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ABSTRACT OF THE DISSERTATION

Exploring Bioavailability of Hydrophobic Organic Contaminants in Sediments
by

Fang Jia

Doctor of Philosophy, Graduate Program in Environmental Sciences
University of California, Riverside, June 2014
Dr. Jay Gan, Chairperson

Due to high affinity for organic carbon phase, hydrophobic organic contaminants
(HOCs) preferentially deposit in bed sediments in surface aquatic systems. Consequently,
many contemporary sediment contaminants are HOCs, including DDTs, PCBs, and
PBDEs. However, their accumulation potential and toxicity to benthic organisms in
sediments are regulated by bioavailability, rather than bulk chemical concentrations. The
overall purpose of the current project was to develop and apply chemically-based
methods to explore bioavailability of HOCs in sediments, and help improve the
assessment of their potential ecotoxicological risks and sometimes human health effects
in the environment.

A solid phase microextraction (SPME) method using disposable
polydimethylsiloxane (PDMS) fibers was developed for measuring the phase distribution
of flame retardant PBDEs in sediments. Results showed that PBDEs were predominantly
sorbed to the sediment phase, with freely dissolved concentration (Crec) only accounted

for < 0.012% of the total chemical mass and < 0.43% of the dissolved mass. Addition of

Vi



black carbon further reduced bioavailability (or Cee) of HOCs as indicated by the matrix-
SPME method. At 1% amendment rate in a sediment with low organic carbon (0.12%)
content, Cpree of selected PBDEs was reduced by 47.5—78.0%, 47.3—77.5%, and
94.1-98.3% with biochar, charcoal, and activated carbon, respectively. To overcome the
shortcomings of current measurement methods, an isotope dilution method (IDM) was
developed and applied for bioavailability prediction of legacy HOCs (e.g., DDT and its
metabolites, PCBs) in historically-contaminated sediments from the Palos Verdes
Superfund site. The IDM-based accessible concentration was shown to correlate closely
with tissue residues in the exposed marine benthic polychaete Neanthes arenaceodentata
(R?=0.84—0.94). Bioavailability measurements from the SPME, IDM and Tenax methods
were compared in amendment-based remediation. After normalizing over the unamended
sediments, significant linear correlations (R? >0.90, p<0.01, slopes=1.00—1.09) were
found between these methods, suggesting they are interchangeable or complementary for
evaluating remediation efficiency or progress.

Overall, the bioavailability estimation methods or their specific applications
developed from this project will improve understanding environmental fate of HOCs and
their potential toxicity to such organisms as the sediment-dwelling invertebrates. The

developed methods may be readily adoptable for other HOCs as well as other matrices

(e.g., soil).
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Chapter 1 Introduction

1.1. Bioavailability Concept

Due to high affinity for organic carbon particles, hydrophobic organic
contaminants (HOCs) preferentially deposit in soil or sediment in the environment, where
they are sequestered by geosorbents and as a result distributed in heterogeneous regions
in the solid phase (Luthy et al., 1997). Use of the bulk chemical concentration in
soil/sediment may not convey the actual risk, because the total concentration could
substantially over-express the real availability of HOCs to organisms (Ehlers and Luthy,
2003). Thus, measuring bioavailability and applying it as an integral endpoint will be
essential for improving risk assessment and guiding remediation practices.

Bioavailability is generally referred to as the extent to which molecular targets
within organisms interact with chemicals (Ehlers and Luthy, 2003; Semple et al., 2004).
In soil/sediment, many physical, chemical, and biological interactions affect the fraction
of chemicals that may ultimately pass through the cellular membrane of an organism to
elicit an ecotoxicological effect (National Research Council, 2002). There are two
complementary concepts of bioavailability, i1.e., chemical activity or the freely dissolved
concentration, and bioaccessibility (Reichenberg and Mayer, 2006). Conceptually, in a
soil/sediment environment, a chemical must be in the freely dissolved form (Cree) to be
available to cross a cell membrane where the chemical may elicit toxic effects, be
metabolized or accumulated. This is true even if the soil/sediment is ingested, as
desorption (into gut fluid) must precede bioaccumulation. When the Cree 1s depleted

through biouptake (or other disruptions, including remediation), it is then replenished via



desorption of the sorbed chemical from the accessible pool. Therefore, bioavailability is
reflected in both Chee and accessibility (Cui et al., 2013b). The C.. describes the
potential for a chemical to undergo spontaneous processes, such as diffusion and
partitioning (Reichenberg and Mayer, 2006). At equilibrium, chemical activity is
essentially the same in each matrix compartment. Therefore, bioaccumulation may be
estimated by using a partitioning coefficient between liquid phase and biota (e.g.,
bioconcentration factor, BCF). Accessibility quantifies the actual amount of a chemical
that is or may become available for bioaccumulation within a given time and under given

conditions (Reichenberg and Mayer, 2006).
1.2. Bioavailability Measurement

Bioassays are the most direct ways to measure the bioavailability of HOCs.
Although representing the ultimate validation of bioavailability, however, bioassays are
usually expensive, time-consuming and species specific. Consequently, researchers have
pursued the development of chemically-based methods, or biomimetic methods, for
bioavailability estimation (Cui et al., 2013b; Reichenberg and Mayer, 2006). Based on
the two endpoints of bioavailability (i.e., Cree and accessibility), there are generally two
measurement methods, i.e., partial extraction and equilibrium sampling. The partial
extraction techniques, such as mild solvent extraction, cyclodextrin extraction and Tenax-
aided extraction, are commonly used to quantify the labile or reversibly sorbed chemical
fraction in the matrices (e.g., sediment) to approximate bioaccessibility (Cornelissen et
al., 2001; Kelsey et al., 1997; Reid et al., 2000). Various equilibrium or passive samplers,

including semipermeable membrane devices (SPMDs), polyethylene devices (PEDs),



polyoxymethylene (POM), and solid phase microextraction (SPME), have been used to
derive Cree by applying the equilibrium partitioning theory (EqP) (Fernandez et al., 2009;
Hawthorne et al., 2011; Hawthorne et al., 2009; Huckins et al., 1993; Poerschmann et al.,
1997).
1.2.1. Partial Extraction Methods
1.2.1.1. Mild Solvent Extraction

In mild extraction, a variety of “soft” solvent (e.g., n-butanol, methanol, ethyl
acetate or even water) are used to assess the readily extractable fraction as an
approximation of the bioavailable concentration (Kelsey et al., 1997; Khan et al., 2012;
Tang and Alexander, 1999). Bioaccumulation or biodegradation of HOCs was found to
be better predicted by the mild solvent extraction than the conventional exhaustive
extraction in soil or sediment. For example, a significant linear correlation was observed
between the amounts of pyrene degraded by bacteria and those extracted by n-butanol in
soils (Liste and Alexander, 2002). The genotoxicity of the mutagenic polycyclic aromatic
hydrocarbons (PAHs; e.g., 9-phylanthracene) was found to be positively correlated (R =
0.69 — 0.87) with their amounts extractable by n-butanol in soils (Alexander and
Alexander, 2000). However, these correlations appear to be contingent on the solvent
types and the extraction conditions used (e.g., temperature, agitation speed, extraction
time). For example, mineralization of atrazine in aged soils was predicted well by its
concentration extracted by methanol-water at the ratio of 1:1 under static conditions, and
accumulation of atrazine to earthworm was predicted well with the concentration

extracted by methanol-water at the ratio of 9:1 under static conditions, whereas the



concentrations obtained by other solvents (n-butanol, ethanol, hexane and methanol) or
extraction under agitated conditions did not correspond closely with the endpoints
measured by bioassays (Kelsey et al., 1997). Biodegradation and bioaccumulation of
phenanthrene were predicted well only from its concentrations extracted by n-butanol
(Kelsey et al., 1997; Liste and Alexander, 2002). Another study further showed that the
extracted amounts of PAHs varied with different solvent mixtures (e.g., iso-propanol or
ethanol with water), different ratios of mixture (5-100%), and different extraction
durations (1 h to 7 d); only extraction with 70% ethanol-water solution over 1 d produced
a good correlation between the extracted concentration and biodegradation of PAHs with
a correlation slope close to 1:1 (Lei et al., 20006).
1.2.1.2. Cyclodextrin (CD) Extraction

