Figure 1.1. Structure of a PBDE congener, x +y =1 to 10.
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Table 1.1. Concentrations (%, w/w) of some major PBDES in penta-, octa-, and deca-
technical products. (Revised from La Guardia, M. J. et al., 2006) (6).

Penta-BDE Octa-BDE Deca-BDE
Bromkal Bromkal | Saytex Bromkal

DE-71 - 05pe | PE7  70.8DE | 102 82-0DE

BDE-47 38.2 42.8

BDE-100 13.1 7.82

BDE-99 48.6 44.8

BDE-154 4.54 2.68

BDE-153 5.44 5.32 8.66 0.15

BDE-175/183 42 12.6

BDE-197 22.2 10.5

BDE-203 4.4 8.14

BDE-196 10.5 3.12

BDE-207 115 11.2

BDE-206 1.38 7.66 2.1 5.13

BDE-209 1.31 49.6 96.8 91.6
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Abstract

The thermodynamic properties of 39 Polybrominated Diphenyl Ethers (PBDEs) in the
ideal gas phase have been calculated using Gaussian 03 on the B3LYP/6-
31G(d)//B3LYP/6-31G(d) level. Their thermodynamic and other physicochemical
properties show a strong dependence on the bromine substitution pattern. The PBDE
congeners’ enthalpies of formation increase with increasing number of bromines. The
thermodynamic properties of congeners with the same number of bromines also show
dependence on the bromine substitution pattern, especially for ortho-substituted
congeners. PBDE congeners with one phenyl ring fully brominated, such as 2,3.,4,5,6-
PeBDE, 2,3,4,4',5,6-HxBDE, 2,2'3,4,4',5,6-HpBDE, and 2,3,3'4,4',5,6-HpBDE, were
found to be the least stable among the analogues. The effects of bromine substitution
pattern have been quantitatively studied by group additivity method (GAM) based on the
output of the theoretical calculations. The results of the GAM were consistent with
theoretical calculations, proving that theoretical calculations are reliable. Furthermore,
the GAM model can be used to predict the thermodynamic properties for all of the 209
PBDE congeners.

Introduction

Polybrominated Diphenyl Ether (PBDE) flame retardants are widely used as additives
in polymers for textiles, electronics, and home furnishings. They have been widely
detected in biotic and abiotic matrices including sediments, air, water, fish, marine
mammals, human plasma, and human milk.(1-5) As the use of PBDEs has increased in
recent years,(6) their concentrations in the environment have also increased.(7) A meta-

analysis of the published PBDE concentration data carried out in a recent review(8)
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indicates that PBDEs have migrated in large quantities from industrial products to the
environment and to people and, furthermore, that their concentrations have increased
exponentially.

Similar to the other polyhalogenated aromatic compounds, such as polychlorinated
biphenyls (PCBs), polychlorodibenzo-p-dioxins (PCDDs), polychlorodibenzofurans
(PCDFs), and polybromodibenzo-p-dioxins (PBDDs), the physical, chemical, and
biological properties of PBDE congeners strongly depend on the halogen substitution
pattern.(9,10) Although extensive studies have been conducted to measure the presence
of PBDEs in the environment, their vapor pressures,(11) and their octanol-air partition
coefficients,(12) none have been conducted to measure their thermodynamic properties.
This is due to the limited availability of pure compounds and to experimental difficulties,
such as photodegradation of highly brominated PBDE congeners, associated with some
of the congeners. Therefore, theoretical calculations are of interest for estimating the
thermodynamic properties of PBDEs. Since there are no experimental values of
thermodynamic properties available for PBDEs to compare with the calculated quantities,
the uncertainty of the thermodynamic quantities can not be estimated.Density Functional
Theory (DFT) calculations were carried out in this work to estimate the enthalpy of
formation, AHy, and the Gibbs free energy of formation, AGy, of PBDEs in the gas phase
at 298.15 K and 101.325 kPa. Similar calculations have been performed on PBDDs,(13)
PCDDs(10) and PCDFs.(14) Unlike dibenzo-p-dioxin and dibenzofuran and their
halogenated derivatives, diphenyl ether (DE), and thus the PBDEs, has an ether bond
about which the two phenyl rings can rotate relatively freely. Finding the most

energetically favorable geometries for PBDEs is a complicated, time consuming process;
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therefore, it would be impractical to perform DFT calculations for all of the 209,
theoretically possible, PBDE congeners. Consequently, commercial availability of
standards and importance in environmental research(7)(15) were used to select the 39
congeners listed in Table 2.1 to illustrate this theoretical approach for PBDEs.

Computational Methods

Using Gaussian 03(16), geometry optimizations and energy calculations were
performed at the B3LYP/6-31G(d) level. Frequency calculations were also performed for
all of the possible geometries to ensure they were minimal on the potential energy surface.
Thermal energy (Ememal) Was calculated as the sum of zero point energy and thermal
energy corrections for molecular translation (E.ns), rotation (E;o), and vibration (E,i,) at
298.15 K. Enthalpy (H), at 298.15 K and 1 atm, was obtained by adding RT to the
electronic energy (E.) and thermal energy. These data, as well as the Gibbs free energy
(G), were obtained from the Gaussian output file in Hartrees and converted to kJ/mol (1
Hartree =2625.50 kJ/mol).

Like PCDDs and PBDDs, PBDEs have a variable number of halogens attached to two
phenyl rings that are connected to each other by an ether bond. In this study, PBDE
congeners with one to seven bromine atoms are represented by the notation MoBDE,
DiBDE, TrBDE, TeBDE, PeBDE, HxBDE and HpBDE, respectively. The PBDE with
ten bromine atoms on the phenyl ring is represented by DecaBDE.

In a previous study,(13) three methods were applied to estimate the thermodynamic
properties of PBDDs: calculation from isolated atoms; calculation from isodesmic
reactions; and, Benson’s Method.(17) Among these methods, the second was found to

yield the most accurate results. Lee et al.(10) also used the isodesmic reaction to calculate
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the AHf and AG¢ of PCDDs and obtained results consistent to experimental results.
Isodesmic reactions were also applied to calculate AH; of dibenzo-p-dioxin, dibenzofuran,
PCDDs, and PCDFs using DFT calculations.(14) Given the accuracy of these theoretical
calculations for PBDDs and PCDDs, it seems reasonable to expect that estimates of the
thermodynamic properties of PBDEs, from DFT calculations based on isodesmic
reactions, will be similarly accurate.

In this study, Reaction 1, which is similar to the isodesmic reaction used to calculate
thermodynamic data for the PCDDs(10) and PBDDs,(13) served as the basis for
calculating AH; and AGy for the PBDEs. In an isodesmic reaction, the number of each
type of chemical bond does not change. Therefore, systematic errors associated with, for
instance, low basis sets and incomplete correction for electron correlation, can be
cancelled out in these reactions.(18) Bromobenzene is structurally similar to a PBDE, and
the experimental values of AH; for bromobenzene and benzene are reliable.(19,20)
Compared to the direct reaction of DE with Br, or CH4Br, as described by Li et al.,(13)
Reaction 1 should lead to more accurate results, given by,

DE + nbromobenzene = PBDE + nbenzene . (1)

The enthalpy change of the reaction, AH,, is equal to the sum of the absolute enthalpies
of the products as obtained from DFT calculations minus the sum of the absolute
enthalpies of reactants,

AH, =[Hpgpe + 1 Hpepene 1= [Hpe + 0 H promonenzene I- (2)

The sum of the enthalpies of formation of the products minus that of the reactants also

yields AH,,
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AH, =[AH, ___+nAH

r

1-[AH, , +nAH 1. 3)

f benzene f bromobenzene
The AH¢ for any given PBDE was calculated by substituting the calculated enthalpies
of the respective compounds listed in Table 2.2 for the PBDE, benzene, DE, and
bromobenzene into Equation 2, and substituting the literature values of AHy listed in
Table 2.2 for benzene, DE and bromobenzene into Equation 3, eliminating AH, between
the two equations, and solving for AH¢ of PBDEs.
The same method was used to calculate AGy for the PBDEs from the calculated values

of G and the literature values of AGg listed in Table 2.2. An experimental value for AG¢ of

DE was not available; hence, eq 4 was used to calculate this quantity,

1
AGy =AH, _ —T(Spe —[12XSyppnie +5% Sy, +E>< So, D 4)

where T is the specified temperature (298.15K) and S is the entropy.

According to Zhu et al.,(14) DFT calculations produce entropy data for dibenzodioxin
(DD) and dibenzofuran (DF) that agree very well with experimental and statistical
thermodynamic values. Since DE is structurally similar to DD and DF, it is reasonable to
assume that the results obtained in the present study for DE are reliable

Results and Discussion

All of the energies and other thermodynamic quantities calculated for the 39 PBDEs
investigated in this study are listed in Table 2.1.

Conformational isomers of PBDE congeners. Because of the low energy barrier for
the phenyl rings’ rotation about the ether bond, and the rotation of phenyl rings lead to
multiple local minima on potential energy surface, each congener can have several stable

conformations. After performing DFT calculations on all of the 39 PBDE congeners, it
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was found that these stable conformations fell into three groups (Figure 2.1). Generally,
for a given congener, the conformation with the largest dihedral angle (Figure 2.1C) had
the lowest energy.

The conformational isomers for each congener differ in certain patterns. For the
congeners with bromine in the ortho positions on both phenyl rings, i.e. with 2,2’
bromines, the distance between the bromines determines the relative energy of the
isomers. For most of the congeners studied with 2,2° bromines, the conformational
isomer of any given congener with the greatest distance between the 2,2’ bromines was
the most stable.

Most of the congeners were found to have two or more conformational isomers;
however, the following were found to have only one: 4-MoBDE; 2,6-DiBDE; 4,4'-
DiBDE; 2,4,6-TrBDE; 2,4',6-TrBDE; 2,4,4',6-TeBDE; 2,2'3,4,4'-PeBDE; 2,3,4,5,6-
PeBDE; 2,3,4,4'.5,6-HxBDE; and, DecaBDE. Most of these latter congeners have
symmetric structures: either Cs symmetry (2,6-DiBDE, 2.4,6-TrBDE, 2,4'.6-TrBDE,
2,4,4'.6-TeBDE, 2,3,4,5,6-PeBDE, and 2,3,4,4'5,6-HxBDE) or C, symmetry (4,4'-
DiBDE and DecaBDE).

Energy difference between PBDE congeners. The energy differences between the
different conformations of a PBDE congener were found, in general, to be much smaller
than the energy differences between congeners within homologues (Figure 2.2). The AG¢
of the PBDE congeners also exhibit similar differences.

It was determined in an earlier study(13) that the energy differences between PBDD

congeners are strongly affected by the intramolecular halogenic repulsion, position, and



23

number. An analysis of these factors in the present study indicates that the inter-congener
energy differences for PBDEs are similarly affected.

Mono-BDE. Mono-BDE with the ortho position bromine, 2-MoBDE, is distinguished
by a higher energy than the other Mono-BDE congeners, 3-MoBDE and 4-MoBDE
(Figure 2.2A). The difference between the latter two is very small, indicating that
bromination in the meta and para positions does not yield an increase of energy as much
as the ortho-isomer. Comparison of the stability of these three congeners leads to a
quantitative estimation of the effect of bromine-position.

Di-BDE. 2,6-DiBDE is the least stable dibrominated PBDE studied (Figure 2.2B)
because it has two ortho bromines in its structure. The congeners with no ortho bromines
are more stable than those with only one ortho bromine. If the two bromines are on
separate phenyl rings, the energy is considerably lower than when both bromines are on
the same ring, for example 2,4-DiBDE vs. 2,4’-DiBDE and 3,4-DiBDE vs. 3,4’-DiBDE.
This suggests that the effect of intramolecular Br-Br repulsion on one phenyl ring is
much larger than the repulsion between the two rings.

Tri-BDE. The least stable of the tri-brominated PBDE studied is 2,4,6-TrBDE (Figure
2.2C) which has all of the bromines on the same phenyl ring and two of them in ortho-
positions. The congeners with one ortho bromine are less stable than those with no ortho
bromine: the energies of 2,3°,4-TrBDE and 2,4,4’-TrBDE are very close, as are those of
3,3’,4-TrBDE and 3,4,4’-TrBDE; this indicates that the positions of meta and para
substitution contribute similarly to the energy. The calculated energies of 2,4,4’-TrBDE

and 3,4,4’-TrBDE are nearly equal (Table 2.1) even though 2,4,4’-TrBDE has one ortho
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bromine. This result suggests that the energy-contribution from the 3,4 Br-Br repulsion in
3,4,4’-TrBDE is similar to that of the ortho bromine in 2,4,4’-TrBDE.

Tetra-BDE. The least stable tetra brominated PBDE studied is 2,2’°,4°,6-TetraBDE,
which has three ortho bromines (Figure 2.2D); the next least stable compound is
2,3°,4,6’-TetraBDE because it has two ortho bromines and two adjacent bromines on one
ring. The electronic energy of one of the conformational isomers of 2,2°,4,6’-TetraBDE
was found to be 9.96 kJ/mol higher than that of the other isomer shown in Figure 2.2D.
The former conformation is not stable and most likely converts to the more stable
conformation.

Penta-BDE, Hexa-BDE, Hepta-BDE. The least stable of the Penta-BDE congeners
studied is 2,3,4,5,6-PeBDE, which has five adjacent bromines on the same phenyl ring
(Figure 2.2E). Similarly, the least stable of the Hexa- and Hepta-BDEs studied are
2,3,4,4°,5,6-HexaBDE  (Figure 2.2F) and 2,2'3,44'5,6-HpBDE (Figure 2.2G),
respectively.

Calculated enthalpy and Gibbs free energy of formation of the PBDESs. Most of the
conformations of a given congener differ in energy by no more than 1.0 kJ/mol (Figure
2.2). Because the different conformations could exist in nature with comparable
abundances, the less stable conformations can not simply be disregarded in favor of the
most stable conformations when characterizing a congener. The energies of the various
conformations should be weighted in accordance with their relative abundances when
computing the average energy of the congener. The weighted averages of thermodynamic
data, for a congener, should be more realistic and, thus, more reliable, than simple

averages or averages that disregard the less stable conformations. The equilibrium
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constant, k, for conversion from one conformation to another can be calculated from the
difference in AG¢ between the conformations, as in the relation,

A(AG, ) =—RT In(k). (5)

Effect of bromine substitution pattern on PBDE thermodynamic properties. It has
been shown experimentally in a previous study(21) that PBDE congeners with one fully-
brominated phenyl ring, such as 2,3,4,5,6-PeBDE, 2,3.4,4',5,6-HxBDE, 2,2'3,4,4',5,6-
HpBDE, and 2,3,3',4,4'5,6-HpBDE, are the most susceptible to photochemical
decomposition among the highly brominated PBDEs. The results calculated in our study,
shown in Figures 2.2E through G, indicate that these congeners are the least stable among
the respective homologues, which is consistent with experimental observation.(21)

The dependence of PBDE thermodynamic properties on the number of bromines was
investigated. Based on the thermodynamic values calculated in this study, PBDE
congeners become less stable as the number of bromines increases (Figure 2.3A). Deca-
BDE, which has a fully brominated structure, has the highest AGy. The fitted lines for AHy
and AG¢ seem to converge at deca-BDE, but the thermodynamic data indicate that AGy is
smaller than AH¢ for deca-BDE, and thus, this perbrominated structure is entropically
unfavorable. Indeed, deca-BDE has been observed in previous studies(22,23) to be
photolytically unstable. The other 38 PBDE congeners studied here have an entropy
increase during formation. The order of stability calculated in this study (Figure 2.3A) is
in agreement with the increasing rate of PBDE decomposition with increasing numbers of

bromine reported in an early study.(22)
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The PBDDs, which have structures and physicochemical properties that are similar to
those of the PBDEs, have been extensively studied. For example, the value of AH¢ and
AGy for the PBDDs, as calculated by Li et al.(13) (Figure 2.3B), increase with successive
bromination in a manner analogous to that of PBDEs, and the congeners with one fully
brominated phenyl ring are the least stable among the PBDDs’ homologues. We can
conclude from Li’s study and, this study, that bromination of DD and DE is
thermodynamically unfavorable and that chlorination of DD is thermodynamically
favored, as stated in a previous study.(10)

In the latter study, Lee et al.,(10) based on Benson’s group additivity method
(GAM),(17) analyzed the effect of chlorination position and CI-Cl intramolecular
repulsion on the energy of formation for PCDDs. This method has been adapted in this
study to quantitatively analyze the effect of Br substitution patterns on the energy of
formation for PBDEs. All of the components of this method are listed in Table 2.3 and
illustrated schematically in Figure 2.4 for a PBDE congener. The enthalpies discussed in
the remainder of this report will be a weighted average of all of the conformations studied
for the PBDE congener in question.

