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Abstract
The debromination of selected polybrominated diphenyl ethers (PBDEs) by nanoscale zerovalent
iron particles (nZVI) was studied to investigate the degradation pathways and the reaction kinetics
of the PBDEs. The primary PBDE investigated was 2,3,4-tribromo diphenyl ether (BDE 21) to assess
degradation pathways. nZVI could effectively debrominate the selected PBDEs into lower
brominated compounds and diphenyl ether, a completely debrominated form of PBDEs. The
susceptibility of the meta-bromine by nZVI was observed from the debromination tests for PBDEs
with single-flanked (2,3-diBDE and 3,4-diBDE) and unflanked (three monoBDEs) bromines. The
stepwise debromination from n-bromo- to (n-1)-bromodiphenyl ether was observed as the dominant
reaction process, although simultaneous multistep debromination seemed to be plausible for di-BDEs
having two bromines adjacent on the same phenyl ring. The reaction rate constants were estimated
by assuming the reaction between PBDEs and nZVI was a pseudo-first order reaction and the rates
decreased with fewer bromine substituents. The reaction rate constants were correlated with the heat
of formation and the energy of the lowest unoccupied molecular orbital of the corresponding
compounds, and these appear to be useful descriptors of relative reaction rates among PBDE
homologue groups.

Introduction
Polybrominataed diphenyl ethers (PBDEs) are a class of brominated flame-retardants (BFRs)
extensively used over past several decades in various industrial and consumer products. Unlike
other reactive BFRs that are chemically bound to polymers, PBDEs are simply blended with
the polymer during its formation and thus may more readily migrate from products to the
environment (1). The levels of the PBDEs in the environment have increased exponentially in
the past 30 years (2). Among the pool of environmentally-important PBDE congeners, the less
brominated congeners are more widespread as they have been observed in areas distant from
their known use of production, e.g., the Arctic (3), and more bioaccumulative probably due to
their smaller molecular sizes or smaller depuration rates (4,5), and more toxic (6), compared
to higher brominated congeners.

For these reasons it is important to develop effective and feasible remediation technologies for
PBDE contamination. Nanoscale zerovalent iron (nZVI) is a strong reducing agent for many
organic contaminants. Due to the larger specific surface area, nZVI (20–100 nm in diameter)
can greatly improve reaction rates compared to micro-scale ZVI (1–50 μm in diameter). Recent
studies show that nZVI can degrade an array of environmental contaminants (7), however,
chlorinated or brominated alicyclic and aromatic compounds such as PCBs and PBDEs, which
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react slowly with nZVI and often generate more intermediates and byproducts, have received
far less attention. Currently, only limited information is available for PBDE debromination by
nZVI, mainly for the fully brominated diphenyl ether, deca-BDE (BDE 209) (8,9). Keum and
Li tested six PBDEs using micro-ZVI (10). nZVI was tested to debrominate BDE 209 and
determine the reaction products with respect to bromine substitution positions, but the presence
of unidentified peaks made it difficult to conclusively confirm the positional preference or
pathways for the debromination of the compound (8,9).

In this study, we selected 2,3,4-tribromodiphenyl ether (BDE 21) that has one bromine at each
of the ortho-, meta-, and para-positions on one side of the diphenyl ether to investigate the
reaction of PDBEs with nZVI. A series of contact experiments was conducted using BDE 21
and its debromination product congeners to study reaction kinetics and position preference of
debromination among different mono-, di-BDE homologues and BDE 21. Also, correlation
analyses between the estimated reaction rate constants and molecular properties were made to
assess reaction mechanisms among the full range of PBDEs.

Experimental Section
Nanoscale ZVI Synthesis and Characterization

nZVI particles were synthesized by aqueous phase reduction of dissolved ferrous sulfate by an
excess of sodium borohydride with a slight modification from the method previously reported
by Liu et al. (11), and dried by freeze-dryer. A detailed description of the synthesis method is
included in the Supporting Information.