Cyclodextrin is a group of cyclic oligosaccharides with a hydrophilic shell and a
torus-shaped hydrophobic cavity that can readily form inclusion complexes with HOCs.
Cyclodextrin was firstly investigated as a non-exhaustive extraction reagent to predict the
microbial degradation potentials of HOCs in soil by Reid et al. (2000). Hydroxypropyl-p-
cyclodextrin (HPCD), a six-glucose molecule, is the most used type of CD for
bioavailability measurement. The concentrations of PAHs from HPCD extraction were
well correlated (1:1) with the mineralization of individual PAHs in spiked samples (Reid
et al., 2000) and mixture of PAHs in field samples (Stokes et al., 2005). A significant
linear correlation was observed between the extractability of pesticides by HPCD and
their bioaccumulation into earthworms (Hartnik et al., 2008). The extraction efficiency of

HPCD is influenced by the difference between the extraction capacity of HPCD and the



sorption capacity of the soil/sediment sample under consideration. In order to capture all
available HOCs, HPCD should have a much greater affinity for HOCs than that of
soil/sediment. As HPCD encapsulates both hydrophobic and hydrophilic compounds in a
sample, saturation of HPCD by the target contaminants should be avoided. On the other
hand, the extraction efficiency of HPCD decreases with the molecular weight (or size) of
HOC:s. For example, the extraction efficiency of HPCD for pyrene (35.4 + 4.8%) and
benzo[a]pyrene (14.1 £ 2.8%) were much lower than that of phenanthrene (71.8 + 6.3%)
(Reid et al., 2000). This observation suggests that HOCs with large molecular weights
need other types of CDs with larger hydrophobic cavities for complex formation (Hartnik
et al., 2008; Liu et al., 2013) to avoid underestimation.
1.2.1.3. Tenax-aided Desorption

Tenax is a hydrophobic resin and can trap the desorbed HOCs from a soil or
sediment sample and keep the aqueous phase free of HOCs as a way to facilitate the
desorption process (Cornelissen et al., 1998). The desorption kinetics are then fitted to a
two- or three-phase compartment model, which allows the estimation of the relative
distribution of sorbed-HOCs with different desorption rates (i.e., rapid, slow and very
slow desorption fractions) (Cornelissen et al., 2001; Cornelissen et al., 1997). The rapid
desorption fraction of HOCs estimated by Tenax was found to be well correlated with the
microbial degradation or bioaccumulation of PAHs (Cornelissen et al., 1998; You et al.,
2006), dichlorodiphenyltrichloroethane (DDT; Morrison et al., 2000; Tang et al., 1999),
polychlorinated biphenyls (PCBs), and pyrethroids (Kukkonen et al., 2004; You et al.,

2006). However, sequential Tenax extraction is tedious and time-consuming (generally >



300 h for completing a Tenax-aided desorption experiment), which limits the broad
applicability of this method for bioavailability prediction. As an alternative, a single-
time-interval Tenax desorption (e.g., 6 h, Fen) has been tested for estimation of the rapid
desorption fraction (Frapid). Studies comparing the single- and serial desorption schemes
often showed under- or overestimations. However, a good agreement of Fgn with Chree of
pyrethroids suggested a difference between Fsn and Frapia (Yang et al., 2008). Another
study showed that microbial degradation of PAHs with >5 rings was poorly correlated
with Frapida by Tenax (Cornelissen et al., 1998).
1.2.2. Passive Samplers
1.2.2.1. Types of Passive Samplers

Passive samplers are widely used to measure freely dissolved concentrations of
HOC:s in the aqueous phase (Ciree), Which expresses the potential for the chemicals to
undergo partitioning or diffusion processes (Reichenberg and Mayer, 2006). Based on the
EqP theory, at equilibrium, the concentration of HOC in one compartment is proportional
to that in another, which is related by a partition constant between the two compartments.
The measured Cree of HOCs has been successfully linked to bioaccumulation (Gomez-
Eyles et al., 2012; Van der Wal et al., 2004; You et al., 2006) and toxicity (Fagervold et
al., 2010; Greenberg et al., 2014) of nonpolar and polar compounds. Several types of
passive samplers have been commonly used for measuring Cfee, including PEDs, POM,
SPME, among others. Since these samplers are made of different sorbent phases, they are
used for the measurement of compounds with different polarities. Both PED and SPME

with polydimethylsiloxane (PDMS) coating have been used on relatively nonpolar



compounds, while POM has been shown to have improved sensitivity for polar
compounds (Allan et al., 2012; Jia et al., 2012; Oen et al., 2011; Tomaszewski and Luthy,
2008).
1.2.2.2. Measurement of Cgee Using Passive Samplers

The uptake of HOCs to a passive sampler follows one-compartment rise to
maximum kinetics:

Crsirs = Crsipeg x(1=€) (1)

where Cpsm,t (1g/L) and Cpsm, eq (1g/L) are the amounts of HOCs absorbed on the
passive sampler at time 7 (h) and at equilibrium, respectively; ke (h!) is the elimination
rate of HOCs from the passive sampler to the sample matrix. Figure 1.1 shows a typical
sampling kinetic curve for passive samplers. The estimation of Cfee through passive
samplers is generally categorized into three ways, depending on the deployment time,
i.e., linear, equilibrium, and kinetic sampling (Ouyang and Pawliszyn, 2008). For short-
time sampling, when less than 50% of the equilibrium level is attained on the sampler ( <
150), the amount of chemical extracted by the sampler follows a linear relationship with
the sampling time (Arthur et al., 1992; Kataoka, 2002). For example, in the case of
SPME, the short-time sampling is usually carried out using the injector-type SPME
assembly, where sampling interval, agitation speed, and temperature must be precisely
controlled. The Ctee in the sample is quantified through external calibration (Wang et al.,
2011).

When the deployment time falls into the equilibrium regime (¢ > f95 or more than

95% of the equilibrium level has been attained), the amount of HOCs enriched on the



sampler reaches a partitioning equilibrium between the sorbent of the passive sampler
and the sampled matrix (e.g., overlying- or pore-water of a sediment sample). In the
equilibrium regime, the effect of other variables, such as matrix interference, may be
discounted (Mayer et al., 2000). The fundamental principle of equilibrium sampling is to
measure the concentration of HOCs in the passive sampler at phase equilibrium (Cpsm,eq,
pug/L) and then use a sampler-to-water partition coefficient (Kpsm,s) to derive Cree (Lg/L)

(Mayer et al., 2000):

C
C _ PSM,eq (2)

free —
K PSM.s

When the sampler deployment time # is between the linear and equilibrium

regimes (50 < t < t95), Cree may be estimated through the kinetic sampling model:

CPSM(t)
Cﬁ’ee = (1 _ e*k(,t) <« K (3)
PSM,s

The kinetic sampling uses shortened sampling time (Bao et al., 2013; Cui et al.,
2013a) , which helps minimizes sampler surface fouling and increases the feasibility of
using passive samplers under field conditions (Tomaszewski and Luthy, 2008). Further,
ke may be estimated by characterizing the elimination rate of a preloaded performance
reference compound (PRC) from the same sampler. Therefore, under the kinetic regime,

Ciee may be estimated according the following equation:

C
C o= - PSM(1) @)
(1= —PSMPRCW) y g

PSM,PRC(0)

PSM s



where Cpsm, pre (0) and Cpsw, pre (1) are the concentrations of the PRC on the passive
sampler at time 0 and ¢, respectively. The PRC-calibration has been employed in passive
samplers like PEDs (Tomaszewski and Luthy, 2008) and recently SPME (Fernandez et
al., 2014). The use of PRC calibration significantly shortens the sampling time, and

makes the deployment time under field conditions a less stringent requirement.
1.3. Factors Affecting Bioavailability in Sediment/Soil

Upon deposition into sediment or soil, HOCs interact with geosorbents with
different affinities, causing the sorbed HOCs to desorb at different rates. The properties
of both sediment/soil and HOCs affect desorption or bioavailability of the sorbed HOCs.
The properties include the organic carbon (OC) content, black carbon (BC) content,
texture, clay content and microporosity of the sediment (or soil), and molecular properties
of HOC:s (e.g., hydrophobicity) (Alexander and Alexander, 2000). In addition, the contact
time may also have an impact on the distribution and bioavailability of HOCs
(Alexander, 2000), a phenomenon commonly referred as “aging”.