AH, is the difference in enthalpy between a specific Br position in study and the most
stable position on the phenyl ring. 3-MoDE was found to be the most stable of the Mono-
BDEs so therefore, AH; is 0 kJ/mol for the meta-position. AH, and AHj are the Br-Br
repulsions in one phenyl ring and between two phenyl rings, respectively.

AH, for bromines at position 2 and 3 is calculated using the following equations:

2,3- DIBDE + DE = 2- MoBDE + 3- MoBDE, (6)
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AH 2(293) =H 2,3-DIiBDE +H DE — H 2-MoBDE H3—MoBDE . (7)
The calculation of AH; for bromines at the position 2 and 2’ is demonstrated by the

following equations:
2,2'- DIBDE + DE = 2- MoBDE + 2- MoBDE, (8)
AH;(2,2")=H,, pigoe + Hpe =2 H), yogoe - )

Additional DFT calculations were performed for the enthalpies of 2,3-DiBDE, 2,5-
DiBDE, 3,5-DiBDE, 2,2'-DiBDE, 2,3'-DiBDE, and 3,3'-DiBDE (Table 2.4) because they
were not among the 39 congeners initially studied.

The results of the group additivity approach for the 39 congeners are shown in Table
2.5. In this table, relative AHy DFT is the difference in AH¢ (from DFT calculation)
between the congener in question and the first congener in its homolog group (Figure
2.5A through 5G). Relative AHf GAM is the difference of the sum of AH;, AH, and AH;
for the same congener compared to the first congener of the homolog group. Plotting the
values of relative AHy DFT and relative AHr GAM together on the same bar graph (Figure
2.5) shows that GAM predicts essentially the same effect of a given bromine substitution
pattern on thermodynamic properties as does the corresponding DFT calculation.
However, some congeners, especially for those with two ortho bromines on a same
phenyl ring, the differences between relative AH¢ DFT and relative AHf GAM are fairly
great, which may due to the fact that GAM model can not describe the thermodynamic
properties as accurate as DFT method, especially for ortho bromines.

Intramolecular repulsion causes the AHs to increase nonlinearly with increasing number

of bromines. This is reflected in the positive non-linear curvature of a plot of DFT
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calculated AHy vs. bromine number (Figure 2.6). Furthermore, the congeners with the
same number of bromines also differ due to various substitution positions and different
repulsion effects. This is also demonstrated in Figure 2.6 by the scattered points for the
DFT calculated values.

It is of interest to look at the trend of AH¢ without considering the Br substitution
position and intramolecular Br-Br repulsion. GAM corrected AHy is the result of AHy
from DFT calculation subtracted by the sum of AH;, AH, and AH;. In contrast to the
curve of AH¢ from DFT calculation, the values of GAM corrected AHy fall very well on a
straight line when plotted against the number of bromines (Figure 2.6). The collapse of
AHg¢ values on to a straight line indicates that the correction from GAM eliminates the
difference between congeners with the same degree of bromination. The slope of the line
resulting from linear regression implies that the AHy increases 21.98 kJ/mol for each
addition of a single bromine when the substitution position and intramolecular repulsion
are not considered.

By using the reaction,

DE + bromobenzene = 3- MoBDE + benzene, (10)
the change in enthalpy due to bromination of DE at the 3-position can be calculated. The
product of this reaction, 3-MoBDE, has the substitution position of lowest energy and can
not exhibit any effect due to intramolecular Br-Br repulsion. The increase of AH;in going
from DE to 3-MoBDE is 23.85 kJ/mol, which is only 1.87 kJ/mol more than predicted by
the slope obtained from AHy GAM corrected versus Br number (Figure 2.6). The
consistency between the results from GAM model and those obtained from DFT

calculation give credence to the latter’s use for calculating the thermodynamic properties
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of PBDESs. The linear correlation between the GAM corrected AH¢ and bromine number
makes it possible to predict AH; for any PBDE congeners.

Conclusions

After optimization by DFT calculation, the geometries of the 39 PBDE congeners
studied all fall into the three groups (Figure 2.1). It is likely that other undiscovered
conformations may exist for some of these PBDE congeners; however, the
thermodynamic properties calculated in this study should not be affected by the missing
conformations because the energy differences between different conformations of PBDE
congeners are much smaller than the energy differences within homologues.

Use of the isodesmic reaction is a valid method for predicting the enthalpy and Gibbs
free energy of formation of PBDEs from the results of DFT calculations and from known
experimental values for other compounds. GAM yields results that are consistent with
DFT calculation. The GAM model describes the effect of Br substitution pattern very
well and can be potentially useful in predicting the thermodynamic properties of all of the
209 PBDE congeners.
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Figure 2.1. Stable conformations of PBDE congeners (X = H or Br): (A) the planes of
the phenyl rings form an acute angle (65-70°); (B) the planes form a dihedral close to a
right angle, with one phenyl ring in the same plane as the C-O-C bond and the other ring
perpendicular to the ether plane (82-90°); (C) the planes form an obtuse dihedral angle

(91-110°).
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Figure 2.2. AH¢ for the studied conformations of PBDEs from DFT calculation, with
congeners in homologue groups displayed in A through G. For the congeners with more
than one conformation isomer, “#2” was added to the congener name representing the
second conformation, “#3” for the third conformation, and so on.
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Congener Congener name * E./Hartree H/Hartree G/Hartree AHgkJ/m AG¢k)/m S/J/mo Relative H Average
number ol ol 'K abundanc /Hartree
BDE-1 2-MoBDE -3109.61470 -3109.42678 -3109.47944 82.72 189.05 463.28 0.7201 -3109.42678
2-MoBDE #2 -3109.61480 -3109.42678 -3109.47975 82.71 188.24 465.98 1
BDE-2 3-MoBDE -3109.61737 -3109.42944 -3109.48235 75.73 181.40 465.51 1 -3109.42939
3-MoBDE #2 -3109.61724 -3109.42933 -3109.48206 76.02 182.15 463.95 0.7371
BDE-3 4-MoBDE -3109.61707 -3109.42909 -3109.48222 76.64 181.76 467.37 1 -3109.42909
BDE-7 2,4-DiBDE -5680.71757 -5680.53828 -5680.59532 110.89 204.50 501.78 0.4331 -5680.53845
2,4-DiBDE #2 -5680.71792 -5680.53853 -5680.59611 110.22 202.43 506.50 1
BDE-8 2,4-DiBDE -5680.71905 -5680.53971 -5680.59705 107.13 199.94 504.47 1 -5680.53954
2,4-DiBDE #2 -5680.71878 -5680.53936 -5680.59698 108.06 200.13 506.94 0.9246
BDE-10 2,6-DiBDE -5680.71609 -5680.53675 -5680.59415 114.90 207.55 505.02 1 -5680.53675
BDE-12 3,4-DiBDE -5680.71811 -5680.53880 -5680.59610 109.52 202.44 504.07 0.9072 -5680.53873
3,4-DiBDE #2 -5680.71795 -5680.53867 -5680.59619 109.85 202.20 506.01 1
BDE-13 3,4-DiBDE -5680.72109 -5680.54179 -5680.59936 101.65 193.87 506.45 1 -5680.54183
3,4-DiBDE #2 -5680.72117 -5680.54187 -5680.59932 101.46 193.99 505.40 0.9545
BDE-15 4,4'-DiBDE -5680.72094 -5680.54160 -5680.60034 102.16 191.30 516.77 1 -5680.54160
BDE-17 2,2'4-TrBDE -8251.81967 -8251.64892 -8251.71022 141.31 222.50 539.31 1 -8251.64879
2,2',4-TrBDE #2 -8251.81931 -8251.64859 -8251.70984 142.17 223.50 538.82 0.6665
BDE-25 2,3'4-TrBDE -8251.82173 -8251.65113 -8251.71329 135.51 214.44 546.87 0.9197 -8251.65120
2,3'4-TrBDE #2 -8251.82187 -8251.65127 -8251.71337 135.14 214.23 546.31 1
BDE-28 2,4,4-TrBDE -8251.82164 -8251.65093 -8251.71267 136.03 216.07 543.13 0.5370 -8251.65084
2,4,4-TrBDE #2 -8251.82154 -8251.65080 -8251.71326 136.39 214.53 549.49 1
BDE-30 2,4,6-TrBDE -8251.81790 -8251.64725 -8251.70946 145.69 22451 547.23 1 -8251.64725
BDE-32 2,4',6-TrBDE -8251.82020 -8251.64944 -8251.71165 139.96 218.75 54731 1 -8251.64944
BDE-33 2',3,4-TrBDE -8251.81988 -8251.64924 -8251.71090 140.49 220.73 542.46 0.7232 -8251.64935
3,4-TrBDE #2 -8251.82012 -8251.64943 -8251.71120 139.97 219.92 543.42 1
BDE-35 3,3'4-TrBDE -8251.82174 -8251.65114 -8251.71319 135.47 214.71 545.83 1 -8251.65110
3,3'4-TrBDE #2 -8251.82162 -8251.65106 -8251.71314 135.70 214.84 546.17 0.9504
3,3'4-TrBDE #3 -8251.82170 -8251.65111 -8251.71301 135.55 215.17 544.57 0.8317
3,3'4-TrBDE #4 -8251.82171 -8251.65109 -8251.71305 135.61 215.07 545.06 0.8631
BDE-37 3,44-TrBDE -8251.82159 -8251.65095 -8251.71292 135.98 215.41 545.20 0.9091 -8251.65097
3,4,4-TrBDE #2 -8251.82163 -8251.65098 -8251.71301 135.90 215.17 545.73 1
BDE-47 2,2',4,4'-TeBDE -10822.92214 -10822.76001 -10822.82656 170.57 236.73 585.54 1 -10822.76005
2,2',4,4'-TeBDE #2 -10822.92241 -10822.76015 -10822.82570 170.20 239.01 576.64 0.3988
BDE-49 2,2'4,5'-TeBDE -10822.92236 -10822.76032 -10822.82622 169.75 237.62 579.78 0.8290 -10822.76043
774 SLTRNE #) -10877 07748 _10879 7ANS) _10879 744N 14072 737 14 570 &8 1
BDE-51 2,2'4,6'-TeBDE -10822.92134 -10822.75917 -10822.82428 172.76 242.74 572.73 1 -10822.75917
2,2',4,6'-TeBDE #2 -10822.91732 -10822.75538 -10822.82043 182.72 252.83 572.30 0.0171
BDE-66 2,3'4,4'-TeBDE -10822.92233 -10822.76035 -10822.82672 169.67 236.33 583.83 0.8604 -10822.76040
2,3',4,4'-TeBDE #2 -10822.92243 -10822.76045 -10822.82686 169.42 235.96 584.25 1
BDE-71 2,3'4',6-TeBDE -10822.92113 -10822.75905 -10822.82573 173.08 238.93 586.58 1 -10822.75897
2,3',4',6-TeBDE #2 -10822.92093 -10822.75889 -10822.82566 173.51 239.11 587.40 0.9285
BDE-75 2,4,4',6-TeBDE -10822.92191 -10822.75987 -10822.82692 170.92 235.80 589.81 1 -10822.75987
BDE-77 3,3',4,4'-TeBDE -10822.92197 -10822.76005 -10822.82656 170.46 236.73 585.14 1 -10822.76005
3,3',4,4'TeBDE #2 -10822.92201 -10822.76006 -10822.82618 170.44 237.74 581.69 0.6658
BDE-85 2,2',3,4,4'-PeBDE -13394.01961 -13393.86611 -13393.93563 212.90 270.05 611.60 1 -13393.86611
BDE-99 2,2',4,4'5-PeBDE -13394.02239 -13393.86883 -13393.93878 205.78 261.80 615.37 0.5186 -13393.86888
2,2',4,4',5-PeBDE #2 -13394.02199 -13393.86864 -13393.93879 206.27 261.76 617.17 0.5274
2,2',4,4'5-PeBDE #3 -13394.02247 -13393.86904 -13393.93940 205.23 260.17 618.99 1
BDE-100 2,2',4,4',6-PeBDE -13394.02209 -13393.86954 -13393.93709 203.91 266.22 594.29 1 -13393.86891
2,2',4,4',6-PeBDE #2 -13394.01915 -13393.86590 -13393.93561 213.45 270.11 613.22 0.2077
BDE-116 2,3,4,5,6-PeBDE -13394.00976 -13393.85689 -13393.92705 237.13 292.60 617.20 1 -13393.85689
BDE-119 2,3'4,4',6-PeBDE -13394.02246 -13393.86911 -13393.94020 205.03 258.07 625.36 0.5567 -13393.86919
2.3'4.4'6-PeBDE #2 -13394.02259 -13393.86923 -13393.94075 204.72 256.62 629.19 1
BDE-128 2.2'3.3'4.4-HxBDE -15965.11633 -15964.97190 -15965.04592 256.09 300.18 651.20 1 -15964.97194
X -15965.11668 -15964.97201 -15965.04556 255.78 301.13 647.00 0.6823
BDE-138 -15965.11940 -15964.97459 -15965.04831 249.02 293.91 648.52 0.4841 -15964.97470
-15965.11938 -15964.97476 -15965.04899 248.57 292.11 653.05 1
BDE-140 -15965.11999 -15964.97539 -15965.04926 246.91 291.40 649.89 1 -15964.97535
-15965.11568 -15964.97126 -15965.04497 257.76 302.67 648.47 0.0106
BDE-153 X -15965.12222 -15964.97731 -15965.05152 241.89 285.47 652.93 0.1495 -15964.97670
2,2',4,4'5,5-HxBDE -15965.12136 -15964.97661 -15965.05332 243.72 280.76 674.83 1
BDE-154 2,2',4,4',5,6'-HxBDE -15965.12294 -15964.97819 -15965.05235 239.56 283.29 652.45 1 -15964.97812
2,2',4,4',5,6'-HxBDE -15965.11912 -15964.97455 -15965.04863 249.11 293.06 651.70 0.0194
BDE-166 2,3,4,4',5,6-HxBDE -15965.11356 -15964.96928 -15965.04402 262.95 305.16 657.51 1 -15964.96928
BDE-181 2,2'3,4,4',5,6-HpBDE -18536.21440 -18536.07879 -18536.15675 296.36 328.88 685.88 1 -18536.07872
2,2'3,4,4',5,6-HpBDE -18536.21061 -18536.07514 -18536.15293 305.95 33891 684.37 0.0174
BDE-183 2,2'3,4,4,5',6-HpBDE -18536.21938 -18536.08345 -18536.16163 284.11 316.06 687.76 0.8613 -18536.08353
2,2'3,4,4,5',6-HpBDE -18536.21961 -18536.08367 -18536.16177 283.55 315.69 687.12 1
2,2'3,4,4,5',6-HpBDE -18536.21576 -18536.08002 -18536.15819 293.12 325.10 687.69 0.0225
BDE-190 2,3,3',4,4',5,6-HpBDE -18536.21395 -18536.07840 -18536.15751 297.39 326.90 695.96 0.5131 -18536.07848
2,3,3',4,4',5,6-HpBDE -18536.21407 -18536.07853 -18536.15814 297.05 325.24 700.36 1
BDE-209 DecaBDE -26249.50214 -26249.39314 -26249.48288 433.79 431.67 789.54 1 -26249.39314

* For the congeners

with more than one conformation isomer, “#2” was added to the
congener name representing the second conformation, “#3” for the third conformation,
and so on. The relative abundance is 1 for the most stable conformation of a congener.