The morphology of the iron particles was investigated using transmission electron microscopy
(TEM, Tecnai G2 F20 X-TWIN, FEI Company, Hillsboro, OR) with energy dispersive x-ray
detector (EDS). Particles were dispersed in methanol by sonication and dripped onto a lacey
carbon film for the analysis. X-ray diffraction (XRD) analysis with Fe K edge (7111 eV)
radiation was performed on a powder diffractometer at the Stanford Synchrotron Radiation
Lightsource (Stanford, CA). X-ray photoelectron spectroscopy (XPS, PHI VersaProbe
Scanning XPS, Physical Electronics, Inc., Chanhassen, MN) analysis with Al(K) radiation
(1486 eV) was performed to survey iron speciation. The N2-BET specific surface areas of the
synthesized particles were measured using a Coulter SA 3100 surface area and pore size
analyzer (Coulter Corporation, Miami, FL). The fraction of zerovalent iron (Fe0) within the
particles was determined by quantifying hydrogen gas evolved, using a Trace Analytical RGA3
reduction gas analyzer (Trace Analytical, Pittsburgh, PA) after digesting an aliquot of the
particles with 10 ml of concentrated HCl (36.5 – 38.0%, EMD) solution in a serum bottle
overnight. The Fe0 content was calculated assuming that 1 mole of H2 is produced per mole
of Fe0 from the acid digestion as represented in Eq. 1.

(Eq. 1)

The total iron and boron contents of the particle were determined from inductively coupled
plasma-atomic emission spectrometry (ICP-AES, IRIS Advantage/1000, TJA Solutions,
Franklin, MA) by following EPA Method 6010B.

Debromination Experiments
Table 1 lists the shorthand nomenclature for the PBDEs investigated. 1 g of nZVI was added
to a serum vial containing 10 ml of the individual PBDE (Accustandard) stock solution at the
known concentration. The PBDE solutions were prepared in an acetone/milli-Q water solution
(50:50, v/v) with 0.4% sodium azide added to minimize microbial degradation. The sample
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bottle was sealed with a Teflon/silica septa, and sonicated in a water bath for 5 minutes to
disperse the particles. The prepared samples were placed on a horizontal shaker at 60 rpm and
covered to avoid photodegradation. At preselected time intervals, samples were sacrificed to
measure the concentrations of the parent compound and the reaction products. The samples
were extracted three times using toluene and the collected extract was dried using anhydrous
Na2SO4 (granular, 10–60 mesh, Fisher), and further concentrated down to 1 ml under a gentle
N2 stream. PCB 15 (Ultra scientific), an internal standard, was spiked into each sample prior
to analyses for quantification purposes. All samples were prepared in triplicate.

Instrumental Analysis
PBDEs in the extracts were analyzed using gas chromatography with mass spectrometric
detector (GC-MSD, Agilent 6890N-5973N, Palo Alto, CA) equipped with a HP-5ms capillary
column (30.0 m × 250 μm × 0.25 μm). 1 μL of the sample was injected in splitless mode with
the inlet maintained at 250 °C. The oven was held initially at 60 °C for 2 min, increased at the
rate of 4 °C/min to the final temperature of 250 °C, which was held for 20 min. Helium was
used as carrier gas at 1 ml/min. The interface temperature for MSD and ion source temperature
were both set at 280 °C. The mass spectrometer was in the selective ion monitoring (SIM)
mode at the electron impact energy of 69.9 eV

Results and Discussions
Particle Characterization

Figure S1 (in Supporting Information) shows the TEM images of the synthesized nZVI
particles. Because of magnetic effects between the nanoparticles, the particles exist as
aggregates of spherical particles in the size range of 20 – 100 nm. The average crystallized iron
grain size estimated from XRD patterns was approximately 2 nm, showing a short-range
ordered structure of iron particles (12). Atomic lengths determined from electron diffraction
patterns from TEM and peaks identified on the XRD patterns (Figure S2) confirmed that the
aggregates are composed mainly of zero-valent iron. The Fe 2p3 spectra of nZVI from XPS
(Figure S3) show a strong signal of oxidized iron on the surface besides zero-valent iron,
indicating a core-shell morphology where the surface of nZVI is covered by a layer of iron
oxide film, mainly Fe2O3. Since the nanoparticle is highly reactive, the surface oxidation is
likely to happen during any step of the synthesis and storing the particles afterwards. The
estimated shell thickness of iron oxide film in the aggregates was approximately 3 nm as
calculated from Eq. S1. The TEM image also confirmed the calculated thickness (Figure S1
(b)).

ICP-AES analysis revealed that the synthesized nZVI comprises approximately 76% iron in
any form and 5% boron by weight, with the remaining 19% considered mostly to be oxygen
in iron oxides and other impurities. Similar compositions have been reported in other studies
(13,14). Among total iron, 72% is zerovalent iron, corresponding to approximately 55% of
total mass in the entire nanoparticles. The remaining iron exists in oxide forms. The oxide layer
covering zerovalent iron may sacrifice reactivity to a certain degree compared to fresh iron,
but it may protect the zerovalent iron core from further oxidation as well.