1.3.1. Sediment/Soil Properties
1.3.1.1. Organic Matter

The organic matter (OM) of a sediment or soil may include both the amorphous
and “glassy” organic matter phases and the relative composition of these different OM
affects the distribution and bioavailability of HOCs. Sorption of HOCs to sediment or soil
is thus comprised of absorption into the “rubbery” amorphous organic carbon and more
extensive adsorption onto the glassy carbon such as black carbon (Xing and Pignatello,

1997), as shown in the following equation (Accardi-Dey and Gschwend, 2002):



C, = [oKoCy + [3cKpcC™ (6))
where Cs (ug/kg) is the overall concentration of HOCs sorbed to the sediment or soil, Cy
(ng/L) is the dissolved concentration of HOC:s, foc and fgc are the OC and BC contents,
respectively, Koc 1s the linear amorphous OC-water partition coefficient, Kgc is the
Freundlich sorption coefficient for BC, and ngc is the Freundlich nonlinearity constant
for the sorption to BC. Absorption to amorphous OC is considered a dissolution process,
which may be regarded as linear. However, adsorption to BC is non-linear, and it may
exceed the absorption to amorphous OC by 10 — 100 times for some PAHs (Cornelissen
et al., 2005). Therefore, the extensive adsorption to BC sequesters more HOCs in
comparison to absorption to amorphous OC. Under this circumstance, the bioavailable
fractions of the sorbed HOCs are greatly reduced. Various BCs have been added to
sediment/soil to sequester HOCs as a remediation option, with the purpose of reducing
the available fraction of HOCs for biodegradation or bioaccumulation (Ghosh et al.,
2011).
1.3.1.2. Sediment/Soil Texture

In addition to organic carbon, the texture of a sediment or soil may also influence
the bioavailability of the sorbed HOCs. However, distribution of HOC:s in different
particle sizes of sediment is mainly driven by organic carbon in the sediment (Ghosh et
al., 2000; Oen et al., 2006). By examining the distribution of PAHs in different fractions
of field sediments, Ghosh et al. (2000) found that the lighter coal/wood-derived particle
fractions (contributing 5% of the total mass) contained 62% of PAHs, while the heavier

and dense mineral fractions (contributing 95% of the total weight) contained only 38% of
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PAHs. The decreased bioavailability of PAHs was attributed to the strong binding of
these chemicals to the organic carbon fractions (Ghosh et al., 2001). Cui et al. (2011)
examined the distribution fractions of pyrene in different particle sizes of sediment
samples and also found that the distribution of pyrene had a close correlation with OC
(R?=0.99, p < 0.01) and BC contents (R?= 0.84, p < 0.05). Studies on desorption of
HOC:s from different particle fractions revealed that slow release of HOCs to aqueous
phase was due to the pronounced gradual desorption rate from the organic particle
fractions, as compared to that from the mineral fractions (Ghosh et al., 2001).
Correspondingly, PAHs in the mineral fractions (75%) degraded microbially much more
rapidly than in the organic fraction (0%) (Ghosh et al., 2003). Mehler et al. (2011) found
that the bioavailable concentration (Cree) of HOCs was higher in coarse sediment
fractions than in the fine particle fractions, which may be due to a higher organic carbon
content in the fine particles. Therefore, investigation into the distribution of HOCs in
different particle size fractions may improve the understanding of factors regulating the
bioavailability of HOCs in sediment/soil.
1.3.2. HOC Properties

The properties of HOCs, e.g., hydrophobicity or log Kow, also affect the
interaction of HOCs with geosorbents in sediment/soil and subsequently, contaminant
bioavailability. Hydrophobicity indicates the affinity of HOCs to solid particles, e.g.,
sediment or soil particles. Generally HOCs with a large Kow tend to be sequestered more
strongly in the solid phase and have stronger interactions with the geosorbents. The

strong binding suppresses desorption of HOCs from the matrix to the aqueous phase,
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which influences the potential for bioaccumulation or biodegradation. A strong linear
correlation was observed between the hydrophobicity of PCBs and their affinity to the
lipid of freshwater oligochaete (log Kiipid) in field sediment for PCBs with log Kow up to
7, suggesting higher accumulation potency of PCBs with higher log Kow values in the test
organisms (Burkhard et al., 2013). However, PCBs possessing very large Kow values may
have a low bioavailability, likely due to exclusion of large molecules in the uptake and
transport processes. Studies showed that the relationship between the hydrophobicity and
bioaccumulation potential of PCBs is parabolic with a peak at log Kow around 7
(Lamoureux and Brownawell, 1999). A similar effect of hydrophobicity on
bioavailability was also observed for polybrominated diphenyl ethers (PBDEs). The
desorption rate of PBDEs decreased with the increase of the number of substituted
bromine atoms (Br) or hydrophobicity of these chemicals, suggesting the potential
entrapping of the highly hydrophobic congeners into the porous organic matter and
relatively lower bioavailability in the sediment (Liu et al., 2011). A similar parabolic
curve with a turning point at log Kow approximately 7 — 8 was also observed between the
log Kow of PBDE congeners and their affinities to a polyethylene sampler (Bao et al.,
2011), suggesting that the accumulation of PBDEs in a polyethylene sampler may be
similar to that in the lipids of biota.
1.3.3. Contact Time

Contact time is another factor influencing interactions between HOCs and
geosorbents and hence bioavailability. As HOCs persist in sediment or soil, they will

gradually become less available for bioaccumulation or biodegradation, a phenomenon
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commonly termed “aging”. Previous studies showed that after many years from the initial
deposition, even if HOCs were still in the sediment or soil, they became substantially less
accessible to the indigenous microbes and the biodegradability of HOCs decreased
significantly as aging was prolonged (Hatzinger and Alexander, 1995). Morrison et al.
(2000) reported that after 49 yr of aging, only 30%, 12%, and 34% of DDT, DDE and
DDD were available for bioaccumulation into earthworms. Nyholm et al. (2010) found
that the bioaccumulation of brominated flame retardants (BFRs) by earthworm also

decreased as the residues were aged in the soil samples.

1.4. Research Objectives and Hypotheses

The overall goal of this project was to develop and apply chemically-based
bioavailability methods to better understand the environmental fate and ecotoxicological
risks of HOCs in sediment, including PBDEs, DDT and DDT metabolites, and PCBs.

There were four hypothesis-driven specific objectives:

Objective 1: Develop SPME-based bioavailability methods for measuring Cgee 0of PBDE
congeners in sediment to understand their phase distribution in the sediment-water
system.

Hypothesis 1: Owing to their ubiquity and persistence in sediment, the environmental fate
and ecological risks of PBDEs are of great concern. As PBDEs are highly hydrophobic
with log Kow >6 for most congeners, it may be hypothesized that PBDEs have a strong
affinity to the sediment organic matter and dissolved organic matter, and that only a small

fraction of PBDEs in a sediment sample is in the freely dissolved form, which translates
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to limited bioaccumulation or toxicity that is best predicted through the measured

bioavailability.

Objective 2: Develop a matrix-SPME method to evaluate sequestration efficiencies of
different types of black carbons for PBDE congeners in the sediment environment.
Hypothesis 2: Black carbons generally have high sequestration capacity for HOCs and
they are often used as sediment amendments to mitigate or immobilize HOCs such as
PAHs, PCBs, and chlorinated pesticides. It may be hypothesized that black carbons are
able to effectively immobilize PBDEs, and that the sequestration efficacy depends on the
types of black carbons as well as the sediment properties and characteristics of individual

PBDE congeners.

Objective 3: Develop a new chemical method for bioavailability measurement and apply
the developed method for prediction of bioavailability of recalcitrant HOCs in
historically-contaminated sediments.