Table 2.2. Thermodynamic Data used to Calculate AH¢ and AGy of PBDEs



DE bromobenzene benzene graphite |H, 0,
H/Hartree -538.31625" -2803.25621° -232.14255°
AH/kJ/mol 52.0° 105.4° 82.9¢
G/Hartree -538.36453" -2803.29372° -232.17535°
AG/kJ/mol 171.04384° 138.6° 129.7¢
S/J/mol-K 425.22501° 57 1130.79] 205.2¢

* data from DFT calculation. ° calculated from Equation 4. ¢ data from reference 19.

data from reference 20. ©data from reference 13.
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Table 2.3. Group Additivity Components for PBDEs
Name Definition Calculated by Example
grllihal dlfizrtenncaere d ig comparing the enthalpy of 2- |0 kJ/mol for meta
AH, o pgsiﬁon (f)’n henn] | MOBDE,  3-MoBDE and  4- | 6.86 kJ/mol for ortho
ring p PRENYH ! MoBDE 0.79 kJ/mol for para
intramolecular Br-Br | isodesmic reactions of 2,3-DiBDE,
AH, repulsion in one phenyl | 2,4-DiBDE, 2,5-DiBDE, 2,6- | Equation (6)(7)
ring DiBDE, 3,4-DiBDE, 3,5-DiBDE
htramolecular Br-Br isodesmic  reactions of 2,2’-
AH ;e Ision ubetween t- o | DIBDE, 2,3*-DiBDE, 2,4"-DiBDE, Equation (8)(9)
3 psiof WO | 33 DiBDE, 3.4-DiBDE, 44- | "
phenyl rings DiBDE
Table 2.4. Enthalpies of Additional PBDE Congeners
Congeners H/Hartree
2,3-DiBDE -5680.53625
2,5-DiBDE -5680.53891
3,5-DiBDE -5680.54124
2,2’-DiBDE -5680.53684
2,3’-DiBDE -5680.53954
3,3’-DiBDE -5680.54194




Table 2.5. Enthalpy Data of Position and Repulsion Effects for PBDE Congeners
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Congener Name AH; Relative AH; AH, AH, AH; Relative AH;
DFT GAM
kJ/mol
2-MoBDE 82.72 0.00 6.86 0.00 0.00 0.00
3-MoBDE 75.85 -6.86 0.00 0.00 0.00 -6.86
4-MoBDE 76.64 -6.07 0.79 0.00 0.00 -6.07
2,4-DiBDE 110.42 0.00 7.65 3.06 0.00 0.00
2,4'-DiBDE 107.57 -2.85 7.65 0.00 0.22 -2.85
2,6-DiBDE 114.90 448 13.73 1.47 1.23 5.71
3,4-DiBDE 109.69 -0.73 0.79 9.20 0.00 -0.73
3,4-DiBDE 101.56 -8.86 0.79 0.00 1.06 -8.86
4,4'-DiBDE 102.16 -8.26 1.58 0.00 0.88 -8.26
2,2'4-TrBDE 141.66 0.00 14.52 3.06 1.44 0.00
2,3'4-TrBDE 135.32 -6.34 7.65 3.06 2.07 -6.24
2,4,4'-TrBDE 136.26 -5.39 8.44 3.06 1.09 -6.42
2,4,6-TrBDE 145.69 4.03 14.52 7.60 0.00 3.09
2,4',6-TrBDE 139.96 -1.70 14.52 1.47 0.44 -2.60
2'3,4-TrBDE 140.19 -1.47 7.65 9.20 1.22 -0.95
3,3'4-TrBDE 135.58 -6.07 0.79 9.20 2.63 -6.41
3,4,4-TrBDE 135.94 -5.72 1.58 9.20 1.94 -6.31
2,2'4,4'-TeBDE 170.47 0.00 15.31 6.13 2.54 0.00
2,2'4,5'-TeBDE 169.46 -1.00 14.52 5.73 3.51 -0.21
2,2'4,6'-TeBDE 172.93 2.46 21.38 4.54 2.89 4.83
2,3'4,4'-TeBDE 169.67 -0.80 8.44 12.26 3.16 -0.11
2,3'4',6-TeBDE 173.29 2.82 14.52 10.67 2.45 3.66
2,4,4',6-TeBDE 170.92 0.46 15.31 7.60 1.31 0.25
3,3',4,4'-TeBDE 170.45 -0.01 1.58 18.39 4.57 0.57
2,2'3,4,4'-PeBDE 212.90 0.00 15.31 24.96 4.61 0.00
2,2'4,4' 5-PeBDE 205.64 -7.26 15.31 17.99 4.61 -6.97
2,2'4,4' 6-PeBDE 205.55 -7.35 22.17 10.66 3.98 -8.06
2,3,4,5,6-PeBDE 237.13 24.22 14.52 54.02 0.00 23.66
2,3'4,4' 6-PeBDE 204.84 -8.07 15.31 16.80 4.39 -8.38
2,2'3,3',4,4'-HxBDE 255.96 0.00 15.31 43.79 8.24 0.00
2,2'3,4,4'5'-HxBDE 248.72 -1.25 15.31 36.82 8.24 -6.97
2,2'3,4,4'6'-HxBDE 247.03 -8.94 22.17 29.50 7.06 -8.61
2,2'4,4'5,5'-HxBDE 243.48 -12.49 15.31 29.86 8.24 -13.94
2,2'4,.4'5,6'-HxBDE 239.75 -16.22 22.17 22.53 7.06 -15.58
2,3,4,4',5,6-HxBDE 262.95 6.98 15.31 54.02 3.44 542
2,2'.3,4,4',5,6-HpBDE 296.53 0.00 22.17 57.08 8.12 0.00
2,2'3,4,4'5',6-HpBDE 283.92 -12.61 22.17 44.03 10.69 -10.48
2,3,3',4,4',5,6-HpBDE 297.17 0.64 15.31 63.21 9.64 0.79
DecaBDE 433.79 0.00 29.03 108.03 25.20 0.00
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Abstract

With the phase-out of the manufacture of some polybrominated diphenyl ether (PBDE)
formulations, namely penta-BDE and octa-BDE, and the continued use of the deca-BDE
formulation, it is important to be able to predict the photodegradation of the highly
brominated congeners. A model was developed and validated to predict the products,
and their relative concentrations, from the photodegradation of PBDEs. The enthalpies of
formation of the 209 PBDE congeners were calculated and the relative reaction rate
constants were obtained. The predicted reaction rate constants for PBDEs show linear
correlation with previous experimental results. Because of their large volume use, high
concentrations in the environment, and/or importance in the photodegradation of the
deca-BDE formulation, BDE-209, BDE-184, BDE-100 and BDE-99 were chosen for
further UV photodegradation experiments in isooctane. The photodegradation model
successfully predicted the products of the photochemical reactions of PBDEs in
experimental studies. A GC retention time model for PBDEs was developed using a
multiple linear regression analysis and, together with the photodegradation model and
additional PBDE standards, provided a way to identify unknown products from PBDE
photodegradation. Based on the results of the photodegradation experiments, as well as
the model predictions, it appears that the photodegradation of PBDEs is a first order
reaction and, further, that the rate determining step is the stepwise loss of bromine. Our
results suggest that, over time, BDE-99 will remain as the most abundant penta-BDE,
while BDE-49 and BDE-66 will increase greatly and will be comparable in abundance to

BDE-47.
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Introduction

Polybrominated diphenyl ether (PBDE) flame retardants are widely used in consumer
products to reduce flammability (/). Increasing consumer use has led to increasing PBDE
concentrations in the environment and the human body (2-5). Because of their potential
toxicity (6,7), the use of penta-BDE and octa-BDE formulations has been banned in
Europe and voluntarily phased out in the U.S. (§). However, with the continued use of the
deca-BDE formulation, large quantities of PBDEs are still being released into the
environment. BDE-209, the major ingredient of deca-BDE technical mixture, has been
reported to photodegrade under UV and natural sunlight to give lower PBDEs, including
the banned penta and octa-BDEs (9,/0). This finding has led to a need for a model to
explain and predict the products of the photodegradation of PBDEs and their relative
abundances. In our previous study, the enthalpies of formation of 39 PBDE congeners
were calculated using Gaussian 03 and a Group Additivity Method (GAM) was
developed (/7). This made it possible in the current study to predict the stability of all
209 PBDE congeners using the GAM model and develop a photodegradation model to
predict the relative abundances of their photodegradation products.

Previous studies on the photodegradation rate of PBDEs have been conducted
(9,10,12,13). However, the identification and interpretation of products and reaction
pathways has been limited. In one of the studies, BDE-209 and 14 other PBDE

congeners were shown to undergo first order photodegradation reactions and stepwise
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loss of bromine (9). Bezares-Cruz et al. proposed a limited reaction pathway for BDE-
209 photodegradation to BDE-47 (10).

To better understand PBDE photodegradation and validate the photodegradation model,
experiments were conducted on the photodegradation of BDE-209, BDE-184, BDE-100
and BDE-99 under UV light. BDE-209 is the major ingredient of deca-BDE technical
mixture which is still being used in large quantity; BDE-184 is one of the previously
unreported products of BDE-209 photodegradation; BDE-100 and BDE-99 are the major
penta-BDEs detected in the environment (3-5). The stepwise debromination to form
lower BDE congeners was monitored and products identified using gas
chromatography/mass spectrometry (GC-MS), a new PBDE GC retention time model,
and PBDE standards (/4) (/5). In this study, the relative abundances of PBDE
photodegradation products from experiments were compared to those predicted by the
photodegradation model. Specifically, these calculations and the model indicate that
bromine dissociation energy is correlated with the photodegradation energy barrier, a
relationship that can be used to predict the photodegradation products and their relative
abundances.

Experimental section

Chemicals

A standard mixture of 39 PBDEs was obtained from Cambridge Isotope (/4).
Individual standards of BDE-99, 100, 121, 140, 146, 148, 168, 184, 196, 197, 203, 206,

207, 208 were purchased from AccuStandard. BDE-209 was purchased from Aldrich.
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Some of the PBDE photodegradation products, which were not identified using the above
standards, were confirmed with an additional 126 individual PBDE congeners (735).

Methods

UV Photodegradation studies were conducted using a Rayonet RPR-100 photochemical
reactor with RMR-2537A (250nm) UV lamps purchased from Southern New England
Ultra Violet Company. PBDE congeners were dissolved in isooctane and these solutions
were irradiated in sealed quartz vials. Isooctane was chosen as the solvent because the
PBDE standards were purchased in isooctane and previous studies in hexane (/0) and
toluene (/2) have shown that organic solvent type does not affect the PBDE
debromination pattern (/2). Isooctane has been previously used to study the
photodegradation of chlorinated dioxins (/6). Starting concentrations of BDE-99, BDE-
100, and BDE-184 were 1 to 10 pmol/L and the BDE-209 solution was saturated at 196
pmol/L. The irradiated samples were analyzed using a JEOL GC mate II GC-HRMS in
electron capture negative ionization (ECNI) mode. The GC column was a 30m J&W DB-
5 column (0.25mm L.D. and 0.25pm film thickness), and the GC temperature program
was: 100°C (hold for 1 min); 10°C/min to 320°C (hold for 27 min). The temperatures of
the splitless injector, GC interface, and ion source were 280°C, 250°C and 250°C,
respectively. The PBDE congeners were quantified using external calibration. PBDE
congeners without available standards were quantified using the average ECNI response
of the homologous PBDE group.

Multiple linear regression analysis was used to predict the GC retention time of the

photodegradation products. AH;, the number of ortho-, meta-, and para-bromines,
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polarizability, highest occupied molecular orbital (HOMO) energy, lowest unoccupied
molecular orbital (LUMO) energy, dipole moment, and natural logarithm of molecular
weight (In(MW)) were included in the GC retention time model as molecular descriptors.
All of the molecular descriptors, except for In(MW) were obtained using Gaussian 03 (/7)
on the B3LYP/6-31G(d)//B3LYP/6-31G(d) level, which is much more precise than the
results obtained by semi-empirical methods (/8-20). Molecular descriptors, such as AHy,
polarizability, HOMO, LUMO, and especially dipole moments, are different for different
conformational isomers of a given PBDE congener. These molecular descriptors were
averaged for PBDE congeners that had more than one stable conformation.

Photodegradation Model
The enthalpies of formation of all 209 PBDE congeners were obtained using a
previously developed GAM model (/7). Briefly, for a specific PBDE congener:

AH , (kJ  mol) = 21.979 x BrNumber +56.569 + AH, + AH,, + AH.,. (1)

AH, is the difference in enthalpy between the specific Br position in question and the
most stable position on the phenyl ring; AH, and AH; are the energies due to repulsion,
respectively, between two bromines on one phenyl ring and between two bromines on
opposite phenyl rings (/1).

As a unimolecular reaction, the photodegradation of a PBDE is a pseudo-first-order
reaction according to Lindemann theory (27). In the model developed in this study, the
photodegradation of a PBDE congener is presumed to proceed by detachment of a

bromine, followed by addition of H from a H-donor. The loss of bromine is the rate
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determining step. In the photodegradation of PBDEs, the reaction rate of a specific PBDE

congener i is:

_ L] [’ = Sk [i]- k! @)

Zk - zal/ i 3)
In Eqn 2, [i] is the concentration of the PBDE congener i, and Zki is the total

degradation rate constant for PBDE congener i. Since i can also be a product of higher

PBDE congener (k) degradation, the reaction rate of i also included — &, k;[h] in Eqn 2,
in which [4]is the concentration of the parent PBDE congener, k; is the rate constant for
h degradation to i, and ¢,; is the number of equivalent pathways for the degradation of /
to i. Zki is calculated in Eqn 3 where &/ is the reaction rate constants for i degradation
to the lower PBDE j and ¢, is the number of equivalent pathways for the degradation of

i toj. For example, in the photodegradation of BDE-209, the reaction rate of BDE-209 is

expressed:
_d [209 = >k, x[209], (4)
D sy =2xbkys +4x bz +4x ks (5)

Similarly, BDE-208, which is one of the products of BDE-209 photodegradation,
photodegrades to produce BDE-198, BDE-199, BDE-200, BDE-201, and BDE-202 at the
rate

d[208]
dt

= kygs X[208] = 2 x kg x[209] (6)
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where
D s = 2% kg +2x ko +2x kg +2x kg + ks (7)

The photodegradation rate constant can be calculated from the following expression:

k= Ax exp[_Rl;aj (8)

where A4 is a pre-exponential factor and Ea is the bromine dissociation energy. To
simplify the model, we assume the 4 and T are the same for all 209 PBDE congeners;
therefore, the rate constant is only correlated to Ea. Also, the positional isomerization that
is possible during debromination is not likely to occur because of the excessive energy
required. For example, for the two photodegradation pathways BDE-209 to BDE-207 and

BDE-209 to BDE-208, the ratio of reaction rates would be:

)

k22(§)97 - D(C - Br)meta + D(C - Bl") para
RT ’

in which D(C-Br),4rq and D(C-Br) e, are the bond dissociation energies of para and meta
C-Br bonds in BDE-209. The difference in 4Hj, as given by Eqn 1, between BDE-208
and BDE-207 is equivalent to the difference in bond dissociation energies between the
para and meta C-Br bonds of BDE-209:

~D(C ~ Br) g + D(C = Br) 1 = ~AH 10 + AH ;5. (10)

meta para

Eqn 9 and 10 together give:

(11)

kzzgg —ex AH_/’207_AH_/'208
k2% —RT '

For all the PBDEs, a general expression of Eqn 11 is:
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= (12)

k! AH , —AH ,
—h.—exp —f g .
i

Because the model in this study provides the ratio of the rate constants between different
reaction pathways, the photodegradation rate constants are all relative rate constants. To
predict the photodegradation of PBDEs in experiments, at least one experimental value of
the rate constant must be known. In all cases of our study, that is the degradation rate
constant of the reactant PBDE.

A Visual BASIC program was developed to calculate the relative abundances of
reactant and photodegradation products by calculating the change in the concentration
over a small time interval:

—d[i1= >k, x[i]— e, ki [t . (13)
The initial concentration and experimental rate constant of the reactant PBDE were used
in this model to estimate the final concentration at a specific reaction time.

Results and Discussion

Calculated Enthalpy of formation of PBDE congeners

We have previously shown that the GAM model yields values for AHy that are
consistent with those calculated using a density functional theory (DFT) method in
Gaussian 03 at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level for 39 PBDEs (/7).
Therefore, AH¢ values for each of the 209 PBDE congeners were calculated using the
GAM model (/7) and are shown in Figure 3.1. Among homologue groups, the higher
energy PBDE congeners tend to have more adjacent bromines and more ortho bromines

than other PBDE congeners, for example, BDE-1 (2-monoBDE), BDE-5 (2,3-diBDE),
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BDE-21 (2,3,4-triBDE), BDE-24 (2,3,6-triBDE), BDE-61 (2,3,4,5-tetraBDE), BDE-62
(2,3,4,6-tetraBDE), BDE-116 (2,3.,4,5,6-pentaBDE), BDE-142 (2,2,’3,4,5,6-hexaBDE),
BDE-173 (2,2’,3,3°,4,5,6-heptaBDE), and BDE-195 (2,2°,3,3°,4,4’,5,6-octaBDE).
However, some PBDE congeners with the highest number of ortho bromines, for
example BDE-54 (2,2°,6,6’-tetraBDE), BDE-96 (2,2°,3,6,6’-pentaBDE), and BDE-
155(2,2°,4,4°,6,6’-hexaBDE), do not have the highest energies. Clearly, repulsion
energies, caused by adjacent bromine atoms, make the greatest contribution to AH¢ within
a homologous PBDE group.