The synthesized nZVI particles had a BET surface area of 15.5 ± 0.5 m2/g and were essentially
nonporous, which agrees with data reported in the literature (13,15,16). Somewhat larger BET
surface areas (30 – 37 m2/g) and smaller particle sizes (20 – 40 nm) are reported in studies that
employed similar synthesis methods (14,17). The synthesis conditions, such as solvents, pH,
and drying, are believed to affect the size as well as surface area of the resulting nanoparticles
(18,19). Assuming nZVI to be spherical, calculation (Eq. S2) shows that the nZVI particles
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would have a specific surface area of about 13 m2/g with an average diameter of 60 nm. Thus,
the calculated and measured surface areas show reasonable agreement.

Debromination Pathways
nZVI could rapidly debrominate BDE 21. BDE 21 completely disappeared in the system within
4 days, resulting in its lower brominated intermediates (di- and mono-BDEs) and diphenyl
ether (DE), the completely debrominated form of PBDEs. Figure 1 shows the changes in the
composition of the compounds in the system during experimental observation, up to 1 month.
Di-BDEs were the dominant forms of BDEs in the early stages of the reaction and they
continued to increase up to 4 days. After the BDE 21 concentration dropped to a low level in
the system, the di-BDEs started to decrease and the trend continued throughout the period of
experimental observation. The production of mono-BDEs and DE were minimal during the
period that the increase of di-BDEs was observed, and mono-BDEs and DE started to
accumulate with the transformation of di-BDEs. BDE 5 (2,3-dibromodiphenyl ether) and BDE
12 (3,4-dibromodiphenyl ether) are shown as their sum because they cannot be separately
identified by GC-MSD due to their similar molecular properties.

The debromination pathways were further investigated by conducting individual
debromination tests on the relevant intermediate di-BDEs and mono-BDEs (shown in Figure
S4). As a group, the debromination tests with individual mono-BDEs by nZVI showed the
slowest reaction among the tested BDEs with less than 10% of mono-BDEs degraded within
40 days with minimal amount of DE detected (shown in Figure S4(a) and (b)). Compared to
mono-BDEs, a considerable amount of DE was formed simultaneously along with mono-BDEs
from the debromination of BDE 5 and 12 (shown in Figure S4(c) and (d)), whereas far less DE
was produced compared to mono-BDEs from BDE 7 (2,4-dibromodiphenyl ether) (shown in
Figure S4(e)). The debromination trend, in general, may indicate that the debromination of
PBDEs by nZVI is a stepwise reaction, from n-BDE to (n-1)-BDE. Keum and Li previously
reported that stepwise dehalogenation was dominant when BDE 209 was contacted with
powdery micro-ZVI (10). Also, similar stepwise dechlorination of PCBs by micro-ZVI in water
has been observed at high temperature and pressure (20). However, the debromination of BDE
5 and 12 seems to suggest that near simultaneous loss of ortho- and meta-, or meta- and para-
bromines might be possible. If stepwise debromination was a dominant pathway for BDE 5
and 12, the increase in DE concentration should have been seen after the increase of mono-
BDEs. BDE 5 and 12 have two bromines adjacent to each other and their molecular structures
may increase a chance for both bromines to simultaneously anchor to the surface of nZVIs,
leading to a rapid sequential two-step or simultaneous debromination. Concerted
transformations were also reported for di- and tri-chlorobenzenes (21) and di-chlorobiphneyls
(22) when the compounds were reduced by a catalyzed ZVI (ZVI/Pd). But none was reported
for brominated aromatic compounds by ZVI before.