Hypothesis 3: The isotope dilution concept has been extensively applied in evaluating
bioavailability of metals in soils or sediments. Although HOCs are structurally different
from metals, they behave like some metals in that they are stable and have a high affinity
for sediment and dissolved organic matters. Therefore, it may be hypothesized that the
isotope dilution theory may be similarly applied to the estimation of bioavailability of
HOC:s in sediment or soil samples. The isotope dilution method is simple and may be

widely used to improve our understanding of bioavailability of recalcitrant HOCs in field
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samples, including historically contaminated sediments that may have drastically reduced

bioavailability due to factors such as aging.

Objective 4: Compare the performance of different bioavailability estimation methods.
Hypothesis 4: Various chemically-based methods have been used for bioavailability
estimation, including SPME, Tenax-aided desorption, and isotope dilution method
(IDM). It may be hypothesized that although these methods operate on different
principles and they provide different values, there may be coherent relationships (e.g.,
linear correlation) among these methods, allowing the interchangeable or complementary

use of these methods for bioavailability evaluation.
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Chapter 2 Using Disposable Solid-Phase Microextraction Method to Determine the
Freely Dissolved Concentration of Polybrominated Diphenyl Ethers (PBDEs) in

Sediment

2.1. Introduction

Polybrominated diphenyl ethers (PBDEs) are a class of highly hydrophobic
organic contaminants (HOCs, log Kow >6 for most congeners) that have been widely used
as flame retardant additives in numerous commercial products (Birnbaum and Staskal,
2004; Rahman et al., 2001). PBDEs have been shown to persist in the environment
(Andrade et al., 2010) and also to have significant bioaccumulation potential (Ciparis and
Hale, 2005; Nyholm et al., 2010). In addition, recent toxicity data suggested PBDEs as
potential disruptors to thyroid hormone balance (Darnerud, 2008; Hamers et al., 2006;
Legler and Brouwer, 2003; McDonald, 2002), and probable carcinogens (Zhang et al.,
2008). These properties dictate that the environmental fate and effects of PBDEs must be
thoroughly characterized (Muresan et al., 2010; Yu et al., 2011; Zhang et al., 2011).

The bed sediment is a primary sink for PBDEs in the environment (Mai et al.,
2005; Nylund et al., 1992; Renner, 2000). Most studies to date on PBDEs have
considered the bulk sediment chemical concentration as the indicator of contamination.
Because of their strong hydrophobicity, PBDEs are expected to interact strongly with
sediment organic matter, leading to low concentrations in the sediment porewater (Jeong
et al., 2008). While in the sediment porewater, as demonstrated for many other HOCs,
PBDEs are expected to sorb to dissolved organic carbon (DOC) (Delgado-Moreno et al.,

2010; ter Laak et al., 2009), rendering the freely dissolved concentration (Cec) even
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lower. A number of studies have shown that Ciee in sediments provides a better
prediction for bioavailability of HOCs than their bulk sediment concentration (Hunter et
al., 2008; Hunter et al., 2009; Ramos et al., 1998; Reichenberg and Mayer, 2006). To
estimate Cree, methods based on the use of solid phase microextraction (SPME) have
been developed for a range of HOCs (Bondarenko and Gan, 2009; Pawliszyn et al., 1997,
Poerschmann et al., 1997; Wang et al., 2011), including pyrethroids (Bondarenko et al.,
2006; Delgado-Moreno et al., 2010; Hunter et al., 2008), PAHs (Potter and Pawliszyn,
1994), and PCBs (Oen et al., 2011; Yang et al., 1998; Yang et al., 2006). However, so far
only a few limited SPME applications have been reported for PBDEs. In a recent study,
Wang et al. (2011) used an injector-type SPME to evaluate sorption of selected PBDE
congeners to sediments and showed that the use of SPME resulted in improved K4 (or
Koc) measurements due to selective detection of Cree. However, injector-type SPME is
not suitable for many sampling scenarios because long equilibrium time is needed for
strongly hydrophobic compounds such as PBDEs. As a variation of SPME, disposable
SPME fibers, such as polydimethylsiloxane (PDMS) fibers, have been shown to be
highly compatible with bench scale bioassays (Hunter et al., 2009) and adaptable for in-
situ sampling (Mayer et al., 2000b), offering matrix-calibrated measurement of Cfee
(Jahnke and Mayer, 2010; Mayer et al., 2000b).

In this study, we developed a SPME method for PBDEs using disposable PDMS
fibers. Three most frequently detected PBDE congeners, BDE 47, 99, and 153, were used
as the model PBDEs to evaluate the fiber uptake kinetics and derive the PDMS-to-water

partition coefficient (Kppms). The developed SPME method was compared against the
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conventional solvent extraction approach in characterizing phase distribution of PBDEs

in different sediments.

2.2. Materials and Methods

2.2.1. Chemicals, Sediments, and PDMS Fiber.

Standards of 2,2’°,4,4’-tetrabromodiphenyl ether (BDE 47), 2,2°,4,4°,5-
pentabromodiphenyl ether (BDE 99), and 2,2°,4,4°,5,5’-hexabromodiphenyl ether (BDE
153) in isooctane (50 pg/mL) were purchased from AccuStandard (New Haven, CT).
External surrogate decachlorobiphenyl (PCB 209) was purchased from Fisher Scientific
(Pittsburgh, PA). All other solvents and chemicals used in the present study were of
analytical or gas chromatography (GC) grade.

Three sediments with no detectable PBDE levels were used, including San Diego
Creek sediment (SD, Orange County, CA), Salinas Potrero sediment (SP, Santa Rosa,
CA), and Jordan Lake Reservoir sediment (JL, Chatham County, NC). All sediments
were wet-sieved through a 2-mm mesh and stored at 4 °C before use. The sediment OC
content was measured by combustion on a nitrogen-carbon analyzer (Thermo Finnigan,
Woods Hole, MA) after the inorganic carbon was removed with 1 M HCI. The selected
properties of the sediments are shown in Table 2.1.

SPME fibers (430-um diameter) coated with 35 pm PDMS were purchased from
Polymicro Technologies (Phoenix, AZ). The volume of PDMS polymer coating per
length was 51.1 pL/m. The PDMS fibers were pre-cleaned by Soxhlet extraction with

ethyl acetate for 72 h and cut into 1-cm pieces with a razor blade before use.
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2.2.2. Partition Coefficient (Kppms) Measurement

The PDMS-to-water partition coefficient (Kppwms) is an essential parameter for
deriving Cree (Hunter et al., 2009; Mayer et al., 2000b; Pawliszyn et al., 1997;
Poerschmann et al., 1997). To obtain Kprpwms, 4 L of ultrapure water was spiked with BDE
47,99, and 153 standards at different levels (5, 2, and 0.5 pg/L, respectively) using their
stock solutions made in acetone while keeping the final acetone concentration in the
amended water at less than 0.01% (v/v). After thorough mixing, 100-mL aliquots of the
mixture were dispensed into 125-mL glass jars. Two pieces of pre-cleaned 1-cm PDMS
fibers were then introduced into each jar. The jars were closed with Teflon-faced caps,
wrapped in aluminum foil, and agitated on a horizontal shaker at 120 rpm. At pre-
determined intervals, individual jars were removed and analyzed for PBDEs in both the
water and on the PDMS fiber over a 33-d period.