In general, the PBDE congeners with the lowest energies among homologues are the
congeners with lowest number of adjacent bromines and lowest number of ortho
bromines, examples include BDE-11 (3,3’-diBDE), BDE-13 (3,4’-diBDE), BDE-36
(3,3’,5-triBDE), BDE-39 (3,4’,5-triBDE), BDE-80 (3,3°,5,5’-tetraBDE), BDE-120
(2,3°,4,5,5-pentaBDE), BDE-121 (2,3°,4,5,6’-pentaBDE), BDE-155 (2,2°,4,4°,6,6’-
hexaBDE), BDE-184 (2,2°,3,4,4°,6,6’-heptaBDE), and BDE-197 (2,2°,3,3°,4,4°,6,6 -
octaBDE). However, among these examples, BDE-155, BDE-184 and BDE-197 are fully
ortho-brominated. Therefore, it appears that ortho bromine substitution does not
contribute to the energy as much as adjacent bromine substitution does.

It should be noted that the most abundant PBDE photodegradation products are not
always the most stable congeners. For example, of the penta-BDEs, the AH; for BDE-99
is slightly higher than the AH; for BDE-121 and BDE-120. Never the less, experiments
show that BDE-99 is the most abundant penta-BDE product resulting from BDE-209

photodegradation (/0), which indicates that photodegradation of BDE-209 follows
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certain reaction pathways and that the stability is not the only factor to decide the relative
abundance of the photodegradation products. The possible photodegradation products of
PBDE congeners, and their relative abundances, can be predicted from the calculated
values of AHy for all 209 PBDEs assuming that the positional isomerization, which
requires substantial energy, does not occur.

GC retention time prediction of photodegradation products

To obtain reliable predictions of the photodegradation product GC retention times, it
was necessary to use eight molecular descriptors of physicochemical properties.
Specifically, the following linear expression was used to predict PBDE photodegradation
product GC retention times:

Retention time(min) = By + 1 xAHy + B2 xpolarizability + f3xHOMO + p4<LUMO +

LsxIn(MW) + psxortho bromine + 7 Xpara bromine + fs>xmeta bromine + foXdipole

moment (14)

where AHr is the enthalpy of formation in kJ/mol; polarizability is the average
molecular polarizability in a.u.; HOMO and LUMO are molecular orbital energies in eV;
In(MW) is the natural logarithm of molecular weight; ortho bromine, para bromine, and
meta bromine are the number of bromines at ortho, para and meta bromines respectively;
dipole moment is the average dipole moment in Debye; and Sy to Sy are empirically
determined by multiple linear regression, and are, therefore, specific for the DB-5 column
and GC temperature program used in this study. Previous GC retention time models have
been used to identify the number of bromines on an unknown PBDE congener (/8-20).

However, these models can not be used to identify PBDEs within a homologous group. In
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contrast, values computed from Eqn 14 for 47 of the PBDEs (Table 3.1) show good
linearity and, in particular, within homologous groups (R*=0.9939, P<0.0001) (Figure
3.2A). The values of ) to Sy in Figure 3.2A are -27.3227, 0.0586, 0.0027, -15.6492,
19.6598, 5.5465, -1.1053, -0.4677, 0.0141, and 0.2243, respectively. A residual plot
(Figure 3.2B) shows that, with only two exceptions, the predicted GC retention times are
within 0.6 min of their corresponding measured retention times and there is no systematic
trend. The outliers, BDE-168 (2,3',4,4',5',6-hexaBDE) and BDE-196 (2,2',3,3'4,4',5,6'-
octaBDE), have one of the greatest dipole moments (2.33 Debye and 1.74 Debye,
respectively) within their homologue groups.

PBDE photodegradation model validation

In a recent study (22), quantitative structure-property relationship (QSPR) models were
used to predict the photodegradation rates of 15 PBDEs based on experimental reaction
rate (9); however, the photodegradation rates for the remaining 194 PBDEs were not
predicted. In this study, the photodegradation rate constants of the 208 PBDE congeners
that are potential photodegradation products of BDE-209 were calculated using Eqns 3
and 12 relative to an arbitrarily assigned rate constant of 1 min™ for BDE-209 (Table 3.2).
From among these values, 15 congeners were plotted (Figure 3.3) against the
corresponding photodegradation rate constants measured in methanol/water (80/20) under
UV light (9). The linear correlation between the experimental rate constants (9) and those
predicted from Eqn 2 and 13 is good (R?=0.8958, P<0.0001) (Figure 3.3).

Using Eqn 13, the abundances of hepta-BDEs relative to total PBDE concentration

were computed at different reaction times (Figure 3.4). The predicted relative abundance
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of PBDE congeners was inversely correlated with their AHy at short reaction time (Figure
3.4A compared to the hepta-BDE in Figure 3.1). However, at longer reaction times, the
congeners with the slowest total degradation rates had the highest relative abundance
(BDE-187 and 188) (Figure 3.4B).

A recent study (/3) reported the time profile for the photodegradation products of
several PBDE congeners, namely BDE 47, BDE 100, BDE 99, BDE 154 and BDE 153,

coated on a Solid Phase Micro Extraction (SPME) fiber and irradiated with simulated

sunlight. Using the rate constants from their study (kao = 0.096min”" and ka =

0.401min™") (13), we calculated the photodegradation time profile of BDE-100 and BDE-
153 (Figure 3.5A and 3.5B). Using our photodegradation model, we also predicted the
photodegradation of BDE-209 from previous studies (/0,/2). Using the reported rate
constants, the prediction of the solar photodegradation of BDE-209 in hexane (/0) is
shown in Figure 3.5C and the prediction of the photodegradation of BDE-209 on silica
gel under UV-light (/2) is shown in Figure 3.5D. When compared to the corresponding
literature results (/0,12,13), our photodegradation model predicts PBDE
photodegradation time profiles under different conditions very well.

Photodegradation experiments and model predictions

Using our theoretical model of PBDE photodegradation and GC retention time
prediction, we conducted laboratory photodegradation experiments on BDE-209, BDE-
184, BDE-100 and BDE-99 to better understand PBDE photodegradation time profiles.
BDE-184 has not been previously reported to be a photodegradation product of BDE-209.

However, BDE-184 is one of the predicted important BDE-209 photodegradation
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products (Figure 3.4), and the prediction was confirmed experimentally (data not shown).
In addition, it was both predicted by the model and experimentally observed that the
major products of BDE-184 photodegradation are BDE-154, BDE-155 and BDE-100
(Figure 3.6). With only three exceptions, the predicted photodegradation products of
BDE-184 after 120 min (Figure 3.6C) correlate with the corresponding product peaks in
the GC/MS chromatogram from the BDE-184 photodegradation experiment after 120
min UV irradiation (R>=0.4882, P=0.0168 overall and R*=0.9786, P<0.0001 without the
three exceptions) (Figure 3.7) (Figure 3.6D). Two of the exceptions, BDE-139 and BDE-
140, were predicted at concentrations much lower than observed, whereas the other
exception, BDE-155, was predicted at a much higher concentration than observed
experimentally. BDE-155 (2,2'4,4',6,6'-hexaBDE) is fully brominated in the ortho
positions. The stability of the ortho bromine may be over predicted by the model, which
results in higher predicted concentrations relative to the experiment. All of the major
chromatographic peaks in Figure 3.6D were identified using PBDE standards except for
the two peaks at 19.95 min and 23.05 min. The chromatographic peak at 19.95 min was
predicted to be BDE-103 based on the GC retention time model (Table 3.1) and
photodegradation model (Figure 3.6C); the peak at 23.05 min was assigned as BDE-139,
which has a predicted retention time of 22.88 min. The identities of BDE-103 and BDE-
139 were confirmed using the 126 PBDE standards (/5).

The photodegradation of BDE-100 and BDE-99, which are the most abundant penta-
BDEs detected in the environment (3-5), has been previously studied (9,73). However, all

of the products were not identified and the reaction mechanism was not explained.
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Therefore, we chose to also study the photodegradation of these important penta-BDEs.
The experimentally determined time profile for the photodegradation of BDE-100 (Figure
3.8A) was predicted from the photodegradation model in all but one case (BDE-28)
(Figure 3.8B). Compared to the all the other photodegradation products, which have two
or more ortho bromines, BDE-28 (2,4,4'-triBDE) has only one bromine in the ortho
positions. The stability of the ortho bromine may be over predicted by the model, which
results in higher predicted concentrations relative to the experiment, except for BDE-28.
As was observed in the photodegradation of BDE-184, the total concentration of PBDEs
decreased with time.

The most abundant photodegradation products of BDE-100 at 10 min were predicted
from the photodegradation model to be BDE-75, BDE-47 and BDE-28 (Figure 3.8C);
these predictions corresponded to the most abundant photodegradation products observed
in the GC-MS chromatogram of a BDE-100 sample after 10 min of irradiation (Figure
3.8D). All of the major chromatographic peaks were identified using PBDE standards
except for the peaks at 18.16 min and 18.55 min (which co-elute with BDE-75). A recent
study (/5) showed that BDE-75 and BDE-51 co-elute and, further, that BDE-50 has a
shorter retention time than BDE-51 on a DB-5 column under a GC temperature program
similar to the one used in the present study. Based on this information and
photodegradation model, the peaks at 18.16 min and 18.55 min are most likely BDE-50
and BDE-51, respectively. The identities of BDE-50 and BDE-51 were confirmed by the

126 PBDE standards (/5). Linear correlation between the experimental concentrations
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and those predicted by the model for the photodegradation of BDE-100 after 5 min
irradiation is good (R?=0.7892, P=0.0180) (Figure 3.9).

For BDE-99, the photodegradation model predicted that the four primary products,
BDE-66, BDE-74, BDE-47, and BDE-49, reached their maximum concentrations after
about 2 min of irradiation (Figure 3.10B); this result closely matched the experiment
(Figure 3.10A). Again, the total concentration of PBDEs in the BDE-99 photodegradation
experiment decreased significantly with time after 5 min irradiation.

As was true for BDE-100 photodegradation, all of the predicted major
photodegradation products of BDE-99 at 5 min (Figure 3.10C) appeared in the GC-MS
chromatogram of a BDE-99 sample irradiated for 5 min (Figure 3.10D). The
chromatographic peaks at 16.21 min, 16.67 min and 19.20 min were predicted to be
BDE-18, BDE-31 and BDE-74, respectively, based on the GC retention time model
prediction of 15.65 min, 16.31 min, and 18.96 min, respectively. The identities of BDE-
18, BDE-31 and BDE-74 were confirmed by the 126 PBDE standards (/5). The
correlation between the experimental results and predicted concentrations of BDE-99’s
photodegradation products after 5 min irradiation was not very linear but was statistically
significant (R?=0.4441, P=0.0133) (Figure 3.11).

Figure 3.12A shows the experimental result of the time profile of BDE-209
photodegradation by homologous group. The predicted time profile of BDE-209
photodegradation was calculated and is shown in Figure 3.12B. After 8 days of
irradiation, only 0.16% of mono-BDEs and 0.02% of di-BDEs were detected in the

solution. At the level of homologous group, the theoretical model reproduced the results
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of the experiment well and both show stepwise debromination of PBDEs over time. The
experimental results (Figure 3.12C) and model prediction (Figure 3.12D) at congener
level for penta-BDE and tetra-BDE products indicates that at the congener level, the
model did not predict as well as it did for BDE-184, BDE-100 and BDE-99. Furthermore,
the concentrations of the tetra-BDEs were underestimated by the model (Figure 3.12E
and 3.12F), and the correlation between model and experiment also confirmed this
(Figure 3.13). Because the photodegradation of BDE-209 has up to ten steps of
debromination and could result in 208 possible products, the estimation error may
accumulate for each step of debromination and lead to relatively large error.

Photodegradation pathways

The major photodegradation pathways mapped out in this study for BDE-209, BDE-
184, BDE-100, and BDE-99 are summarized in Figure 3.14. The thicker lines pass
through those photodegradation products with higher concentrations; these pathways are
more probable than the rest. The relative abundances of photodegradation products were
concluded from the experimental results when the model prediction did not agree well
with the experimental results. For the photodegradation of BDE-209, BDE-99 is the most
abundant penta-BDE product even though it is not the most stable penta-BDE, because it
is on the pathway of the highest probability for each step. Similarly, BDE-28 is on the
pathway of the highest probability in the photodegradation of BDE-100, therefore it is the
most abundant tri-BDE product.

In all of the photodegradation experiments conducted, the total amounts of PBDEs

were observed to decrease with time. This is contradictory to the photodegradation model
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that assumes constant mass balance. It is possible that the ether bond breaks under
wavelength UV light (23). In addition, there was greater loss of PBDEs when the photo
reaction shifted to lower PBDEs. Also, ECNI is not as sensitive for mono and di-BDEs as
other highly brominated PBDEs (/4). Therefore, mono- and di-BDEs were rarely
detected in the photodegradation products, and may not be fully accounted for in the
mass balance of the experiments.

The PBDE photodegradation model is based on the GAM model which is an
approximation to calculate the AHf of PBDEs. AH; may not be the only factor
determining the PBDE photodegradation rate constant. Other factors may include
molecular weight, molecular orbital energy, and charge distribution (22). Furthermore,
the model assumes that the solvent effect and light conditions have the same effect on all
PBDE congeners. These limitations may cause the observed deviations from the
experiment results.

Previous studies have shown that the current PBDE congeners in the environment are
similar to the congener composition of the technical mixtures used (3,4). Assuming that
most of the BDE-209 in the environment is eventually photodegraded by natural sunlight,
the future pattern of the PBDE congeners caused by BDE-209 degradation in the
environment may be comparable to our results. For example, BDE-99 will remain as the
most abundant penta-BDE, while BDE-49 and BDE-66 will increase greatly and will be
comparable in abundance to BDE-47. It is also possible that PBDE congeners that have
not been used commercially, such as octa BDE-201 and hepta BDE-187, will be present

in the environment at significant concentrations among their congener group.
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Figure 3.12. Photodegradation of BDE-209 in isooctane under UV. A is the experimental
results and B is the model prediction by homologous groups. C is the experimental results
and B is the model prediction by congener for penta-BDE and tetra-BDE products. E is
the model prediction and F is experimental results of BDE-209 photodegradation at 120
min. “*” represents PBDE congeners not identified by standards.
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| 209
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Figure 3.14. Reaction pathways of BDE-209, BDE-184, BDE-99 and BDE-100
photodegradation. The thicker lines pass through those photodegradation products with
higher concentrations. Only major BDE-209 pathways are shown. “*” represents PBDE
congeners not confirmed by standards.
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Table 3.1. Experimental and multiple linear fit GC retention times for PBDE congeners

Retention | Retention Retention | Retention
PBDE time exp | time  fit PBDE time exp | time fit
number (min) (min) Residual | number (min) (min) Residual
BDE-1 10.92 11.04 -0.12 BDE-153 | 22.83 23.20 -0.37
BDE-2 11.12 11.22 -0.10 BDE-154 | 22.18 22.59 -0.41
BDE-3 11.32 11.70 -0.38 BDE-155 | 21.87 22.29 -0.42
BDE-7 13.87 14.14 -0.27 BDE-166 | 23.82 23.85 -0.03
BDE-8 14.15 14.10 0.05 BDE-168 | 22.67 23.56 -0.89
BDE-10 13.25 13.15 0.10 BDE-181 | 26.13 25.63 0.50
BDE-11 14.15 13.83 0.32 BDE-183 | 24.77 25.10 -0.33
BDE-12 14.33 14.89 -0.56 BDE-184 | 24.38 24.97 -0.59
BDE-13 14.33 14.14 0.19 BDE-190 | 26.43 26.32 0.11
BDE-15 14.62 14.35 0.27 BDE-196 | 29.03 28.11 0.92
BDE-17 16.52 16.32 0.20 BDE-197 | 28.15 27.65 0.50
BDE-25 16.58 16.26 0.32
BDE-28 16.88 16.57 0.31
BDE-30 15.62 15.87 -0.25
BDE-32 16.35 16.06 0.29
BDE-33 16.88 16.98 -0.10
BDE-35 17.12 16.99 0.13
BDE-37 17.37 17.27 0.10
BDE-47 19.02 18.66 0.36
BDE-49 18.67 18.06 0.61
BDE-66 19.37 19.32 0.05
BDE-71 18.78 18.73 0.05
BDE-75 18.52 18.39 0.13
BDE-77 19.87 19.81 0.06
BDE-85 21.83 21.42 0.41
BDE-99 21.02 21.01 0.01
BDE-100 | 20.53 20.37 0.16
BDE-116 | 21.23 21.78 -0.55
BDE-118 | 21.42 21.58 -0.16
BDE-119 [ 20.73 20.98 -0.25
BDE-121 | 20.00 20.20 -0.20
BDE-126 | 22.02 22.30 -0.28
BDE-138 | 23.68 23.81 -0.13
BDE-140 | 23.22 23.30 -0.08
BDE-146 | 22.78 22.74 0.04
BDE-148 | 22.17 22.31 -0.14