For the PBDEs we studied, we observed that the bromine at the meta-position was the most
susceptible to the debromination by nZVI. The test on BDE 21 showed that, among the
intermediates, BDE 7 that lost the meta-bromine showed higher concentration than the other
two di-BDEs (BDE 5 and 12). Although the susceptibility of meta-bromine might be caused
by double-flanking for BDE 21, this viewpoint on relative reactivity was determined in general
by BDEs with single-flanked (BDE 5 and 12) and unflanked (BDE 1, 2, 3) bromines. When
there was a meta-bromine present in di-BDEs (BDE 5 and 12), it was clear that the meta-
bromine undergoes the debromination preferentially, resulting in less BDE 2 (3-
monobromodiphenyl ether) production compared to the other mono-BDEs. Observations from
the debromination tests on mono-BDEs, BDE 2 showed faster degradation among mono-BDEs
although the differences were very small. The susceptibility of the meta-position towards
reaction could be viewed as favoring nucleophilic substitution; the combined effects of the
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ether bond and the bromines on the electron density of a phenyl ring may make the meta-
bromine more vulnerable to electron attack compared to ortho- or para-bromines within the
same ring. The tenaciousness of para-bromines for reduction by ZVI was reported in the tests
with BDEs 28, 47, 66, 100 (10), and the test with BDE 209 based on confidently identified
hepta- to di-BDE products (8,9). But the susceptibility of meta-bromines was not clearly
concluded as all the PBDEs in those tests tested have bromines on both sides of the phenyl
rings, and only BDE 66 and 209 have meta-bromines. Nevertheless, the preferential
debromination of meta-bromines was revealed in accumulation of products (2,3′,4,4′,6-
BDE119, 2,2′,4,4′,5,6′-BDE154, 2,2′3,4,4′,5′,6-BDE183, 2,2′,3,4,4′,6,6′-BDE184, 2,4,4′,6-
BDE75, 2,2′,4,4′-BDE47, 2,2′,4-BDE17, 2,4,4′-BDE28) from BDE 209 that are mainly ortho-
brominated (9). In our study, the preferential difference between ortho- and para-bromines
seems to be slight. The debromination test on BDE 7 shows the tenaciousness of ortho-
bromines by nZVI, resulting in abundance of BDE 1 (2-monobromodiphenyl ether) compared
to BDE 3 (4-monobromodiphenyl ether). Based on byproducts formation from the
debromination of BDE 21, and di- and mono-BDEs by nZVI, the positional preference exhibits
the following trend: meta ≫ para ≥ ortho. This position preference might not be true for other
congeners, especially if steric effects caused by adjacent bromines, oxygen and the phenyl ring
play an important role here. The observation in this study is apparently in contrast to the
positional preference reported for PCB dechlorination by nZVI, where para-chlorine removal
was predominant for tri- and tetra-chlorobiphenyls (14). This may indicate that the oxygen
atom between the two rings affects the relative vulnerability of bromines at different positions
as it renders PBDE molecules more nonlinear and nonplanar (23).

Mass balances were calculated to consider any possibility of irreversible sorption or non-
extractable compound formation. The recoveries were quantitative, ranging from 90 – 98%,
throughout most of the tests except that tests on BDE 5 and 12 showed lower recovery (70–
75%), and BDE 21 (around 65%). The mass balance for the BDE 21 tests became constant
after 4 days once BDE 21 disappeared. There might be a similar mechanisms contributing to
the coincidence of mass loss for BDE 5, 7 and 21, all of which have adjacent bromines. The
possibility of forming other degradation compounds by other transformation mechanisms
cannot be ruled out. Possible reactions were indicated in the following studies: hydroxylation
or the cleavage of the ether bond of PBDEs in biotransformation process (24,25); the
intramolecular cyclization by the dissociation of C-Br bond and the cleavage of ether bond of
DE in photodegradation processes (26,27); oxidation process with ZVI in oxygen-rich
conditions in study of pesticides (28); and formation of polychlorinated dibenzofurans (PCDFs)
in PCB pyrolysis (29). Efforts were made to prove the existence of unknown intermediates
with available analytical methods, but none of those products was identified.

Based on our observations, the main debromination pathways of BDE 21 by nZVI are proposed
in Figure 2, for which the dominant degradation pathways are represented with thicker arrows.
The degradation byproducts from BDE 5 show an unexpected outcome; instead of BDE 1 and
BDE 2, BDE 2 and BDE 3 were detected as byproducts and no BDE 1 was detected.
Considering the complexity of heterogeneous surface reactions, one possible explanation for
this outcome could be a sigmatropic [1,5] shift of bromine, which is not represented by simple
and discrete electron transfers involving intramolecular migration of the substituent with
simultaneous rearrangement of the π system. Minkin et al. showed bromine migration over the
cyclopentadiene ring due to sigmatropic shift in reaction of 5-methyl-1,2,3,4-
tetramethoxycarbonylcyclopendadien with N-bromosuccinimide (30). Similarly, a
rearrangement reaction known as [1,2]-hydrogen shift was reported during the pyrolysis of
PCB isomers to PCDFs (29) and metabolic hydroxylation of PCBs (31,32). Another possibility
is that an activated form of DE is formed from the simultaneous debromination of PBDEs,
which re-acquires available bromine at its para-position wherein the intermolecular repulsion
is minimal. Further investigation is needed to answer this physical organic chemistry question.