The concentration of PBDEs on the PDMS fiber (Cppms) was analyzed following
a simple solvent extraction procedure. The fibers were first wiped dry with paper towel
and placed into 350-uL autosampler vial inserts, to which 200 uL of hexane was added.
The vials were sonicated for 10 min in a Fisher Scientific IS30H ultrasound bath, from
which an aliquot was directly injected into the GC inlet for analysis. This simplified
procedure gave a recovery of 97 - 113% for the selected PBDE congeners in preliminary
experiments. The concentration of PBDEs in water (equivalent to Crec in the absence of a
sorbent phase) was obtained through liquid-liquid extraction (LLE) by mixing 50 mL of
the sample with 50 mL of methylene chloride for 1 min. The same extraction procedure

was repeated for a total of three times and the combined extract was passed through 20 g
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anhydrous sodium sulfate held by Whatman No. 41 filter paper (Whatman, Maidstone,
UK) into a 250-mL round-bottom flask. The extract was condensed at 35 °C to <10 mL
on a vacuumed Rotavapor RE 121 (Buchi, Flawil, St. Gallen, Switzerland), and was
further concentrated to near dryness under N». The residue was reconstituted in 1.0 mL of
hexane and transferred to an autosampler vial for analysis on GC-MS. Preliminary
experiments showed a recovery of 89.0-125.3% for the LLE method. The Cppms and Chree

measured at the steady state were used for calculating Kppwms values:

K _ CPDMS (1)

PDMS —
Cﬁee

2.2.3. PBDE Uptake Kinetics Experiment

The kinetics for PBDEs to accumulate into the PDMS fiber from a sediment
porewater sample was investigated to find the time for Cppwms to reach an apparent
equilibrium. To generate sediment porewater, 250 g (dry weight equivalent) of sediment
were added with 250 mL water containing 0.2% NaN3 and mixed for 5 d at 120 rpm on a
mechanical shaker. After equilibration, the sediment slurry was centrifuged at 3,000 rpm
(SORVALL GSA rotor) for 30 min, and the overlying water was filtered through
polycarbonate membranes (0.45 um pore diameter) to remove suspended particles. The
DOC level of sediment porewater samples was analyzed on an Apollo 9000 total OC
analyzer (Tekmar-Dohrmann, Mason, OH). The UV absorbance value of DOM at the
wavelength of 254 nm was measured on a Varian Cary 50 UV-visible spectrophotometer

(Varian Co., U.S.).
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The derived porewater (about 250 mL) was then spiked with 250 uLL of PBDE
mixture (1 mg/L) in acetone and mixed at 15 rpm for 24 h. Upon equilibrium, one piece
of 1-cm long PDMS fiber was introduced to an aliquot of porewater (10 mL) and agitated
on a horizontal shaker at 120 rpm. The fibers were removed at different intervals up to 12
d for analysis of Cppms. The retrieved PDMS fibers were wiped with paper towel,
extracted and analyzed as described above.

The time for PBDE accumulation to reach an apparent steady state on the PDMS
fibers was estimated by fitting Cppms to a one-compartment rise to maximum equation:

Coons: = Copuseg X (1—€7) 2
where Cppms, (mg/L) is the PBDE concentration on PDMS fiber at time ¢ (d), Cppms,eq 1S
the PBDE concentration on PDMS fiber at equilibrium, and & (d!) is the uptake rate
constant.
2.2.4. PBDE Phase Distribution Characterization

The developed SPME method was used to evaluate PBDE distribution among the
different phases in a sediment-water binary system. To spike sediments with PBDEs, a
mixture of PBDE standards in acetone was applied to 10 g of coarse silica sand in a 1.9-L
wide mouth jar. After the carrier solvent was evaporated in the fume hood, 250 g (dry
weight equivalent) of wet sediment were added and mixed thoroughly with a stainless
steel spatula. All spiked sediments were equilibrated at 120 rpm on a mechanical shaker
for 7 d. Preliminary experiments showed that mixing for 7 d resulted in uniform chemical
distribution in the sediments. Sub-samples (20 g dry weight) of the homogenized

sediments and 20 mL of water were transferred to a 250-mL polyethylene centrifuge
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bottle and mixed for 5 d at 120 rpm on a mechanical shaker. After the 5-d equilibration,
the sediment slurry was centrifuged at 3,000 rpm (SORVALL GSA rotor) for 30 min to
separate the solid and water phases. The derived porewater was filtered through
polycarbonate membranes (0.45 pm pore diameter) and subjected to the following
analyses.

An aliquot (10 mL) of the porewater sample was used for measuring Crree by
equilibrating the porewater sample with one PDMS fiber (1 cm) for 5 d at 120 rpm. A
second aliquot (5 mL) of the porewater was analyzed for DOC level. The remaining
porewater (5 mL) was analyzed for the total PBDE concentration (Cw) by LLE using
hexane (ter Laak et al., 2008). Briefly, the porewater sample (5 mL) was mixed with 5
mL of hexane in a 20-mL glass vial at 120 rpm for 2 h and then placed in a freezer (-
21°C). After the water was frozen, the hexane phase was decanted and recovered. The
hexane extract was then concentrated and reconstituted in 200 pL of hexane before
analysis on GC-MS. The recoveries of this LLE method were 85.6 - 114.4% for the
selected PBDE congeners.

The sediment phase was extracted for three consecutive times by mixing the
sediment (2 g dry weight) with 50 mL of methylene chloride: acetone (1:1, v/v) in the
ultrasound bath for 20 min for three consecutive times. The extracts were combined and
passed through a Whatman No. 41 filter paper filled with 20 g of anhydrous sodium
sulfate. The filtrate was concentrated and recovered in 10 mL of hexane, an aliquot of
which was analyzed. Preliminary experiments showed that the above sediment extraction

method gave recoveries ranging from 90.0 to 129.5%.
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2.2.5. Chromatographic Analysis of PBDEs

The quantitative analysis of PBDEs was carried out on an Agilent 6890 GC
coupled with an Agilent 5973 mass spectrometer (Agilent, Santa Clara, CA). A DB-5MS
capillary column (30 m x 0.25 mm x 0.25 um) (J&W Scientific, Folsom, CA) was used
for the separation. An aliquot of 2 uLL was injected in the splitless mode. The initial oven
temperature was 100 °C, which was held for 1 min and then ramped at 10 °C/min to a
final temperature of 300 °C (held for 5 min). Helium was used as the carrier gas at a flow
rate of 1.0 mL/min. External calibration standards were prepared in hexane and analyzed
under the same conditions on the same day of sample analysis. The mass spectrometer
was operated in electron ionization mode at 70 eV in the selected ion monitoring (SIM)
mode. Mass fragments monitored were m/z 326, 484 and 486 for BDE 47, m/z 404, 406,
564 and 566 for BDE 99, m/z 482, 484, 486 and 643 for BDE 153, and m/z 496, 498 and
500 for PCB 209.
2.2.6. Quality Assurance and Quality Control (QA/QC)

All treatments included three replicates. Ultrapure water was used as control
blanks for DOC and UV absorbance analysis. Significance between different treatments

was tested using paired ¢ test with SPSS 15.0 (SPSS, Chicago, IL).

2.3. Results and Discussion

2.3.1. PDMS-to-Water Partition Coefficient (Kppms)
The coefficient Kppwms is essential for deriving Cree of HOCs when using PDMS
fibers. In measuring Kppms, PBDEs in water may be lost due to sorption to the walls of

the glass container. To overcome this potential artifact, both PDMS fiber and water were
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concurrently analyzed. There was a clear increasing trend for all PBDE:s in their
accumulation into the PDMS fiber (Figure 2.1a) and depleting trend for the bathing water
(Figure 2.1b). However, the time to reach an apparent steady state varied greatly among
the different PBDE congeners, ranging from 8.3 d for BDE 47 to 32.8 d for BDE 153
(data not shown). The average log Kppwms calculated at the steady state was 5.51 (5.46 —
5.55) for BDE 47, 5.53 (5.47 — 5.58) for BDE 99, and 5.76 (5.68 — 5.83) for BDE 153.
The relatively large Kppms values suggested a strong affinity of the selected PBDEs for
the PDMS polymer. From Mayer et al. (2000a), hydrophobicity of HOCs was the
dominant factor governing their partitioning between PDMS and water phase. From the
reported Kow values, BDE 153 (log Kow = 7.90) is more hydrophobic than BDE 99 (log
Kow = 7.32), which is more hydrophobic than BDE 47 (log Kow= 6.81), correlating
generally with the degree of bromination (Braekevelt et al., 2003). Therefore, the derived
Kprpwms coincided closely with Kow or the degree of Br substitution of PBDE congeners.
There are few experimentally measured Kppms values for PBDE:s in the literature.
Ter Laak et al. (2008) estimated the log Kppms values by equilibrating the preloaded
fibers (114.5 um thickness of glass core and 30 um thickness of PDMS coating) with 38
mL of water phase for as long as 37 days, and the average log Kppms values were 5.91,
6.35, and 6.47 for BDE 47, 99, and 153, respectively. These values were consistently
larger than those observed in the current study. Variations in Kppwms values have been
seen for other HOCs as well and have been attributed to differences in cross-linking of
the coating phase among PDMS fibers from different manufacturers. Also, using a large

solution-to-fiber ratio to maintain negligible depletion of HOCs by the fiber was found to
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minimize errors in obtaining Kppms values (Difilippo and Eganhouse, 2010; Gorecki and
Pawliszyn, 1997).
2.3.2. Uptake Kinetics in Sediment Porewater

The uptake kinetics of PBDE congeners in sediment porewater samples under
agitated conditions is shown in Figure 2.2. The time for attaining 90% of equilibrium
(t0.9) was estimated using Equation 2. In general, an apparent equilibrium was reached
within 5 d for most of the treatments (Figure 2.2).