75

Table 3.2. Calculated reaction rate constants relative to BDE-209 for all the 209 PBDEs

relative relative relative relative relative
PBDE Z k PBDE z k PBDE Z k PBDE z k | PBDE Z k
Number Number Number Number Number
BDE1 9.25E-06 BDE44 1.26E-03 BDERg7 7.34E-03 BDE130 1.62E-02 BDE173 1.46E-01
BDE2 5.80E-07 BDE45 1.58E-03 BDERS8 1.04E-02 BDE131 1.97E-02 BDE174 5.15E-02
BDE3 7.98E-07 BDE46 1.36E-03 BDER9 7.00E-03 BDE132 1.40E-02 BDE175 3.65E-02
BDE4 3.03E-05 BDE47 1.23E-04 BDE90 2.77E-03 BDE133 1.10E-02 BDE176 3.14E-02
BDES 4.79E-04 BDE48 4.05E-04 BDE91 1.87E-03 BDE134 1.66E-02 BDE177 3.46E-02
BDE6 1.47E-05 BDE49 1.35E-04 BDE92 3.70E-03 BDE135 9.47E-03 BDE178 3.01E-02
BDE7 3.46E-05 BDESO 2.27E-04 BDE93 8.90E-03 BDE136 7.69E-03 BDE179 2.80E-02
BDES 1.10E-05 BDES1 1.49E-04 BDE% 3.95E-03 BDE137 2.66E-02 BDEI180 4.56E-02
BDE9 2.88E-05 BDES2 1.43E-04 BDE95 2.48E-03 BDE138 1.03E-02 BDEI181 1.16E-01
BDEI0O 3.35E-05 BDES3 1.59E-04 BDE96 2.65E-03 BDE139 1.39E-02 BDE182 3.84E-02
BDEI11 2.18E-06 BDES4 1.80E-04 BDE97 1.95E-03 BDE140 9.07E-03 BDEI183 2.48E-02
BDE12 5.63E-05 BDESS 4.67E-03 BDE98 1.72E-03 BDE141 3.27E-02 BDE184 2.17E-02
BDE13 2.12E-06 BDES6 9.42E-04 BDE99 5.94E-04 BDE142 8.47E-02 BDEI185 1.43E-01
BDE14 4.60E-06 BDES7 2.21E-03 BDE100 3.19E-04 BDE143 2.88E-02 BDE186 1.24E-01
BDEI15 2.27E-06 BDES5S8 1.13E-03 BDE101 6.94E-04 BDE144 1.77E-02 BDE187 1.72E-02
BDEI6 8.05E-04 BDES59 1.46E-03 BDE102 6.31E-04 BDE145 1.63E-02 BDE188 1.71E-02
BDE17 7.17E-05 BDE60 3.63E-03 BDE103 3.85E-04 BDE146 5.07E-03 BDE189 5.93E-02
BDEI18 6.98E-05 BDE61 1.40E-02 BDE104 4.20E-04 BDE147 1.03E-02 BDE190 1.40E-01
BDE19 7.98E-05 BDE62 6.76E-03 BDE105 6.30E-03 BDE148 4.74E-03 BDEI91 3.17E-02
BDE20 7.31E-04 BDEG63 1.63E-03 BDE106 2.30E-02 BDE149 3.56E-03 BDE192 1.69E-01
BDE21 2.82E-03 BDE64 1.07E-03 BDE107 7.85E-03 BDE150 3.31E-03 BDE193 2.06E-02
BDE22 5.37E-04 BDEG65 5.45E-03 BDE108 1.14E-02 BDEI151 1.38E-02 BDE194 1.49E-01
BDE23 1.44E-03 BDE66 1.63E-04 BDE109 2.72E-03 BDE152 1.46E-02 BDE195 2.23E-01
BDE24 9.49E-04 BDE67 4.45E-04 BDE110 1.82E-03 BDE153 1.64E-03 BDE196 1.05E-01
BDE25 5.33E-05 BDE68 8.87E-05 BDE111 3.42E-03 BDE154 1.04E-03 BDE197 7.23E-02
BDE26 4.55E-05 BDE69 1.90E-04 BDE112 8.43E-03 BDE1S55 7.09E-04 BDE198 2.54E-01
BDE27 5.16E-05 BDE70 1.71E-04 BDE113 2.26E-03 BDE156 3.18E-02 BDE199 1.04E-01
BDE28 3.99E-05 BDE71 1.47E-04 BDE114 1.90E-02 BDE157 1.44E-02 BDE200 2.16E-01
BDE29 2.75E-04 BDE72 8.00E-05 BDE115 9.01E-03 BDEI158 1.57E-02 BDE201 7.14E-02
BDE30 1.25E-04 BDE73 8.58E-05 BDE116 5.92E-02 BDE159 3.82E-02 BDE202 6.84E-02
BDE31 3.36E-05 BDE74 3.70E-04 BDE117 6.24E-03 BDE160 9.95E-02 BDE203 2.00E-01
BDE32 3.75E-05 BDE75 1.41E-04 BDE118 7.79E-04 BDE161 1.96E-02 BDE204 1.69E-01
BDE33 8.63E-05 BDE76 1.76E-03 BDE119 3.47E-04 BDE162 8.32E-03 BDE205 2.47E-01
BDE34 2.77E-05 BDE77 2.79E-04 BDE120 7.40E-04 BDE163 1.00E-02 BDE206 4.51E-01
BDE35 9.63E-05 BDE78 2.40E-03 BDE121 2.98E-04 BDE164 5.81E-03 BDE207 3.51E-01
BDE36 1.07E-05 BDE79 1.74E-04 BDE122 4.02E-03 BDE165 1.31E-02 BDE208 3.97E-01
BDE37 8.46E-05 BDESO 3.25E-05 BDE123 2.59E-03 BDE166 8.18E-02 BDE209 1.00E+00
BDE38 1.52E-03 BDESI1 2.19E-03 BDE124 2.84E-03 BDE167 4.98E-03
BDE39 8.95E-06 BDES2 8.60E-03 BDEI125 2.09E-03 BDE168 3.23E-03
BDE40 2.38E-03 BDES3 5.40E-03 BDEI126 3.69E-03 BDE169 1.10E-02
BDE41 4.43E-03 BDES84 4.30E-03 BDE127 3.83E-03 BDE170 6.03E-02
BDE42 9.55E-04 BDESS 5.71E-03 BDE128 1.89E-02 BDE171 3.82E-02
BDE43 2.38E-03 BDES86 1.98E-02 BDE129 3.46E-02 BDE172 6.06E-02
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Abstract
A previously developed photodegradation model was used to predict the
photodegradation of octa-polybrominated diphenyl ether (PBDE) technical mixture, and
results were compared to the photodegradation experiments. The predicted reaction time
profiles of the photodegradation products correlate very well with the experimental
results. In addition, the slope of the linear regression between the measured product
concentrations of first step debromination products and their enthalpies of formation was
found to be close to the theoretical value. In the present work, the octa-BDE technical
mixture photodegradation results were compared with anaerobic biodegradation results.
The major products measured in the biodegradation experiments were also measured as
major products in the photodegradation experiments. The photodegradation pathways of
technical octa-BDE mixture are summarized. BDE-154, 99, 47 and 31 were found to be
the most abundant hexa, penta, tetra and tri-BDE photodegradation products, respectively.
These photodegradation products may become the most abundant products in their
homologous groups when octa-BDE mixture degrades in the environment. The
photodegradation and model prediction results were also compared with zero-valent iron
treated reduction of BDE-209, 100 and 47 from a previous study and the same products
were found in photo and Fe” degradation. Good correlation between 15 previous reported
photodegradation rate constants of PBDE congeners and their calculated LUMO energies
was found, indicating that, similar to the Fe' treated reduction, debromination by UV
light is caused by electron transfer. Furthermore, the rate constants for the three different

degradation processes are controlled by C-Br bond dissociation energy.
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Introduction

As the major flame retardants used by volume, the environmental fate of
polybrominated diphenyl ethers (PBDEs) has been studied extensively since the use of
pentaBDE and octaBDE was banned in Europe and voluntarily phased out in the U.S. in
2004. However, because of the large quantity of the PBDEs previously used and released
into the environment, their concentrations in the environment and human body continues
to increase (1,2).

Several biotic and abiotic transformation reactions of PBDEs, and other brominated
flame retardants, have been studied. Among them, photodegradation is one of the major
abiotic transformations in the environment (3). Investigations into the photodegradation
of PBDEs by both artificial and natural sunlight have been reported (4-7).

Halogenated aromatics have shown to biodegrade under aerobic conditions through the
processes of hydroxylation, methoxylation, and aromatic ring cleavage (8-10), which
may result in the formation of toxic halogenated aliphatic metabolites. In contrast,
anaerobic biodegradation may only remove the halogen substituents, forming less
hydrophobic compounds, and, eventually, complete mineralization (11). Octa-BDE
technical mixture, which was widely used and classified as a teratogen (12), was reported
to undergo stepwise debromination in Dehalococcoides-containing cultures and produce
more toxic BDE-154, BDE-99, BDE-49 and BDE-47 (13). BDE-209, which is still used
in large volume throughout the world, was also reported to biodegrade anaerobically to
lower brominated diphenyl ethers in sewage sludge (14,15) and Sulfurospirillum

multivorans culture (13).
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A recent study reported that both photodegradation and anaerobic biodegradation of
BDE-15 (4,4’-diBDE) followed the same degradation pathway and produced BDE-3 (4-
monoBDE) and diphenyl ether in a stepwise manner (11). Neither rearrangement of Br
nor C-O bond cleavage were found in the above reactions. This suggests that PBDE
anaerobic biodegradation and photodegradation share the same reaction mechanism.

Zero-valent iron metal (Fe’) has been studied for remediation of polyhalogenated
organic compounds such as tetrachloromethane, 1,1,1-tricholoethane and
tetrachloroethene, and the first order reaction rates were found (16). To explain the
kinetics of dehalogenation and predict the rate constants, correlation analysis was used to
predict the reactivity of a series of structurally related compounds. A linear correlation
between the rate constants for Fe” dehalogenation and the LUMO energies has been
reported for PBDEs (17) and other halogenated compounds (18).

The three different PBDEs degradation processes, namely anaerobic biodegradation,
photodegradation, and Fe’ reduction, have been recently studied, and first order, stepwise
debromination reactions as well as the same degradation products were reported (4,15,17).
This may indicate that the reaction mechanisms are similar. If this is true, a general
model can be established to explain and predict these reactions. We have previously
developed a theoretical model to predict the photodegradation of PBDEs based on the
difference in bromine dissociation energies between PBDE congeners. The model was
proved to be predictive for the photodegradation of PBDEs (see Chapter Three).
Theoretically, it should be predictive for anaerobic biodegradation and Fe® reduction of

PBDEs.
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In order to test this possibility, we conducted detailed studies to compare different
types of PBDE degradation processes. The PBDE congeners studied were the major
ingredients of the octa-BDE technical mixture, i.e. BDE-196, 203, 197 and 153. The
photodegradation of BDE-183 was not studied because of the lack of the BDE-183 pure
standard. In addition, BDE-99 and 47, two of the most frequently detected congeners in
the environment, were included in this study. The model predicted products, their
concentrations, and the reactant degradation rate constants were also compared to the
experimental results. In addition, the photodegradation of the octa-BDE technical mixture
was studied and compared with results of anaerobic biodegradation experiments and
model predictions. Using the photodegradation model, the relationship between the
degradation rates and the LUMO energies of the PBDEs was explored.
Experimental
Materials

A standard mixture of 39 PBDEs was obtained from Cambridge Isotope (19).
Individual standards of BDE-47, 99, 100, 121, 140, 146, 148, 153, 168, 184, 196, 197,
203, 206, 207, and 208 were purchased from AccuStandard. BDE-209, and octa-BDE
technical mixture was purchased from Sigma Aldrich. The additional 126 PBDE standard
used to identify the PBDE degradation products was provided by Peter Korytar (20).
Methods

UV Photodegradation studies were conducted using a Rayonet RPR-100 photochemical
reactor with RMR-2537A (250nm) UV lamps purchased from Southern New England

Ultra Violet Company. PBDE congeners were dissolved in isooctane, and these solutions
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were irradiated in sealed quartz vials. The irradiated samples were collected at different
time intervals and analyzed using a JEOL GC mate II GC-HRMS in electron capture
negative ionization (ECNI) mode. The GC column was a 30m J&W DB-5 column
(0.25mm L.D. and 0.25um film thickness), and the GC temperature program was: 100°C
(hold for 1 min); 10°C/min to 320°C (hold for 27 min). The temperatures of the splitless
injector, GC interface, and ion source were 280°C, 250°C, and 250°C, respectively. The
PBDE congeners were quantified using external calibration. PBDE congeners without
available standards were quantified using the average ECNI response of the homologous
PBDE group.

Using multiple linear regression analysis, a GC retention time model was built (see
Chapter Three) to predict the GC retention time of the photodegradation products. All of
the molecular descriptors, including the highest occupied molecular orbital (HOMO)
energy and the lowest unoccupied molecular orbital (LUMO) energy, except for In(MW),
were obtained using Gaussian 03 on the B3LYP/6-31G(d)//B3LYP/6-31G(d) level.

Anaerobic biodegradation experiments of BDE-196, 203, 197, 183, 153, 99 and 47
were conducted at UC-Berkley. The microbial cultures used included: a
trichloroethylene-dechlorinating enrichment culture containing multiple Dehalococcoides
strains designated ANAS that was mixed in a 1:10 ratio with D. ethenogenes 195
(Bomb195), a tetrachloroethene to dichloroethene dechlorinating bacterium Dehalobacter
restrictus PER-K23 (Restrictus), and a pentachlorophenol (PCP) degrading bacterium
Desulfitobacterium hafniense PCP-1 (Frappieri). All cultures were grown in 160-mL

serum bottles filled with 100-mL medium and sealed with blue butyl rubber septa, In
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addition, the headspace of the bottles was filled with H,/CO, (80:20 v/v) to ensure robust
anaerobic environment. All samples and controls were incubated at 30°C in the dark
without shaking. Experiments were conducted with triplicate biological samples and were
repeated to confirm the results. PBDE congeners were detected using two-dimensional
chromatography at the Wageningen IMARES laboratories in [Jmuiden, Netherlands. An
Agilent 6890 Gas Chromatograph equipped with an Electron Capture Detector (GC-ECD)
and a loop-type carbon dioxide jet was employed for analysis.

The PBDE degradation model has been previously described (see Chapter Three). The
same model was used to compare with photodegradation and biodegradation. The model
predicted reaction rate constant (relative to BDE-209) was also used to compare with the
Fe” treated degradation rate constant of PBDEs. For the degradation of the octa-BDE
technical mixture, individual degradation models were developed for each BDE congener
in the technical mixture, and the individual models were summed.

Results
Photodegradation of the individual octa-BDE technical mixture components

The time profile of both experimental and model prediction results for
photodegradation of BDE-47, 153, 196, 197, and 203 is shown in Figure 4.1. The
correlations between the experimental results and model predictions are shown in Figure
4.2.

The photodegradation of BDE-47 produced two tri-BDEs, BDE-28 and BDE-17
(Figure 4.1A), which confirmed the model prediction (Figure 4.1B). Both the model and

the experimental result showed that BDE-28, an ortho debromination product of BDE-47,
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has higher concentration than BDE-17, a para debromination product of BDE-47,
indicating that the ortho bromine of BDE-47 is less stable and more liable to loss under
UV light than para bromine of BDE-47. This is consistent with our previous study where
we determined that on the same aromatic ring of a diphenyl ether system, bromine on the
ortho position was 6.86 kJ/mol lower in energy than the para position (21). The
experimental result indicated that BDE-28 reached its maximum concentration at 2.5 min
reaction time (Figure 4.1A), while the model predicted at 3.7 min (Figure 4.1B). This
inconsistency is also shown in Figure 4.2A, where the plot between experimental results
and model predictions for BDE-47 resulted in a folded line instead of a straight line
(Figure 4.2A). The slope of the linear regression between the predicted and experimental
results for BDE-17 was much lower than for BDE-28 (Figure 4.2A), indicating that BDE-
17 concentration was underestimated relative to BDE-28. No mono-BDEs were detected
in this experiment. This is likely due to the lack of ECNI sensitivity and the loss of total
PBDE mass (see Chapter Three).