Zhuang et al. Page 5

Environ Sci Technol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Nevertheless, this is the first research discovering bromine shift by ZVI under ambient
conditions. The mechanisms underlying this bromine shift, which favors the formation of para-
brominated DEs, might further contribute to the persistence of para-bromines in PBDEs.

Debromination Kinetics
The debromination tests on BDE 21, 12, 7, 5, 3, 2, and 1 by nZVI are described well by the
pseudo-first-order kinetic model as represented in Eq. S3. The observed rate constants decrease
with the number of bromines, which is in accord with findings from PBDE debromination by
micro-ZVI (10). Similar tendencies have been observed for PCBs, dioxins, and aliphatic
halides (33–35). The bromines act as electron-withdrawing groups that reduce the electron
density on the benzene ring. An increasing number of bromines would lower the electron
density on the ring and make the molecule more susceptible to nucleophilic substitution.

It is widely accepted that the higher reactivity of nZVI mainly comes from its larger specific
surface area compared to micro-ZVI. Thus, normalizing reaction rates with respect to specific
surface area is commonly used to compare reaction rates with different-sized ZVI materials
for heterogeneous reactions (12,14). However, choosing specific surface area (SSA) to
normalize the reaction rates should be used with caution, especially in the case of
experimentally measured surface area such as BET-SA. Some researchers reported that the
physical characteristics of the particles by itself, such as SSA, could not explain reactivity
differences between the different forms of Fe0 they tested (36,37). The use of nZVI content
(mass concentration) normalized reaction rate might be considered as an alternative when
surface area differences among particles under comparison are not drastic. Liu et al. reported
that tests using a commercially available nZVI showed a good correlation between different
initial Fe0 contents and observed rate constants (38). Nevertheless, considering the wide range
of size differences in ZVIs, SSA normalized rate constants remain an effective way to account
for the surface area effect. For example, Li et al. attributed their enhanced debromination
reaction rate of BDE 209 by the resin-bound nZVI to the larger surface areas of the
nanoparticles over micro-ZVI (8). In order to compare reaction rates among different studies,
nZVI mass concentration normalized and SSA normalized rate constants were calculated in
this study using Eq. S4.

The rate constants (observed, nZVI mass concentration normalized, and SSA normalized) for
PBDEs are summarized in Table 1 using data from this study as well as data from Li et al. and
Keum and Li (8,10). Generally, the rates increase by one order of magnitude with one more
degree of bromine substitution. There were, however, no common PBDEs among all three
studies. The only comparable compounds were BDE 7 (this study and micro-ZVI) and BDE
209 (resin-bound nZVI and micro-ZVI). When km values of BDE 7 and BDE 209 were
compared with kSA values, it seems to suggest that the higher surface area of nZVI plays a
more important role than its mass. Two to three orders of magnitude difference in the rate
constants, km, between nZVI and micro-ZVI were reduced to a factor of four to seven when
the rates were normalized using SSA. All the rates in this study were calculated utilizing data
collected up to 40 days. In contrast, Li et al. and Keum et al. used data collected from a few
hours, and 3 days, respectively. The data collected in shorter period reaction tests might
contribute to greater SSA normalized rate constants considering the deactivation and aging of
nZVI over the course of the reaction. This would partially explain why the SSA normalized
debromination rate for BDE 7 in this study is about four times slower than micro-ZVI, and
BDE 209 in resin-bound nZVI is around seven times faster than micro-ZVI. In addition, the
environmental conditions, such as solution, pH, temperature, which were not all the same
among these three studies, would further contribute to such differences.

Based on the proposed debromination pathways of BDE 21 by nZVI as shown in Figure 2,
eight differential equations are deduced to regress the change of BDE 21 and its debrominated
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products. The entire set of the equations and its solution can be found in the Supporting
Information (Eq. S5). The reaction rates of all compounds involved in the debromination
reactions were solved by minimizing the sum of square difference between model-predicted
and experimental values using MATLAB. Multiple solutions for the eleven unknown rate
constants were possible out of the eight equations. Sensitivity tests on the debromination rates
showed that the reaction rates of mono-BDEs were the least sensitive to estimation of the other
reaction rates due to their small values. Thus, it seems reasonable to choose the three rate
constants for mono-BDEs as predetermined from the individual mono-BDE experiments. The
lines in Figure 1 represent the modeling results and they fit the data well, which indicates the
equations deduced from the proposed degradation pathways describe the system properly. It
should be noted that, for di-BDEs, the rate constants from the BDE 21 test were three to four
times larger than those from the individual di-BDEs debromination tests (Table S1).
Considering that the main dehalogenation reaction is stepwise and sequential, the intermediate
di-BDEs could be unstable, possibly in the activated state and may result in the faster reactions
for the intermediates. For comparison, an alternative model S1 in Supporting Information was
built up by considering all possible debromination pathways for BDE 21 and assuming the
debromination kinetics for intermediates were the same as those in individual debromination
tests as parent. But the fittings weren’t as well as those represented in Figure 1 derived from
simplified pathways shown in Figure 2.