The uptake kinetics of PBDEs appeared to depend on the physicochemical
properties of both the PBDE congener and sediment. In the same porewater, the uptake
rate consistently followed a trend of BDE 47 > BDE 99 ~ BDE 153, where BDE 47 was
always the first one to reach the apparent equilibrium (Figure 2.2). For example, in the JL
sediment porewater, BDE 47 reached an apparent equilibrium in 1.85 d, whereas #.9 was
2.37 d for BDE 99 and 2.53 d for BDE 153. Nonpolar or monopolar compounds with
higher polarizability present a higher dispersive interaction potential with the
hydrophobic surface provided by DOM (Schwarzenbach et al., 2003). Therefore, the
mass transfer rate of PBDE congeners with higher polarizability may be lowered due to
the stability of the PBDE-DOM complex enhanced by the dispersive interaction. Wang et
al. (2008) calculated the polarizability for PBDEs and for the congeners considered in
this study, their mean molecular polarizability values (o) are 29.51, 32.43, and 35.74 for
BDE 47, 99, and 153, respectively. The non-specific interactions between BDE 47 and

DOM may thus be weaker than the other congeners, leading to its relatively faster
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transport through the boundary layer than BDE 99 or BDE 153, and consequently faster
uptake kinetics on the PBDE fiber.

The source of DOC also affected #.9. Following 5 d mixing, all three PBDE
congeners reached an apparent steady state in the JL porewater. However, in the SD
porewater, only BDE 47 appeared to have reached an apparent equilibrium, while BDE
99 and 153 reached only 86.3% and 88.6% of their equilibrium levels, respectively. Since
DOC levels were similar for JL (34.9 mg/L) and SD (32.6 mg/L) sediments, the
difference in PBDE uptake kinetics may be attributed to the different properties of DOC.
The UV absorbance at 254 nm has been shown to correlate with aromatic carbon content
of'a DOC solution (Weishaar et al., 2003). Among the three sediments used in this study,
the estimated aromaticity as given by SUV A»s4 increased in the order JL < SP < SD.
Therefore, DOM in the JL porewater may have a lower aromaticity, resulting in weaker
affinity between DOM and PBDEs or enhanced PBDE transport across the boundary
layer due to the increased lability of the DOM-PBDE complex. The difference in DOM
aromaticity may also have influenced PBDE uptake in the SP porewater that had the
highest DOC level (62.9 £ 0.2 mg/L) but intermediate SUV Ajs4 (Table 2.1).

When the partition of PBDEs into the PDMS phase reached equilibrium, Cee of
PBDE:s in the bathing aqueous phase may be estimated from Cppwms using the previously
derived Kppwms (Table 2.2). Under the experimental conditions, the fraction of PBDEs
partitioned into the PDMS fiber at equilibrium was 5.1 — 6.5% for SD, 3.1 — 3.7% for SP,
and 13.7 — 14.5% for JL porewater, generally meeting the prerequisite for non-depletive

sampling of SPME (Difilippo and Eganhouse, 2010). The estimated Cfree consistently
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followed the order of BDE 47 > BDE 99 > BDE 153 in the same porewater sample. This
trend was apparently related to the hydrophobicity of the individual PBDE congeners.
There were also significant differences in Cree among different sediment porewater
samples. For BDE 47, the mean Cree was 10.7 ng/L in the JL porewater, but only 4.2
ng/L in the SD porewater or 2.5 ng/L in the SP porewater. Similar differences were also
observed for the other two congeners. As discussed above, this trend was attributable to
the combined effect of both the DOC level and properties.
2.3.3. Phase Distribution of PBDEs in Sediments

Phase distribution of PBDEs in the sediment-water binary system at equilibrium
was further evaluated using the developed SPME method (Table 2.3). The majority of
PBDEs were found to be sorbed on the solid phase, accounting for 96.20 + 0.60% to
99.80 = 0.17% for BDE 47, 96.46 + 1.00% to 99.87 +0.14% for BDE 99, and 96.58 +
0.78% t0 99.91 £ 0.09% for BDE 153. Among the three sediments, the sediment-sorbed
fraction was consistently the smallest for the JL sediment and the largest for the SP
sediment. For the SD and SP sediments, the sediment-sorbed fraction exceeded 99% for
all three PBDE congeners. The relatively weak sorption to the JL sediment may be
attributed to its low sediment OC content, validating that OC acts as the main sorbent in
sediments for PBDEs (Accardi-Dey and Gschwend, 2002; Agarwal and Bucheli, 2011;
Sun et al., 2010). In the same sediment, the sediment-sorbed fraction was generally larger
for BDE 153 than for BDE 47 or BDE 99.The fraction of PBDEs in the porewater was
consistently small as compared to the sediment-sorbed fraction. With the exception of the

JL sediment, the fraction in the whole porewater was always <1% of the total PBDE
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recovered from the sediment slurry. The freely dissolved fraction, in relation to the whole
sediment sample, was even smaller, accounting for <0.012% of the total chemical mass.

Due to the presence of DOM in the sediment porewater, Cfee Wwas much smaller
than Cy. The relative distribution of PBDEs between the truly dissolved phase and DOC
was calculated from the difference between Cyw and Cee (Table 2.3). The fraction of the
truly dissolved form (ffee) was only 0.31 — 0.43% of Cy for BDE 47. The relative
composition decreased to 0.24 — 0.28% for BDE 99, and only 0.02 — 0.10% for BDE
153. Therefore, in all sediment samples, Cree only accounted for < 0.43 % of Cy of the
porewater, suggesting a predominant association of PBDEs with DOM in the sediment
porewater. In a previous study where a batch equilibration setup was used for measuring
K4, Wang et al (2011) showed that Cree accounted for 21.8 — 60.6% of Cy for BDE 47,
and 16.6 — 74.9% for BDE 99. The much larger Cte fraction in that study was the result
of low DOC levels (2.54 — 7.01 mg/L) in the aqueous phase due to the use of a very small
solid-to-solution ratio (1:50, w:w). The DOC levels observed in this study were
comparable to those found in sediment porewater samples (Gao et al., 1998; Mitra et al.,
1999) and therefore, the fraction of Ctee seen in this study may be more representative of
realistic phase distribution of PBDEs in sediments.
2.3.4. PBDE Partition Coefficients

The sediment-to-water partition coefficient Ky is traditionally calculated as the
ratio of Cs over Cy. As shown in earlier studies, the ability of PDMS fibers to selectively
detect Cree may be used to improve the estimation of K4 or Koc. The partition coefficients

K4 and hence Ko were calculated using both Cy and Ciree in this study (Table 2.4). For
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the same sediment-PBDE congener combination, K4 values obtained by the SPME
method was 217 — 321-fold that derived with the conventional LLE method for BDE 47,
310 — 422-fold that for BDE 99, and 993 — 4032-fold that for BDE 153. Underestimation
in Kq for PBDEs was previously reported when the conventional batch equilibration
method was used (Wang et al., 2011). However, the magnitude of underestimation was
substantially greater in this study as compared to Wang et al. (2011). The discrepancy
again may be attributed to the use of different solid-to-solution ratios and the resulting
different DOC levels in the aqueous phase.

After OC normalization, the average log Ko values were 6.32 — 6.54 for BDE 47,
6.56 — 6.91 for BDE 99, and 7.08 — 7.54 for BDE 153 (Table 2.5). The ranges of the
derived log Ko values were similar to those found in Wang el al. (2011) (5.76 — 6.45 for
BDE 47, 6.18 — 6.94 for BDE 99, and 6.17 — 7.31 for BDE 153). Barring et al. (2002)
reported that log Ko for soot carbon was 7.43 + 0.08 for BDE 47 and as high as 8.11 +
0.06 for BDE 99, suggesting that the properties of sediment OC, such as black carbon
content, may also affect the sorption affinity of PBDEs to sediments.