BDE-153, the only penta-BDE in the octa-BDE technical mixture, was also shown to
degrade under UV light. Our experimental results indicated that the three penta-BDE
products from BDE-153 photodegradation were BDE-101, 99 and 118 and the most
abundant tetra-BDE product was BDE-49 (Figure 4.1C), followed by two other tetra-
BDE congeners, which were identified as BDE-70 and BDE-52 using the GC retention
time model. The experimental results are consistent with the photodegradation model
(Figure 4.1D), and the concentration of penta-BDE products reached their maximum at

about 2 min in both cases. The slopes for the least-squares regression of the predicted
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product concentrations and experimental results were similar for the different products of
BDE-153 photodegradation (Figure 4.2C). The correlations were statistically significant
for all of the photodegradation products except BDE-49. This is because the model
predicted the concentration of BDE-49 to peak at 10 min (Figure 4.1D), while the
experiment results showed a peak in concentration at 5 min (Figure 4.1C).

BDE-182 and 183 were found to be the most abundant hepta-BDE products from the
photodegradation of BDE-196, both from the experimental results (Figure 4.1E) and the
model prediction (Figure 4.1F). Both the model prediction and the experimental showed
that BDE-154 and 153 were the most abundant hexa-BDE products of BDE-196
photodegradation. The predicted time profile from model matched the experimental
results very well, and, the correlations between them were all statistically significant for
all the major photodegradation products (Figure 4.2D).

The experimentally determined product time profile for the photodegradation of BDE-
197 (Figure 4.1G) was also predicted by the photodegradation model (Figure 4.1H).
BDE-184 and 183 were predicted to be the most abundant hepta-BDE products and this
was confirmed by the experimental results. However, BDE-176, which was predicted by
the model to be much lower in concentration than BDE-184 (Figure 4.1H), was detected
with comparable concentration to BDE-184 (Figure 4.1G). This is also shown in the
correlation between the experimental and the predicted product concentrations (Figure
4.2E), where the linear regression slope of BDE-176 is much lower than the other BDE-

197 photodegradation products.
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In the photodegradation of BDE-203, the identities of BDE-187, 185 and 180 were
assigned by the GC retention model and confirmed using the 126 PBDE standard (20) at
UC-Berkley. Quantification of BDE-187, 185 and 180 was done using the average ECNI
response of hepta-BDEs. BDE-180, 187 and 183 were predicted to be the most abundant
products of BDE-203 photodegradation, and BDE-183 was predicted to have the highest
concentration (Figure 4.1]). However, the experimental results showed that BDE-187 had
the highest concentration, followed by BDE-183 (Figure 4.11). This is also obvious in
that the slope of BDE-187 correlation in Figure 4.2F is lower than that of BDE-183. The
predicted times of maximum concentrations for BDE-187 and 183 were later than
determined by experiment. Therefore, the curves for BDE-183 and BDE187 in Figure
4.2F were folded lines instead of straight ones.
Since the photodegradation of PBDE:s is a first order reaction (4):

_dih

G Kq[P], (D

and k, = Z(ahikf] ), )

in which [h] is the concentration of the parent PBDE congener h, and k, is the
degradation rate constant for PBDE congener h, k| is the rate constant for h degradation

to I, and ¢, is the number of pathways for the degradation of h to i (see Chapter Three).

The reduced amount of the reactant PBDE h is equal to the increased amount of the first

step debromination products:

—d[h]:Zd[i]. 3)
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For each individual product, the increased amount can be obtained by:
d[i] i
anmkh[h]. (4)

In the initial stage of the reaction, assuming [h] is constant, Eqn 4 becomes:
Ali] = eky[h]AL. (5)
Since the starting concentrations of the PBDE products are 0 mol/L and starting time is 0

sec, Eqn 5 becomes:
[i1= ks [Nt (6)

and the natural logarithm format of Eqn 6 is:

il _ Ink, +In(ht). (7)

A
The difference in AHs, between product i and j in exponential format is correlated to the
ratio of their individual rate constant (see Chapter Three):
k! AH ; —AH
—=exp| ———— |. 8
K p( RT ®
natural logarithm format of both side is:

AH; —AH

Ink. —Ink/ = T

; ©)

therefore, for these first step debromination products, the slope of correlation between Ink

and AHs should be —%. According to Eqn 7, lnﬂ should also have a similar
A

correlation with AHs, i.e. the slope should also be -%, which equals -0.4036 when the
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gas constant R is 8.314 J/molK , reaction temperature T is 298K, and the unit for AHs is
kJ/mol.

[i]

In Figure 4.3, the correlation between In—— and AH; was plotted for the first step

debromination products of BDE-47, 99, 153, 196, 197 and 203 photodegradation. [i] are
the concentrations measured in the photodegradation experiments. All of the slopes of the
plots in Figure 4.3 were negative and ranged from -0.07 to -1.37, which, for kinetic data,
are reasonably close to the theoretical value of -0.4036. This confirmed that the
photodegradation of PBDE:s is controlled by the enthalpy of formation and the model can
describe the experiment well.

The major photodegradation pathways for BDE-47, 153, 196, 197 and 203 are
summarized in Figure 4.4, and the pathway for BDE-99 was summarized in Chapter 3.
The thicker lines pass through those photodegradation products with higher
concentrations; these pathways are more probable than the rest. The relative abundances
of photodegradation products were determined from the experimental results when the
model prediction did not agree well with the experimental results. From the
photodegradation of BDE-203, BDE-187 and 183 are the most abundant hepta-BDE
products, BDE-153 is the most abundant hexa-BDE product, and BDE-101 is the most
abundant penta-BDE product. From the photodegradation of BDE-197, BDE-184 and
183 are the most abundant hepta-BDE product, BDE-139 and 154 are the most abundant
hexa-BDE products, and BDE-100 is the most penta-BDE product. BDE-183, BDE-154
and BDE-99 are the most abundant hepta-BDE, hexa-BDE and penta-BDE products,

respectively, generated from BDE-196 photodegradation. BDE-101, BDE-49 and BDE-
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31 are the most abundant hexa-BDE, penta-BDE and tetra-BDE products, respectively,
generated from BDE-153 photodegradation. Photodegradation of BDE-47 has two tri-
BDE products in which BDE-28 is the most abundant.

These parent PBDE congeners are major component of the octa-BDE technical mixture.
By adding all of these photodegradation reactions together, the fate of the octa-BDE
technical mixture under UV light can be estimated. However, a more accurate result can
be obtained by studying the photodegradation of octa-BDE technical mixture itself.
Photodegradation of octa-BDE technical mixture and comparison to anaerobic
biodegradation

The commercial octa-BDE mixture was dissolved in isooctane and irradiated under UV
light. The reaction time profiles for the reactants and products are shown in Figure 4.5A
for the experimental results and in Figure 4.5B for the model prediction. The model was
based on the first order degradation rate constant of BDE-207 obtained from the
experiment. BDE-154, BDE-99 and BDE-49 were found to be the most abundant hepta,
hexa and tetra-BDE products, respectively, from both experiment and model prediction.
The reaction time profiles for PBDE congeners by homologous group were shown in
Figure 4.5C for experiment and in Figure 4.5D for model prediction. The cumulative
experimental concentrations for BDE-154, 99, 49 and 47 were plotted in Figure 4.6A and
compared with the model prediction in Figure 4.6C. Cumulative experimental
concentrations by homologous group are also plotted in Figure 4.6B and the model

predictions in Figure 4.6D. Due to the loss of mass, the experimental results showed that



89
the total concentration of PBDEs were much lower than the model prediction after 10
min reaction.

In a previous study, the anaerobic biodegradation of the octa-BDE technical mixture
produced several lower brominated diphenyl ethers in which BDE-154 was the most
abundant among the positively identified products (13). These results are shown in Figure
4.7 and are very similar to the photodegradation results in the early stage up to 5 min
(Figure 4.6). Due to the nature of anaerobic biodegradation, the reactions were slow
compared to photodegradation. In the photodegradation experiments, the concentrations
of the hepta and hexa-BDEs started to decrease after 10 min of UV irradiation, while
their concentrations were still increasing after 322 days in the anaerobic biodegradation
experiment (13). The relative photodegradation product abundances at 5 min were very
similar to that of the anaerobic biodegradation at 322 days, where the order of
concentrations are BDE-154 > BDE-99 > BDE-49 > BDE-47 and hexa-BDE > hepta-
BDE > penta-BDE > tetra-BDE for both degradation processes. This similarity between
the photodegradation and anaerobic biodegradation products suggested that these
degradation processes may share similar reaction mechanisms.

From the photodegradation of the octa-BDE technical mixture, the reaction pathways
are summarized in Figure 4.8. BDE-154, which is the product of BDE-207, BDE-203,
BDE-196, and BDE-183, is the most abundant hexa-BDE product. BDE-99, which is the
product of BDE-154 and BDE-153, is the most abundant penta-BDE product. BDE-49
and BDE-31 are the most abundant tetra and tri-BDEs, respectively. All of these

abundant PBDE congeners, except for BDE-31, were measured as products in the
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anaerobic biodegradation experiments (13). These products are likely to become the most
abundant products in their homologous groups when the octa-BDE technical mixture
degrades in the environment.

Anaerobic Biodegradation of BDE-47, 99, 153, 183, 196, 197 and 203

The anaerobic biodegradation study was performed at UC-Berkley and, except for
BDE-183, the biodegradation products are shown in the degradation pathways in Figure
4.4, together with the photodegradation products. Since the anaerobic biodegradation was
much slower than the photodegradation, only the first step biodegradation products were
measured in most cases. The products measured in the anaerobic biodegradation were
also the major products measured in photodegradation.

The correlation between AHy of the first step anaerobic biodegradation products and
their In(concentration/number of pathways) are shown in Figure 4.9. The product
concentrations were recorded after 30 days and were relative to total PBDE concentration.
Only one product (BDE-17) was measured in the anaerobic biodegradation of BDE-47 in
cultures Frappieri and Restrictus. BDE-17, a para debromination product of BDE-47, and
small amount of BDE-28, a ortho debromination product of BDE-47 were found in
Bomb195 from the biodegradation of BDE-47. These results were much different from
the results of photodegradation of BDE-47 (Figure 4.3A), where BDE-28 was measure at
higher abundance than BDE-17. The ortho position C-Br bond in BDE-47, which is
easier to break than para C-Br bond in photodegradation, seems to be hard to break in
anaerobic biodegradation, most likely due to the stereo effect in the ortho position. The

slopes for the plots in Figure 4.9 for BDE-99, 153, 183, 196, 197 and 203, except for a
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few cases, were all found to be negative and range from -0.0788 to -6.535, which is
similar but greater than the range for photodegradation. This indicates that the anaerobic
biodegradation rate may be controlled by the enthalpy of formation, but also affected by
other factors, such as the type of bacteria and stereo effect.

Zero-valent iron reduction of PBDEs

The degradation of PBDEs with Fe’ was previously studied with BDE-209, 100, 66, 47
28 and 7 (17). The results indicated stepwise accumulation of the lower brominated
diphenyl ether congeners, which is similar to the photodegradation and anaerobic
biodegradation. The products measured in Fe’ degradation of BDE-209 were all detected
in the photodegradation experiments described in Chapter Three, and most had the
highest concentrations in the homologous PBDE groups (Figure 4.5A in Chapter Three).
The reaction time profiles of the Fe” degradation products of BDE-209 were shown in
Figure 4.10A. For comparison, the corresponding data for BDE-209 photodegradation
were also plotted in Figure 4.10B. BDE-183 was not included in Figure 4.10B because it
coeluted with BDE-175 in the photodegradation experiment. The reported Fe’
degradation products of BDE-47, namely BDE-17 and 28, and the Fe0 degradation
products of BDE-100, namely 47, 50, 51 and 75, were all measured in the
photodegradation experiments.

The relative abundances of the products from F e’ degradation of BDE-100, 66, 47, 28
were also previously reported (17). The correlation between the natural logarithm of the
Fe® degradation product relative abundance per reaction pathway and the AH; of the

corresponding degradation products are shown in Figure 4.11. Except for BDE-66, the
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slopes for BDE-100, 47 and 28 degradation products were negative, and ranged from -
0.087 to -0.2459, which are higher than the theoretical value -0.4036.

In our previous study, the relative photodegradation rate constants for all 209 PBDEs
were calculated using the theoretical model (see Chapter 3 Table 2). These rate constants
were found to have good correlation with the measured Fe” degradation rates for BDE-
100, 66, 47, 28 and 7 (Figure 4.12), which may indicate that the rate constants of the two
different degradation processes are controlled by the same energy barrier, namely C-Br
bond dissociation energy.

LUMO energies and degradation rate constants

A linear correlation between the rate constants of Fe” reduction of PBDEs and the
LUMO energies was found in a previous study (20). The photodegradation rate constants
for 15 PBDEs in methanol/water have also been previously reported (4). Our predicted
LUMO energies, using DFT method (Chapter 2) for these 15 PBDE congeners, had a
good linear correlation with these reported rate constants (4) in log scale (R*=0.8541 and
P<0.0001) (Figure 4.13). These linear relationships indicate that debromination of
PBDEs by Fe’ treatment and UV light may both be caused by electron transfer. The
lower of the LUMO energy, the easier it is for the PBDE molecule to go to the excited
state or accept an electron and, eventually, to cleave the C-Br bond.

In this study, photodegradation experiments and the photodegradation model were
used to study the photodegradation of the octa-BDE technical mixture and its individual
components. In addition, the photodegradation results were also compared with anaerobic

biodegradation. The PBDE products measured in the anaerobic biodegradation were
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found to be the major products in the photodegradation experiments. The
photodegradation experiments and the model predictions were also compared with zero-
valent iron reduction of BDE-209, 100 and 47 from a previous study and the same
products were found in both photo and Fe’ degradation. Good correlation between 15
previously reported photodegradation rate constants of PBDE congeners and their
calculated LUMO energies was found. This indicates that, similar to the Fe’ reduction,
debromination by UV light is caused by electron transfer.
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Figure 4.4. Reaction pathways of BDE-203, 197, 196, 153 and 47 photodegradation.
Thick lines and boxes represent higher concentration of PBDE congeners in
photodegradation. All the boxes represent photodegradation products. Dashed boxes
represent products also found in anaerobic biodegradation study.
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Figure 4.5. Reaction time profile for reactants and products for the octa-BDE technical

mixture photodegradation. A and B are experimental results and C and D are model
prediction.
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Figure 4.8. Reaction pathways for octa-BDE technical mixture photodegradation and
anaerobic biodegradation. Thick lines and boxes represent higher concentrations of
PBDE congeners in photodegradation. Shaded boxes represent the components of the
octa-BDE technical mixture. All the boxes represent photodegradation products. Dashed
boxes represent products also measured in anaerobic biodegradation study (13).
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CHAPTER 5. CONCLUSIONS

The thermodynamic properties of 39 PBDEs have been calculated using Gaussian 03
on the B3LYP/6-31G(d)//B3LYP/6-31G(d) level. The PBDE congeners’ enthalpies of
formation increase with increasing number of bromines and show a strong dependence on
the bromine substitution pattern. The effects of bromine substitution pattern have been
quantitatively studied by GAM model based on the output of the theoretical calculations.
The results of the GAM were consistent with theoretical calculations, providing a
measure of reliability for the theoretical calculations. Furthermore, the GAM model can
be used to predict the thermodynamic properties for all of the 209 PBDE congeners.

Use of the isodesmic reaction is a valid method for predicting the enthalpy and Gibbs
free energy of formation of PBDEs from the results of DFT calculations and from known
experimental values for other compounds. GAM yields results that are consistent with the
DFT calculation. The GAM model describes the effect of Br substitution pattern very
well and is useful in predicting the thermodynamic properties of all of the 209 PBDE
congeners.

Based on the GAM model, the enthalpies of formation of the 209 PBDE congeners
were calculated. A photodegradation model was developed and validated to predict the
products, and their relative concentrations, from the photodegradation of PBDEs. The
relative reaction rate constants for the 209 PBDEs were obtained and these predicted
reaction rate constants show linear correlation with previous experimental results. The
photodegradation model successfully predicted the products of the photochemical

reactions of PBDEs in experimental studies.
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A GC retention time model for PBDEs was developed using a multiple linear
regression analysis and, for 47 of the PBDEs show good linearity and, in particular,
within homologous groups (R’=0.9939, P<0.0001). With only two exceptions, the
predicted GC retention times are within 0.6 min of their corresponding measured
retention times, and there is no systematic trend. The photodegradation model, together
with the GC retention time model and additional PBDE standards, provided a way to
identify unknown products from PBDE photodegradation.

Photodegradation experiments were conducted for BDE-209, BDE-184, BDE-100 and
BDE-99. Based on the results of the photodegradation experiments, as well as the model
predictions, the photodegradation of PBDE:s is a first order reaction and, further, the rate
determining step is the stepwise loss of bromine. Our results suggest that, over time,
BDE-99 will remain as the most abundant penta-BDE, while BDE-49 and BDE-66 will
increase greatly and will be comparable in abundance to BDE-47.