Property-reactivity relationship
Molecular properties of organic compounds can provide valuable insight into the reaction
mechanisms and help understand the fate of the compounds in the environment. The
dependence of the reductive dehalogenation potential on certain molecular properties has been
studied for halogenated compounds (10,33,35). Using molecular properties, such as the Gibbs
free energy of formation, lowest unoccupied molecular orbital energies (ELUMO), electron
affinities, and electron reduction potentials, as the descriptor variables to correlate with rates
of reactions are extremely useful for compounds such as PBDEs and PCBs, which have
numerous congeners. There are a few studies on theoretical calculations of chemical properties
of PBDEs (23,39,40), however, the correlation between the compounds’ molecular properties
and the reaction of the compounds with nZVI or micro-ZVI is limited due to the lack of
available experimental data. Hence, the available data on the reactions between ZVI and
PBDEs including the results from this study are collected and compared. Kinetic data obtained
from other publications were reprocessed for comparison purposes (Table 1) and the values of
Hf and ELUMO for corresponding PBDEs were obtained from Hu et al. (39). Additional data
for BDE 21 and BDE 5 were obtained from direct communication with J. Hu. A good
correlation was found between the nZVI mass normalized debromination rates and Hf (R2=
0.889 for nZVI, R2=0.786 for ZVI) or ELUMO (R2= 0.940 for nZVI, R2= 0.759 for ZVI) with
the data collected (Figure S5). Two to three orders of magnitude difference in km values
between the nZVI data (represented in solid lines) and the micro-ZVI data (represented in
dotted lines) mainly reflects the differencesin the specific surface area. SSA normalized rates,
kSA, also show a good correlation with respect to Hf (R2=0.805) or ELUMO (R2=0.920) (Figure
4). Therefore, when the particle size difference is substantial, kSA may provide a more
appropriate basis for comparison.

Hf is a thermodynamic property that can represent the chemical stability of a compound and
it can also be regarded as a driving force of the reaction. As seen in Figure 3(a), Hf values of
PBDE congeners increase with an increasing number of bromines and this indicates
thermodynamic instability of highly brominated compounds. The lower brominated
compounds, in contrast, show chemical stability against reductive debromination. ELUMO, is
a widely used quantum chemical descriptor that plays a major role in governing many chemical
reactions, and this has been used to explain the reduction of chlorinated aliphatic compounds

Zhuang et al. Page 7

Environ Sci Technol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(35). The LUMO is the frontier molecular orbital where electron transfer takes place. Thus,
the energy of this orbital is directly related to the electron affinity and used as an indicator of
the susceptibility of the molecule towards nucleophilic attack, a driving force for reaction
(41). The highly brominated PBDEs show lower ELUMO values as shown in Figure 3(b),
indicating that the highly brominated diphenyl ethers are more reactive towards an electron
donor, nZVI in this study. A good correlation between the reaction rates and ELUMO suggests
direct electron transfer as a major reaction mechanism between PBDEs and nZVI. Although
the differences in Hf, ELUMO, and reaction rates are apparent between homologues, the
congeners within each homologue show relatively small differences. Other molecular
properties such as intermolecular repulsion and steric hindrance effects might be considered
to further elucidate the details of their debromination mechanisms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Degradation of BDE 21 by nZVI and changes in byproducts formation. The y-axis represents
the mole fraction of a certain BDE normalized by the initial moles of BDE 21. The lines indicate
the modeling results according to the rate equations proposed in Equation S5 (derived from
simplified pathways shown in Figure 2).
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Figure 2.
Proposed debromination pathways of BDE 21 by nZVI. Broader arrows indicate major
pathways. The formation of the unknown intermediates was considered in the proposed
pathways but not confirmed (represented in dotted line).
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Figure 3.
Correlations between surface area normalized debromination rate constants and (a) heat of
formation, Hf, and (b) energy for lowest unoccupied molecular orbital, ELUMO (Values of Hf
and ELUMO of BDEs were obtained from Hu et al. (39)).
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