The separate analyses of Cy and Cree also afforded the calculation of Kpoc, which

is otherwise difficult to obtain experimentally. The Kpoc was calculated as:

c,-C,
— W cC 3
"¢ G [DOC] ©)

The estimated log Kpoc values were between 6.57 — 6.96 for BDE 47, 6.80 — 7.11 for
BDE 99, and 7.28 — 8.09 for BDE 153 (Table 2.5). The derived Kpoc values were

generally similar to the Ko values for the same sediment. Among the three sediments, the
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Kpoc values for SD were consistently larger than those for SP and JL sediments (Table
2.5), suggesting that the source or properties of sediment DOC (e.g., aromaticity) may
also affect the sorption of PBDEs to DOC (Uhle et al., 1999).

The partition coefficients Ko and Kpoc are expected to govern both
environmental processes and potential bioavailability of PBDEs. While sorption to
sediment OC decreases the overall porewater concentration of PBDEs, association with
DOC may increase their presence in the sediment porewater and thus contribute to
enhanced mobility of PBDEs in surface streams or during surface runoff. Results from
this study showed that Ko and Kpoc for the same PBDE congeners were generally
similar, implying that the partitioning of PBDEs into sediment porewater would depend
closely on the sediment OC content and the actual DOC level in the porewater. The
porewater DOC level is in turn related closely to the stability of sediment aggregates
(Delgado-Moreno et al., 2010). For instance, even though the JL sediment had the lowest
sediment OC content (0.24%), its porewater contained a similar level of DOC to that of
the SD sediment (Table 2.1). Therefore, it may be expected that PBDEs are more
susceptible to offsite transport and dispersion in a system with sediments similar to the JL
sediment. In addition, DOM was also shown to enhance the leaching of PBDEs under
landfills (Kim et al., 2006; Osako et al., 2004), which is an important route for PBDEs to

enter the environment (Darnerud et al., 2001).
2.4. Conclusion

Results from this study suggested that Cree and hence bioavailability of PBDEs in

the bed sediment may be influenced by both the specific PBDE congener and the
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sediment. In general, Cree may be expected to decrease as the degree of bromination
increases. Therefore, highly brominated PBDEs are less bioavailable to small benthic
invertebrates than the less brominated congeners. Low sediment OC content, as seen with
the JL sediment in this study, may lead to high Cpgec for the same PBDE congeners,
suggesting increased bioavailability to benthic organisms. For instance, assuming that
bioavailability is directly proportional to Cree, the potential aquatic toxicity or
bioaccumulation of BDE 47, 99, or 153 would be 1.3 — 10.5 greater in the JL sediment
than in the SD or SP sediment. Therefore, the phase distribution of PBDEs or their
bioavailability in the sediment environment will be site-specific, depending closely on the
properties of sediment organic carbon. In addition, although not considered in this study,
contact time in sediment is also known to affect HOC phase distribution and Cgee (Welsh
et al., 2009). These uncertainties together make the prediction of the biological effects of
PBDEs from the commonly measured bulk sediment concentrations very difficult, if
possible at all. As demonstrated in this study, the use of disposable SPME fibers may be a
simple and inexpensive alternative to the conventional measurement, lending critical
bioavailability information that is valuable for understanding the actual bioavailability or

ecotoxicological effects from PBDE contamination.
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Tables

Table 2.1. Selected properties of sediments and sediment porewater used in the study

oC Particle Distribution
Sediment® (% dry
weight)® sand % silt % clay %

DOC SUVA2s4
(mg/L)° (L mgC!' m™)¢

SD 1.4 41 37 22 326+ 1.6 3.32
SP 2.5 8 78 14 62.9+0.2 1.44
JL 0.24 78 17 5 349+0.1 0.13

aSD = San Diego Creek sediment, Orange County, CA; SP = Salinas Potrero sediment,
Santa Rosa, CA; JL =Jordan Lake Reservoir sediment, Chatham County, NC.

®0OC =organic carbon content in the bulk sediment.

‘DOC =dissolved organic carbon content in the sediment porewater.

4SUVAzs4= UV absorbance at 254 nm divided by the dissolved organic carbon

concentration.
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Table 2.2. Freely dissolved concentration (Cree) of PBDEs (ng/L) in sediment porewater

SP? sediment SD sediment JL sediment
BDE 47 2.46+0.07 4.17+£0.11 10.66 + 0.05
BDE 99 236+0.10 3.80+0.11 10.00 = 0.06
BDE 153 1.15+0.06 1.97 £0.03 557+0.17

aSP = Salinas Potrero sediment, Santa Rosa, CA; SD = San Diego Creek sediment,

Orange County, CA; JL =Jordan Lake Reservoir sediment, Chatham County, NC.
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Table 2.3. Phase distribution of PBDEs at equilibrium based on the recovered chemical

mass

Whole Sediment

Sediment Porewater

Sediment % Water % Free °/o00 DOC % Free %
BDE 47
SD? 99.35+0.57 0.97+0.14 0.35+0.05 99.66 £ 0.02 0.34 +£0.02
SP 99.80+0.17 0.29+0.02 0.14+0.03 99.57+0.10 0.43+0.10
JL 96.20 £ 0.60 3.79 +£0.60 1.17+£0.13 99.69 + 0.03 0.31+0.03
BDE 99
SD 99.18 £ 0.06 0.82 £0.06 0.20+£0.02 99.76 + 0.02 0.24 +0.02
SP 99.87 £0.14 0.19+£0.12 0.05+0.01 99.72 +0.17 0.28+0.17
JL 96.46 £ 1.00 3.53+1.00 0.81+0.12 99.76 £ 0.05 0.24 +0.05
BDE 153
SD 99.07 £ 0.04 0.93 £0.04 0.02 +£0.00 99.98 + 0.00 0.02 £0.00
SP 99.91 £0.09 0.13 £0.06 0.01 £0.00 99.91 £ 0.04 0.09 £ 0.04
JL 96.58 £ 0.78 342 +0.78 0.34 +0.05 99.90 £ 0.01 0.10£0.01

aSD = San Diego Creek sediment, Orange County, CA; SP = Salinas Potrero sediment,

Santa Rosa, CA; JL =Jordan Lake Reservoir sediment, Chatham County, NC.
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Table 2.4. Sediment-water partition coefficient (Kq) of PBDEs in sediments measured by

liquid-liquid extraction (LLE) or solid phase microextraction (SPME)

SD? sediment SP sediment JL sediment

BDE 47 (x 1000)

LLE 0.10+£0.01 0.34 +0.02 0.03 + 0.00
SPME 29.52+4.51 73.69 + 14.50 8.29 + 1.04
BDE 99 (x 1000)
LLE 0.1240.01 0.67 +0.43 0.03 +0.01
SPME 51.07+5.78 207.39 + 51.68 12.15 + 1.94
BDE 153 (x 1000)
LLE 0.11 % 0.00 0.85 +0.40 0.03 +0.01
SPME 429.51 + 50.14 882.57+ 162.98 2924 + 4.85

aSD = San Diego Creek sediment, Orange County, CA; SP = Salinas Potrero sediment,

Santa Rosa, CA; JL =Jordan Lake Reservoir sediment, Chatham County, NC.
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Table 2.5. Organic-carbon normalized sediment-water partition coefficient (Koc) and

dissolved organic carbon and water partition coefficient (Kpoc)

SD? sediment SP sediment JL sediment

LOg Koc LOg KDOC LOg Koc LOg KDOC LOg Koc LOg KDOC

BDE 47

BDE 99

BDE 153

6.32+0.06 696+0.02 6.46+0.08 6.57+0.10 6.54+0.05 6.96+0.04

6.56+0.05 7.11+£0.04 691+0.12 6.80+0.29 6.70+0.07 7.09+0.10

748+0.05 8.09+0.03 7.54+0.08 7.28+0.19 7.08+0.07 7.46+0.07

aSD = San Diego Creek sediment, Orange County, CA; SP = Salinas Potrero sediment,