Assuming that most of the BDE-209 in the environment is eventually photodegraded
by natural sunlight, the future pattern of the PBDE congeners, caused by BDE-209
degradation in the environment, may be comparable to our results. For example, BDE-99
will remain as the most abundant penta-BDE, while BDE-49 and BDE-66 will increase
greatly and will be comparable in abundance to BDE-47. It is also possible that PBDE
congeners that have not been used commercially, such as octa BDE-201 and hepta BDE-
187, will be present in the environment at significant concentrations among their

congener group.
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Photodegradation experiments and the photodegradation model were used to study the
photodegradation of the octa-BDE technical mixture and its individual components
(together with BDE-47). The predicted reaction time profiles of the photodegradation
products correlate well with the experimental results. In addition, the photodegradation
results were also compared with anaerobic biodegradation. The PBDE products measured
in the anaerobic biodegradation were found to be the major products in the
photodegradation experiments. The degradation pathways of the technical octa-BDE
mixture and its components were summarized. BDE-154, 99, 47 and 31 were found to be
the most abundant hexa, penta, tetra and tri-BDE degradation products, respectively.
These products may become the most abundant products in their homologous groups
when the technical octa-BDE mixture degrades in the environment. The
photodegradation experiments and the model predictions were also compared with zero-
valent iron reduction of BDE-209, 100 and 47 from a previous study and the same
products were found in both photo and Fe’ degradation. Good correlation between 15
previously reported photodegradation rate constants of PBDE congeners and their
calculated LUMO energies was found. This indicates that, similar to the Fe’ reduction,
debromination by UV light is caused by electron transfer. Furthermore, the rate constants
for the three different degradation processes are controlled by C-Br bond dissociation
energy.
Using the photodegradation model, the degradation profile of PBDEs in the
environment can be predicted. Previous studies have shown that mono and di-BDEs react

with OH radical in the atmospheric gas phase (with half lives of 2 to 3 days), while the
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reactivity of higher brominated diphenyl ethers with OH radical is likely significantly
slower because they are mainly found in the particle phase (1).

Penta, octa and deca-BDE technical mixtures made up 11.1%, 5.6% and 83.3%,
respectively, of the 2001 global market demand of 67309 tons (2). The penta and octa-
BDE technical mixtures were banned in Europe and voluntarily phased out in the U.S. in
2004. However, there are currently no restrictions on the use of the deca-BDE (BDE-209)
technical mixture and its global annual production has not decreased (50000-60000 tons)
3).

Assuming that photodegradation is the major degradation process for the PBDEs in
the environment, that deca-BDE make up 100% of the 2007 global market demand for
PBDEs, and that the half life of BDE-209 is 30 days (4), the degradation profile of major
PBDE products were predicted using the photodegradation model and are shown in
Figure 5.1A for the year 2001 and Figure 5.1B for the year 2007, respectively. After 3000
days of reaction, the 2007 degradation profile was reduced in hexa and hepta-BDEs and
BDE-100 by less than 2% compared to 2001, and about 4% for BDE-47 and 99, and
increased in the octa and nona-BDEs due to the higher abundance of BDE-209 in 2007.
After 30000 days of reaction, the 2007 degradation profile was reduced in hexa and
hepta-BDEs and BDE-100 by less than 0.8% compared to 2001, 4.1% for BDE-47, 3.3%
for BDE-99, and increased in the octa and nona-BDEs and BDE-154 due to the higher
abundance of BDE-209 in 2007. The results showed that there was a very small
difference in the hexa, hepta, octa and nona-BDEs degradation profiles between 2001 and

2007 emission scenarios, because they are all degradation products of BDE-209.
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However, the 2001 and 2007 degradation profiles of BDE-47 and 99, which are
photodegradation products of BDE-209 and the other higher brominated diphenyl ethers
as well as major composition of penta and octa-BDE form, were similar. Thus, the ban of
the penta and octa-BDE formulations may not affect the degradation profiles of PBDEs
in the environment due to the continued use of BDE-209 in large volume.

The PBDE photodegradation model is based on the GAM model, which is an
approximation to calculate the AHf of PBDEs. AH; may not be the only factor
determining the PBDE photodegradation rate constant. Other factors may include
molecular weight, molecular orbital energy, and charge distribution. Furthermore, the
model assumes that the solvent effect and light conditions have the same effect on all
PBDE congeners. These limitations may cause the observed deviations from the
experiment results.

Due to the limited availability of pure PBDE standards, the photodegradation products
without available quantification standards were quantified using the average ECNI
response of the homologous PBDE group. Therefore, the accuracy of quantification for
the PBDE photodegradation products may be limited by the availability of standards.

Future work should include the photodegradation experiments on the penta-BDE
technical mixture to get a better understanding of the fate of all of the PBDE products
commercially used in the world. Additional PBDE standards are required to identify
unknown products and quantify them. Replicate experiments should be performed to
obtain higher precision. In addition, the photodegradation experiment should better

simulate the conditions in the environment, such as gas and particular phase experiment,
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solutions similar to water, and use of natural sunlight instead of artificial UV light. The
photodegradation model, which is simply based on the bromine dissociation energy,
should be modified according to the experimental results, such as the loss of total mass,
to better predict degradation of PBDEs on the environment. In addition, the model can
also be applied to calculate the photodegradation of similar compounds such as

polychlorinated biphenyls (PCBs) and polybromodibenzo-p-dioxins (PBDDs).
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PBDE PBDE PBDE PBDE

Number | structure Number structure Number structure Number structure

BDEI1 2-mono BDE54 2,2',6,6'-tetra BDE107 2,3,3',4,5"-penta BDE160 2,3,3',4,5,6-hexa
BDE2 3-mono BDESS 2,3,3' 4-tetra BDE108 2,3,3',4,6-penta BDE161 2,3,3'4,5',6-hexa
BDE3 4-mono BDES56 2,3,3' 4'-tetra BDE109 2,3,3',4",5-penta BDE162 2,3,3'4',5,5'-hexa
BDE4 2,2'-di BDES7 2,3,3',5-tetra BDE110 2,3,3',4',6-penta BDE163 2,3,3'4',5,6-hexa
BDES 23-di BDE58 2,335 tetra BDEI111 23,355 penta BDE164 | 2,33 4,5 6-hexa
BDE6 2,3'-di BDES59 2,3,3',6-tetra BDE112 2,3,3',5,6-penta BDE165 2,3,3',5,5',6-hexa
BDE7 2,4-di BDEG60 2,3,4,4'-tetra BDE113 2,3,3',5',6-penta BDE166 2,3,4,4',5,6-hexa
BDES 2. 4-di BDE61 234 5-tetra BDE1 14 2,344 5-penta BDE167 | 2,3'.4.45,5hexa
BDE9 2,5-di BDE62 2,3,4,6-tetra BDEI115 2,3,4,4',6-penta BDE168 2,3',4,4',5' ,6-hexa
BDEL0 2,6-di BDEG63 23,4 5-tetra BDEI16 2,3.4,5,6-penta BDEI69 | 3,3'4.4'5,5-hexa
BDEI11 3,3'-di BDE64 2,3,4',6-tetra BDEI117 2,3,4',5,6-penta BDE170 2,2'3,3'4,4',5-hepta
BDE12 3,4-di BDEG65 2,3,5,6-tetra BDE118 2,3'4,4',5-penta BDE171 2,2',3,3'4,4',6-hepta
BDE13 3 4-di BDEG6 2.3 4.4 tetra BDE119 2,3 44" 6-penta BDEL72 | 2,23,3'4,5,5 hepta
BDE14 3,5-di BDE67 2,3'4,5-tetra BDE120 2,3'4,5,5"-penta BDE173 2,2'3,3',4,5,6-hepta
BDEI15 4.4'-di BDE68 2,3'4,5'-tetra BDEI121 2,3'4,5',6-penta BDE174 2,2'3,3'4,5,6'-hepta
BDE16 2.2 3-tri BDEG9 2.3 .4,6-tetra BDE122 23,3 45 -penta BDEL75 | 2,23,3'4,5.6-hepta
BDE17 2,2' 4-tri BDE70 2,3'4' 5-tetra BDE123 2,3'4,4',5"-penta BDE176 2,2'3,3'4,6,6'-hepta
BDE18 2,2',5-tri BDE71 2,3'4' 6-tetra BDE124 2,3'4',5,5'-penta BDE177 2,2',3,3'4,5',6'-hepta
BDE19 2,2',6-tri BDE72 2,3',5,5'-tetra BDEI125 2,3'4'5',6-penta BDE178 2,2'3,3',5,5',6-hepta
BDE20 2,3,3'-tri BDE73 2,3',5',6-tetra BDE126 3,3',4,4',5-penta BDE179 2,2'3,3',5,6,6'-hepta
BDE21 2.3 4t BDE74 244 5-tetra BDE127 3,3'4,5,5 penta BDEIS0O | 2,2 34455 hepta
BDE22 2,3 4'-tri BDE75 2,4.4',6-tetra BDE128 2,2'3,3"4,4'-hexa BDE181 2,2'3,4,4',5,6-hepta
BDE23 2,3,5-tri BDE76 2,3'4'5'"-tetra BDE129 2,2',3,3'4,5-hexa BDE182 2,2',3,4,4,5,6'-hepta
BDE24 2,3,6-tri BDE77 3,3'4,4'-tetra BDE130 2,2'3,3'4,5'-hexa BDEI183 2,2'3,4,4,5',6-hepta
BDE25 2,3' 4-tri BDE78 3,3'4,5-tetra BDE131 2,2',3,3',4,6-hexa BDE184 2,2'3,4,4,6,6'-hepta
BDE26 2.3 5.t BDE79 3345 tetra BDE132 223346 hexa | BDEIS5 | 2,2'3.4,5,5,6-hepta
BDE27 2,3',6-tri BDER0O 3,3',5,5'-tetra BDEI133 2,2',3,3',5,5'-hexa BDE186 2,2'3,4,5,6,6'-hepta
BDE28 2,4 4'-tri BDESI 3,4,4',5-tetra BDE134 2,2'3,3',5,6-hexa BDE187 2,2'3,4',5,5',6-hepta
BDE29 24,541 BDES2 2,233 4-penta BDE135 223,356 hexa | BDEISS | 2,2'345,6,6-hepta
BDE30 2,4,6-tri BDES3 2,2',3,3",5-penta BDE136 2,2'3,3',6,6'-hexa BDE189 2,3,3',4,4,5,5'-hepta
BDE31 2.4 5. BDES4 2.2'3.3' 6-penta BDE137 22344 5hexa | BDEI9O | 2,3,344"5,6-hepta
BDE32 2,4 6-tri BDES5 2,2',3,4,4-penta BDE138 2,2'3,4.4' 5" -hexa BDE191 2,3,3',4,4,5',6-hepta
BDE33 2,3' A'-tri BDE86 2,2',3,4,5-penta BDE139 2,2',3,4,4',6-hexa BDE192 2,3,3',4,5,5',6-hepta
BDE34 23,5t BDES7 2,2 34,5 -penta BDE140 223446 hexa | BDEI93 | 2,3,3'4'5,5 6-hepta
BDE35 3,3" 4-tri BDES8 2,2',3,4,6-penta BDE141 2,2',3,4,5,5'-hexa BDE194 2,2'3,3'4,4',5,5-octa
BDE36 33 5.t BDES9 2.2 3.4,6-penta BDE142 223456hexa | BDEI9S | 2,233 4,45 6-octa
BDE37 344t BDE90 2234 5-penta BDE143 223,456-hexa | BDEI96 | 2,2'3,3,4,4.5,6-octa
BDE38 3,4,5-tri BDE91 2,2',3,4',6-penta BDE144 2,2',3,4,5',6-hexa BDE197 2,2'3,3'4,4',6,6'-octa
BDE39 34" 54 BDE92 2.2'3.,5,5penta BDEI145 2234,66-hexa | BDEI9S | 2,2'3,3'4,5,5 6-octa
BDE40 2,2'3,3'-tetra BDE93 2,2'3,5,6-penta BDE146 2,2'3,4'5,5-hexa BDE199 2,2'3,3'4,5,5'6'-octa
BDE41 2,2'3 4-tetra BDE% 2,2',3,5,6'-penta BDE147 2,2'3,4',5,6-hexa BDE200 2,2'3,3'4,5,6,6'-octa
BDE42 2234 tetra | BDE9S 2,2'3,5' 6-penta BDE148 2234 56hexa | BDE201 | 2,2'3,3.4,5,6,6-octa
BDE43 2,2'3,5-tetra BDE9%6 2,2',3,6,6'-penta BDE149 2,2'3,4',5',6-hexa BDE202 2,2'.3,3'5,5',6,6'-octa
BDE44 2,2'3,5'-tetra BDE97 2,2',3,4',5'-penta BDE150 2,2'3,4',6,6'-hexa BDE203 2,2'3,44'5,5',6-octa
BDE45 223,6-tetta | BDE9S 2,234 6penta | BDEI5] 22355 6-hexa | BDE204 | 2,2'3.4.4.5,6,6-octa
BDE46 2,2'3,6'-tetra BDE99 2,2'4.4',5-penta BDE152 2,2',3,5,6,6'-hexa BDE205 2,3,3',4,4',5,5,6-octa
BDE47 2.2 44%tetra_ | BDEI00 | 2,2'4.4" 6-penta BDEI153 224455 hexa | BDE206 | 2,2'3,3'4,4'5,5 6-nona
BDE48 2,2'4,5-tetra BDE101 2,2'4,5,5-penta BDE154 2,2'4,4'.5,6'-hexa BDE207 2,2'3,3'4,4'5,6,6'-nona
BDE49 2,2'4,5-tetra BDE102 2,2'4,5,6'-penta BDEI155 2,2'4,4',6,6'-hexa BDE208 2,2'3,3'4,5,5',6,6'-nona
BDES0 22 464etta | BDEI03 | 2,2'4,5 6-penta BDE156 233,44 5-hexa | BDE209 | 2,2'3,3.,4,45,5.6,6-deca
BDES5S1 2,2'4,6'-tetra BDE104 2,2'4,6,6'-penta BDE157 2,3,3'4,4',5"-hexa

BDE52 2.2'5,5tetra_| BDEI05 | 2,3,3'44"penta BDEI58 2,33 44 6-hexa

BDES3 2,2'5,6'-tetra BDE106 2,3,3'4,5-penta BDE159 2,3,3'4,5,5'-hexa
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Appendix B. Visual BSAIC source code of the photodegradation model

Private Sub btn_Exit Click()
End
End Sub

Private Sub btnExcelFile Click()
CDlogout.FileName =""
CDlogout.InitDir = Path
CDlogout.Filter = "Excel files (*.xIs)[*.XLS|All files (*.*)*.*"
CDlogout.FilterIndex = 1
CDlogout.Flags = cdIOFNFileMustExist Or cdlIOFNPathMustExist
CDlogout.Action = 2
If CDlogout.FileName = "" Then
MsgBox "NO File selected"
Exit Sub
End If
IblOutputFile.Caption = CDlogout.FileName
End Sub

Private Sub btnlnputFile Click()
CDLogin.InitDir = Path
CDLogin.Filter = "TXT files (*.TXT)[*.TXT|AII files (*.*)|*.*"
CDLogin.FilterIndex = 1
CDLogin.Flags = cdlOFNFileMustExist Or cdlOFNPathMustExist
CDLogin.Action = 1
If CDLogin.FileName = "" Then
MsgBox "NO File selected"
Exit Sub
End If
IblInputFile.Caption = CDLogin.FileName

End Sub

Private Sub btnListName Click()
Dimb, 1, ]}, k, I, m, X, y, z, BrNum(300) As Integer
Dim str, linehead, testchar, BDEName(209) As String
Dim NumDH2(6) As Integer
Dim Xrray(5), Yrray(5), var As Integer
Dim DH1(5), SumH1(300), DH2(6), SumH2(300), DH3(6), SumH3(300), DHF(300),
TotalKK(209), CreatK(300, 10) As Double
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Const FactorofK As Double = 2.13315E+49

Dim Xring(209, 5), Yring(209, 5) As Integer

Dim Xforward, Xbackward, Yforward, Ybackward As Integer
Dim Sublist, a, Subnum(209), h, StartinExcel(209) As Integer
Dim XringSub(209, 10, 5), YringSub(209, 10, 5) As Integer
Dim Product(209, 10) As Integer

Dim Reactnum(300), Reactant(300, 10) As Integer

Dim TotalTime, DispTimelnt, CalcTimelnt, InitialConc, Conc(300), KxConc(300) As
Double
Dim InterV, StartBDE, LowerBDE As Long

Dim x1App As excel.Application  'initiate excel file. Need add excel library as
reference