Santa Rosa, CA; JL =Jordan Lake Reservoir sediment, Chatham County, NC.
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Figure 2.1. (A) Accumulation of BDE 47 (black circle), BDE 99 (white circle), and BDE
153 (black triangle) into the PDMS fibers and (B) depletion of PBDEs from the water

phase.
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Figure 2.2. Uptake kinetics of BDE 47 (black circle), BDE 99 (white circle), and BDE
153 (black triangle) by PDMS fibers in agitated porewater samples derived from (A) San
Diego Creek sediment (SD), (B) Salinas Potrero sediment (SP), and (C) Jordan Lake

Reservoir sediment (JL).
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Chapter 3 Comparing Black Carbon Types in Sequestering Polybrominated

Diphenyl Ethers (PBDEs) in Sediments

3.1. Introduction

Polybrominated diphenyl ethers (PBDEs) are a group of hydrophobic brominated
flame retardants used widely in a variety of consumer products ranging from automobile
accessories, plastics, textiles, furnishing foams, to electronic appliances to prevent the
development of fire (Eguchi et al., 2011; Rahman et al., 2001). There have been primarily
three commercial formulations of PBDEs in use, i.e., penta-, octa-, and deca-BDE,
among which penta-BDE has attracted more attention because of its dominant global
consumption and relatively higher ecological toxicities as compared to the more highly
brominated PBDEs (La Guardia et al., 2006). Many PBDE congeners resulting from the
penta-BDE formulations have been frequently found in both environmental
compartments (Hale et al., 2003; Nylund et al., 1992) and humans (Meironyte et al.,
1999; Toms et al., 2009).

Congeners contained in the penta-BDE products are highly hydrophobic with log
Kow > 6 for most congeners, and thus they are mainly associated with the bed sediment in
the environment (Lacorte et al., 2003; Mai et al., 2005). As demonstrated previously for
many other hydrophobic organic contaminants (HOCs, e.g., PCBs, PAHs), the bulk
sediment concentration is often a poor indicator of the potential bioavailability of PBDEs
to benthic organisms due to their strong interactions with the organic matter phase (Cui et
al., 2013; Jia et al., 2012; Liu et al., 2011). Rather, the freely dissolved concentration

(Ctree), which may be measured using passive samplers such as solid phase
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microextraction (SPME), has been shown to correlate closely with the bioavailability of
HOC:s (Oleszczuk et al., 2012). On the other hand, a large number of studies have shown
that black carbon (BC) may enhance the sorption or sequestration of HOCs in sediment
(Accardi-Dey and Gschwend, 2002; Jeong et al., 2008; Jonker and Koelmans, 2002;
Millward et al., 2005; Pignatello et al., 2006; Yang et al., 2009a,b). BC has been used as
a remediation option at contaminated sites to sequester HOCs in the bed sediment and
reduce their flux to the water column (Beckingham and Ghosh, 2011; Chai et al., 2012;
Oen et al., 2012; Werner et al., 2010). However, BC materials vary greatly in their origin
and physicochemical properties (e.g., surface area, microporosity) (Chai et al., 2012;
Choi et al., 2013; Rakowska et al., 2012), and little is known about their differences in
sequestering sediment PBDEs (Barring et al., 2002).

In this study, we developed a matrix-SPME method by using disposable
polydimethylsiloxane (PDMS) fibers to measure Cte. of common penta-BDE congeners
in sediments, and then evaluated three different types of BC, i.e., biochar, charcoal, and
activated carbon, in their effects on Ctee in sediments. Findings from this study may be
used for optimizing the selection of BC materials in mitigating PBDE contamination in

sediments.
3.2. Materials and Methods

3.2.1. Chemicals and PDMS Fiber
Standards of 2,2°,4,4’-tetrabromodiphenyl ether (BDE 47), 2,2°,3,4,4°-
pentabromodiphenyl ether (BDE 85), 2,2°,4,4°,5-pentabromodiphenyl ether (BDE 99),

2,2°,4,4° 6-pentabromodiphenyl ether (BDE 100), 2,2°,4,4°,5,5’-hexabromodiphenyl
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ether (BDE 153), and 2,2°,4,4°,5,6’-hexabromodiphenyl ether (BDE 154) in isooctane (50
pg/mL) were purchased from AccuStandard (New Haven, CT). External surrogate
decachlorobiphenyl (PCB 209) was purchased from Fisher Scientific (Pittsburgh, PA).
All other solvents and chemicals used in the present study were of analytical or gas
chromatography (GC) grade.

Thin fiber (430-um diameter) coated with 35 pm PDMS was purchased from
Polymicro Technologies (Phoenix, AZ). The volume of PDMS polymer coating per
length was 51.1 uL/m. The PDMS fibers was pre-cleaned by Soxhlet extraction with
ethyl acetate for 72 h and cut into 1-cm pieces with a razor blade before use (Yang et al.,
2009c).

3.2.2. Sediments and Black Carbon Materials

Two sediments with no detectable PBDE residues were used, including San Diego
Creek sediment (SD, Orange County, CA) and Jordan Lake Reservoir sediment (JL,
Chatham County, NC). All sediments were wet-sieved through a 2-mm mesh and stored
at 4 °C before use. The sediment OC contents were measured by combustion on a
nitrogen-carbon analyzer (Thermo Finnigan, Woods Hole, MA) after removing the
inorganic carbon with 1 M HCI. BC content was determined by first combusting in a
muffle furnace at 375 °C for 24h, digesting with HC1 (1 M), and then analyzing on the
elemental analyzer (Gustafsson et al., 1997). The measured OC and BC contents were
0.87% and 0.11% for the SD sediment, and 0.12% and below detection limit for the JL

sediment, respectively.
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Three different BCs, including activated carbon, charcoal, and biochar were
selected based on their different source materials, combustion methods, and wide
availability and application. The activated carbon was purchased from Calgon Carbon
(Pittsburg, PA). The charcoal was derived from the combustion of macrocarpa in New
Zealand at 400 °C. The biochar sample was produced by incomplete combustion of pine
chips at 400 °C. All BC materials were ground in a mortar, passed through a No.100
mesh (0.149 mm pore size), and stored at room temperature before use. The OC content
of the BC materials was analyzed as mentioned above. The specific surface areas (SSA)
and microporosity were determined by Brunauer-Emmett-Teller (BET) nitrogen
isotherms using an ASAP-2010 Surface Area Analyzer (Micromeritics, Norcross, GA).
The properties of biochar, charcoal, and activated carbon are shown in Table 3.1.

3.2.3. Partition Coefficient (Kppms) Measurement

When SPME is used for measuring Cree, the fiber-water partition coefficient
(Kppwms) 1s critical to interpret the concentration on PDMS fiber (Crpwms). For a certain
type of SPME and HOC, the Kppwms 1s constant at a given temperature. Therefore, the
Kprpwms for all six PBDE congeners were determined using a single concentration with a
previous method (Jia et al., 2012). Briefly, 1.5 L of ultrapure water was spiked with BDE
47, 85,99, 100, 153, and 154 standards at around 0.5 pg/L using stock solutions made in
acetone, while keeping the final acetone concentration in the spiked water at less than
0.1% (v/v). After thorough mixing, 100-mL aliquots of the mixture were dispensed into
125-mL glass jars. One piece of pre-cleaned 1-cm PDMS fiber was placed in each jar.

The jars were closed with aluminum foil-lined caps, and agitated on a horizontal shaker
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at 120 rpm. A previous study showed that PBDE congeners needed 33 d to reach partition
equilibrium between the PDMS fiber and the water phase (Jia et al., 2012). In this study,
all jars were shaken for 40 d and then removed for analysis of PBDE concentrations both
in the aqueous phase and on the PDMS fiber.

The concentration of PBDEs in water (equivalent to Creec) was measured after
liquid-liquid extraction (LLE) by mixing 50 mL of the water sample with 50 mL
methylene chloride for 1 min in a glass separatory funnel. An aliquot (10 pL) of PCB 209
was added as a recovery surrogate before the extraction. The same extraction procedure
was repeated for a total of three times and the combined extract was passed through 20 g
anhydrous sodium sulfate into a 250-mL round-bottom flask. The extract was condensed
at 35 °C to <10 mL on a vacuumed Rotavapor RE 121 (Buchi, Flawil, St. Gallen,
Switzerland), and was further dried under N