Dim wb As excel. Workbook

Dim ws As excel. Worksheet

Set x]App = New excel.Application

Set wb = x1App.Workbooks.Add

wb.SaveAs IblOutputFile.Caption

Set ws = wb.Worksheets("Sheet1") 'Specify your worksheet name

str=""

k=1

DHI(1) =0.002614 * 627.5 * 4.184 'DH1 ortho position
DH1(2)=0 'DH1 meta position

DHI1(3) =0.000301 * 627.5 * 4.184 'DHI1 para position
DH1(4)=0 'DH1 meta position

DHI(5) =0.002614 * 627.5 * 4.184 'DH1 ortho position
DH2(1) =9.6354382 'DH2(2,3)

DH2(2) =3.063911821 'DH2(2,4)

DH2(3) =2.66746736 'DH2(2,5)

DH2(4) = 1.47288306 'DH2(2,6)

DH2(5) =9.19698638 'DH2(3.,4)

DH2(6) =3.415723461 'DH2(3,5)

DH3(1) =1.22608982 'DH3(2,2")

DH3(2) =1.005551181 'DH3(2,3")
DH3(3)=0.21791318 'DH3(2.,4")

DH3(4) = 1.562148701 'DH3(3,3")

DH3(5) =1.063311302 'DH3(3.4")

DH3(6) = 0.876903641 'DH3(4.,4")



Open IblInputFile.Caption For Input As #1
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Do While Not EOF(1) " Loop until end of file.
Line Input #1, str
If str=
" Then
Line Input #1, str ' Find the [IUPAC name

If Right(str, 5) <> "IUPAC" Then
Do Until Right(str, 5) = "ITUPAC"
Line Input #1, str

Loop
End If
linehead = Left(str, 41) ' Get characters before pattern
BDEName(k) = Mid(linehead, 8, 32) ' get PBDE name of sub pattern
b=32

testchar = Mid(BDEName(k), b, 1)
Do While testchar <> "C"
b=b-1
testchar = Mid(BDEName(k), b, 1)
Loop
BDEName(k) = Mid(BDEName(k), 1, b - 1) + "BDE"
Fori=1To5
Xrray(i) = Val(Mid(str, 42 + (1- 1) * 2, 1))
Xring(k, 1) = Xrray(i)
If Xrray(i) = 1 Then
SumH1(k) = SumH1(k) + DHI1(i) 'DH1 for ring 1
BrNum(k) = BrNum(k) + 1
End If
Next
Forj=1To 5
Yrray(j) = Val(Mid(str, 60 - j - 1) * 2, 1))
Yring(k, j) = Yrray(j)
If Yrray(j) = 1 Then

SumH1(k) = SumH1(k) + DHI1(j) 'DH1 for ring 2
BrNum(k) = BrNum(k) + 1
End If
Next
Forx=1To5 'DH2 for ring 1

If Xrray(x) =1 Then
Fory=x+1To5
If Xrray(y) = 1 Then
1=x+1
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i=ytl

Ifi+j>8 Then 'change 1,j value to 1 to 5
j=8-]
1i=8-1i
=]
j=i
i=1

End If

SumH2(k) = SumH2(k) + DH2((j - i) + 4 * (i - 2))

NumDH2((G -i)+4 * (i-2)) =NumDH2((G -i)+4 *(1-2)) + 1

End If
Next
End If
Next

Forx=1To5 'DH2 for ring 2
If Yrray(x) = 1 Then

Fory=x+1To5
If Yrray(y) = 1 Then
1=x+1
j=y+1
Ifi+j> 8 Then 'change 1,j valueto 1 to 5
J=8-]
1=8-1

End If
SumH2(k) = SumH2(k) + DH2((j -1) + 4 * (i - 2))
NumDH2((G-1)+4 * (1-2))=NumDH2((j-1)+4*({1-2))+1
End If
Next
End If
Next

Forx=1To5 'DH3
If Xrray(x) = 1 Then
Fory=1To5
If Yrray(y) = 1 Then
i=x+1
j=y+l
Ifi>4 Then
i=8-1



Next
End If
Next

End If

Ifj >4 Then
j=8-]

End If

Ifi>j Then
I=j

m=i+j-3
If1>2 Then

m=m-+1
End If

SumH3(k) = SumH3(k) + DH3(m)
End If

Sublist=0
Fori=1To 5

If Xring(k, 1) = 1 Then
Sublist = Sublist + 1

Fora=1To5
XringSub(k, Sublist, a) = Xring(k, a)
YringSub(k, Sublist, a) = Yring(k, a)

Next

XringSub(k, Sublist, 1) =0

a

Xforward =0
Xbackward =0
Yforward = 0
Ybackward = 0

For j

=1To5

x=1

Form=1To5-]

XxX=x%*2

Next
Xforward = XringSub(k, Sublist, j) * x + Xforward
Y forward = YringSub(k, Sublist, j) * x + Yforward
Xbackward = XringSub(k, Sublist, 6 - j) * x + Xbackward

Next

If Xbackward > Xforward Then

x = Xforward

Xforward = Xbackward

' Try each positions with Br in Xring

' Swap Xforward and Xbackward
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Xbackward = x
x = XringSub(k, Sublist, 1) ' Swap the array of Xringsub
backwards
XringSub(k, Sublist, 1) = XringSub(k, Sublist, 5)
XringSub(k, Sublist, 5) = x
x = XringSub(k, Sublist, 2)
XringSub(k, Sublist, 2) = XringSub(k, Sublist, 4)
XringSub(k, Sublist, 4) = x
End If
If Yforward > Xforward Then ' Swap the array of Xringsub and
YringSub
Fora=1To5
x = XringSub(k, Sublist, a)
XringSub(k, Sublist, a) = YringSub(k, Sublist, a)
YringSub(k, Sublist, a) = x
Next a
End If
End If
Next i

Fori=1To5 ' Try each positions with Br in Yring
If Yring(k, 1) = 1 Then
Sublist = Sublist + 1
Fora=1To5
XringSub(k, Sublist, a) = Xring(k, a)
YringSub(k, Sublist, a) = Yring(k, a)
Next a
YringSub(k, Sublist, i) =0
Xforward = 0
Xbackward =0
Y forward =0
Ybackward = 0
Forj=1To5
x=1
Form=1To5-]
Xx=x%*2
Next
Xforward = XringSub(k, Sublist, j) * x + Xforward
Y forward = YringSub(k, Sublist, j) * x + Yforward
Ybackward = YringSub(k, Sublist, 6 - j) * x + Ybackward
Next
If Ybackward > Yforward Then
x = Yforward ' Swap Xforward and Xbackward
Y forward = Ybackward
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Ybackward = x
x = YringSub(k, Sublist, 1) ' Swap the array of Xringsub
backwards
YringSub(k, Sublist, 1) = YringSub(k, Sublist, 5)
YringSub(k, Sublist, 5) = x
x = YringSub(k, Sublist, 2)
YringSub(k, Sublist, 2) = YringSub(k, Sublist, 4)
YringSub(k, Sublist, 4) = x
End If
If Yforward > Xforward Then ' Swap the array of Xringsub and
YringSub
Fora=1To5
x = XringSub(k, Sublist, a)
XringSub(k, Sublist, a) = YringSub(k, Sublist, a)
YringSub(k, Sublist, a) = x
Next a
End If
End If
Next i
Subnum(k) = Sublist

k=k+1
Forz=1To 6
NumDH2(z) =0
Next
End If
Loop
Close #1
StartinExcel(1) = 1 'calculate where they start in excel

For h=2 To 209
'StartinExcel(h) = StartinExcel(h - 1) + Subnum(h - 1) + 1
StartinExcel(h) = StartinExcel(h - 1) + 10

Next h

Forh=1 To 300 " have to consider DE which is 0
DHF(h) =21.979 * BrNum(h - 1) + 56.569 + SumH1(h - 1) + SumH2(h - 1) +
SumH3(h - 1) 'calc DHF of each congener
Next h

For k=1 To 209
ws.Cells(StartinExcel(k) + 1, 10).Value = Subnum(k) "list how many
products
For m =1 To Subnum(k)
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i=1 ' find the congener which fits the pattern
of product
x=0
Do While x =0 And 1 <= 209

If Xring(i, 1) = XringSub(k, m, 1) And Xring(i, 2) = XringSub(k, m, 2) And
Xring(i, 3) = XringSub(k, m, 3) And Xring(i, 4) = XringSub(k, m, 4) And Xring(i,
5) = XringSub(k, m, 5) And Yring(i, 1) = YringSub(k, m, 1) And Yring(i, 2) =
YringSub(k, m, 2) And Yring(i, 3) = YringSub(k, m, 3) And Yring(i, 4) =
YringSub(k, m, 4) And Yring(i, 5) = YringSub(k, m, 5) Then

X=1

End If

i=i+1
Loop
ws.Cells(StartinExcel(k) + m + 1, 10).Value = x ' List the names of
products
ws.Cells(StartinExcel(k) + m + 1, 11).Value = DHF(x + 1) "have to
consider DE which is 0
ws.Cells(StartinExcel(k) + m + 1, 12).Value = DHF(k + 1) - DHF(x + 1) '
calculate Delta(DHY)
ws.Cells(StartinExcel(k) + m + 1, 13).Value = 353.9489 - (DHF(k + 1) - DHF(x +
1)-21.979) 'Activation Energy Ea 353.9489 kJ/mol is the C-Br bond energy
ws.Cells(StartinExcel(k) + m + 1, 14).Value = Exp((DHF(k + 1) - DHF(x + 1) -
21.979 - 353.9489) * 1000 / 8.3145 / 298.15) ' exp(-Ea/RT)
TotalKK (k) = TotalKK(k) + Exp((DHF(k + 1) - DHF(x + 1) - 21.979 - 353.9489)
*1000/8.3145/298.15) ' total k/A for all the 209 congeners
Product(k, m) = x

13k o ok o ok sk ook ook sk skosk ko sk BelOW fOI' reactant >k ok o sk o skosk sk skok sk

If x>0 Then ‘avoid displaying DiphenylEther which has
x=0

Reactnum(x) = Reactnum(x) + 1

Reactant(x, Reactnum(x)) = k

CreatK(x, Reactnum(x)) = Exp((DHF(k + 1) - DHF(x + 1) - 21.979 - 353.9489)
*1000/8.3145/298.15)

ws.Cells(StartinExcel(x) + 1, 17).Value = Reactnum(x)

ws.Cells(StartinExcel(x) + Reactnum(x) + 1, 17).Value =k

ws.Cells(StartinExcel(x) + Reactnum(x) + 1, 18).Value = DHF(k + 1)

ws.Cells(StartinExcel(x) + Reactnum(x) + 1, 19).Value = DHF(k + 1) - DHF(x
+1)

ws.Cells(StartinExcel(x) + Reactnum(x) + 1, 20).Value = 353.9489 - (DHF(k +
1) - DHF(x + 1) - 21.979)

ws.Cells(StartinExcel(x) + Reactnum(x) + 1, 21).Value = Exp((DHF(k + 1) -
DHF(x + 1) - 21.979 - 353.9489) * 1000 / 8.3145 / 298.15)
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ws.Cells(StartinExcel(x) + Reactnum(x) + 1, 22).Value = FactorofK *
Exp((DHF(k + 1) - DHF(x + 1) - 21.979 - 353.9489) * 1000 / 8.3145 / 298.15)
End If
Next m
ws.Cells(StartinExcel(k) + 1, 15).Value = TotalKK(k)
ws.Cells(StartinExcel(k) + 1, 16).Value = TotalKK (k) * FactorofK
Next k

13k st s ske ke s sk ke sk ske ke seoske sk seosk sk sk sk skosk sk sk start Output eXCCl ﬁle
sk sk sk ske sk sfe sk ke sk ske sk sfe st sk sk sk sk sfeskeoske sk sk seskeoskoskesk sk

ws.Cells(1, 1).Value = "PBDE Name"

ws.Cells(1, 2).Value = "PBDE name"

ws.Cells(1, 3).Value = "Br Number"

ws.Cells(1, 4).Value = "DH1"

ws.Cells(1, 5).Value = "DH2"

ws.Cells(1, 6).Value = "DH3"

ws.Cells(1, 7).Value = "Sum of DH"

ws.Cells(1, 8).Value = "Linear Eq"

ws.Cells(1, 9).Value = "DHf"

ws.Cells(1, 10).Value = "Number of products"

ws.Cells(1, 11).Value = "DHf of each product"

ws.Cells(1, 12).Value = "Difference of DHf"

ws.Cells(1, 13).Value = "Activation Energy"

ws.Cells(1, 14).Value = "individual k/A"

ws.Cells(1, 15).Value = "Total k/A"

ws.Cells(1, 16).Value = "Modified Total k as reactant”

ws.Cells(1, 17).Value = "Number of reactant"

ws.Cells(1, 18).Value = "DHf of each reactant"

ws.Cells(1, 19).Value = "Difference of DHf"

ws.Cells(1, 20).Value = "Activation Energy"

ws.Cells(1, 21).Value = "individual k/A"

ws.Cells(1, 22).Value = "Modified k as product"

Range(Cells(1, 1), Cells(1, 25)).Interior.Color = RGB(256, 256, 200)
For k=1 To 209
Range(Cells(StartinExcel(k) + 1, 1), Cells(StartinExcel(k) + 1, 9)).Interior.Color =
RGB(200, 200, 256)
Range(Cells(StartinExcel(k) + 1, 10), Cells(StartinExcel(k) + 1, 16)).Interior.Color
= RGB(200, 256, 200)
Range(Cells(StartinExcel(k) + 1, 17), Cells(StartinExcel(k) + 1, 25)).Interior.Color
=RGB(256, 200, 200)
ws.Cells(StartinExcel(k) + 1, 1).Value = "PBDE" & k
ws.Cells(StartinExcel(k) + 1, 2).Value = BDEName(k)
ws.Cells(StartinExcel(k) + 1, 3).Value = BrNum(k)
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ws.Cells(StartinExcel(k) + 1, 4).Value = SumH1(k)

ws.Cells(StartinExcel(k) + 1, 5).Value = SumH2(k)

ws.Cells(StartinExcel(k) + 1, 6).Value = SumH3(k)

ws.Cells(StartinExcel(k) + 1, 7).Value = SumH]1(k) + SumH2(k) + SumH3(k)

ws.Cells(StartinExcel(k) + 1, 8).Value = 21.979 * BrNum(k) + 56.569

ws.Cells(StartinExcel(k) + 1, 9).Value = 21.979 * BrNum(k) + 56.569 + SumH1(k)
+ SumH2(k) + SumH3(k)

Next

13 sk sk sk sk ske sk sk sk sk sk sk ske sk sk sk sk sk sk sk sk sk sk skeoskeosk skeoskeskeosk sk skosk sk Sheet 2 for dlsplaylng the real tlme
Concentrations sk sk sk sk skeoske skeoskeoskeoske sk sk skeoskoskosk
TotalTime = txtTotalTime.Text
CalcTimelnt = txtCalcTimelnterv.Text
DispTimelnt = txtDispTimelnterv.Text
InitialConc = txtInitConc.Text
StartBDE = txtStartBDE.Text
Set ws2 = wb.Worksheets("Sheet2") 'Specify your worksheet name
ws2.Cells(1, 1).Value = "BDE Number"
ws2.Cells(1, 2).Value = "Br Number"
ws2.Cells(1, 3).Value = "DH{"
For k=1 To 209
ws2.Cells(k + 1, 1).Value =k
ws2.Cells(k + 1, 2).Value = BrNum(k)
ws2.Cells(k + 1, 3).Value = DHF(k + 1)
Next k

Conc(StartBDE) = InitialConc
InterV = DispTimelnt / CalcTimelnt

LowerBDE = StartBDE - 1
Do While LowerBDE >= 1 And BrNum(LowerBDE) = BrNum(StartBDE)
' Find the BDEs one less Br than StartBDE
LowerBDE = LowerBDE - 1
Loop

For m =1 To TotalTime / CalcTimelnt

If m Mod InterV = 0 Then
ws2.Cells(1, m / InterV + 3).Value = CalcTimelnt * m

End If

For n = StartBDE To 1 Step -1
For o =1 To Reactnum(n)

KxConc(n) = KxConc(n) + FactorofK * CreatK(n, 0) * Conc(Reactant(n, 0))

'calc the creating rate from up PBDEs
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Next o
Conc(n) = Conc(n) - (Conc(n) * FactorofK * TotalKK(n) - KxConc(n)) *
CalcTimelnt
If m Mod InterV =0 And Conc(n) <> 0 Then
ws2.Cells(n + 1, m / InterV + 3).Value = Conc(n)
End If
KxConc(n) =0
Nextn
Next m

wb.Save

wb.Close
x1App.Quit

Set ws = Nothing
Set ws2 = Nothing
Set wb = Nothing
Set x]App = Nothing

End Sub






