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Report:

1. Introduction & Research Question

Background: Synthetic polymers (plastics) enter marine environments from terrestrial and marine-
based sources. The manner of release, the plastic’s composition/properties and ambient marine
conditions determine debris fate and its impacts on living resources. It was long assumed that all
plastics were persistent and inert, possessing negligible potential for chemical impacts. However, in
reality, commercial polymers exhibit a range of potentials for interactions. Persistent,
bioaccumulative and toxic (PBT) chemicals are lipophilic and may concentrate from ambient waters
by orders of magnitude on polymer surfaces (Teuten et al., 2007). The type of polymer affects the
degree of PBT sorption. Indeed, plastics have been found useful as passive samplers for measuring
ambient concentrations of PBTs. Polymers also may be affected chemically or physically by
weathering, e.g. exposure to ultraviolet (UV) radiation (Andrady, 2011), or fragmentation by abrasion,
such as on a beach. While additives can leach from plastics into the water, migration studies
pertinent to the marine environment are rare. The picture is complicated further as weathering itself
may alter the extent of PBT leaching and sorption.

Historically, concerns about impacts on living resources have focused on physical interactions with
large plastic debris (e.g. ingestion or entanglement in abandoned fishing gear). The chemical
structures of most polymers render them difficult to identify and accurately quantify in complex
environmental media, compromising tracking of microplastics plastic fragments of small size (<0.3
mm) and to assess their toxicological impact. Hence, to date, the fate and consequences of
microplastics produced by the weathering of debris (as well as engineered polymeric micro- and
nanomaterials), have received insufficient attention. Indeed, based on our limited field surveys of
debris, a large portion of the plastics in the ocean appears to be missing (Cozar, A. et al. 2014.).
Looking upgradient from the oceans, major types of plastics discarded in landfills include: high
density polyethylene (HDPE:18%), low-density polyethylene (LDPE: 21%), polypropylene (PP: 16%),
polyvinylchloride (PVC: 6%), polystyrene (PS: 9%), and polyethylene terephthalate (PET: 11%)
(Saquing et al., 2010).



Many polymeric products in commerce are composites that contain % levels of additives. These are
inserted to modify properties such as stability, appearance, plasticity and flame retardancy. It was
generally assumed that such additives were permanently sequestered in polymer matrices; rendering
their environmental mobility and bioavailability moot. However, recent studies suggest that these
additives may pose chemical hazards, e.g. migration of chemicals to food from packaging (Muncke,
2009). Ingestion of microplastics may also be problematic as they can serve as carriers of PBTSs.

Environmental scientists are typically concerned about water and sediment pollutant concentrations in
the pg/L and pg/kg ranges, respectively. In contrast, plastics may contain percent by weight additive
concentrations. Thus plastic debris may serve as discrete point sources to the environment, their
impacts enhanced by their facile dispersal. While we generally focus on single chemical
assessments, multiple additives may be present in a given plastic, resulting in simultaneous mixture
exposure. This reality provides the opportunity of designing polymer experiments that include
multiple chemicals (with a range of PBT properties) simultaneously. Reduction in polymer particle
size via weathering enhances opportunities for environmental dispersal and ingestion by an
increasingly large cadre of organisms (encompassing even those occupying lower trophic positions).
The bioavailability of chemical additives within these particles is largely untested, but it has been
hypothesized that digestive fluids may facilitate the accumulation of plastic-associated chemicals
(Teuton, 2009).

The importance of the weathering of plastics and resultant decrease in particle size in modulating
chemical impacts has to date not been systematically investigated. Weathering may also alter the
hydrophobicity of plastic surfaces (via chemical oxidation or biofilm formation), affecting migration and
sorption of HOCs. Size reduction may enhance particle environmental reactivity by increasing their
surface area; as is exploited in many engineered nanomaterials (increasingly common in cosmetic,
health and industrial applications). An increase in surface area may also alter the extent to which
water-borne PBTs sorb to polymer surfaces. PBT sorption in the marine environment may be
controlled by polymer type, surface area and ambient conditions.

Dense plastics may enter sediments directly. Aggregation and biofouling of particles will facilitate
their sedimentation. Therein, particle-associated chemicals will continue to act as exposure sources
to benthic organisms. The characteristics of marine and fresh waters themselves (e.g., salinity,
temperature, quality/quantity of dissolved organic matter (DOM)) vary widely in water bodies and will
influence PBT sorption/migration. For example, we previously observed that humic acids decreased
the apparent bioavailability and toxicity of some PBT chemicals (Mezin and Hale, 2004). DOM levels
are typically much higher in sediment interstitial fluids than estuarine or marine waters. If this
facilitates leaching of chemicals, concentrations therein may be elevated. In addition, some deposit-
feeding organisms ingest large amounts of sediment, often several times their body weight per day.
Thus, they may be exposed to high levels of sediment- and plastic-associated chemicals. From the
above discussion, it is clear that chemical impacts from plastic debris will be controlled by the nature
of the polymer particles, the PBTs, as well ambient environmental conditions.

Study Questions: To enhance understanding of the chemical impacts of PBTs with respect to
marine debris, we proposed two in-lab experimental modules: 1) examining additive leaching (at
VIMS) and 2) for PBT sorption to plastics from water (at Southern lIllinois- Carbondale). Sequential
examination of a suite of variables using these designs permits systematic hypothesis testing. It
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allows evaluation of multiple variables (both polymer characteristics and environmental conditions)
and the ability to extend study to additional variables or replication. The factorial hierarchy imparts
experimental efficiency, i.e. reducing the number of experiments that had to be run due to overlapping
test conditions. Experiments can also be conducted independently.

Our project focused on: 1) leaching of additives from 4 commercially produced polymer products
(polyurethane foam (PUF), PS, PVC and PE); as a function of polymer particle size, UV weathering,
water temperature, salinity, DOM and synthetic gut fluid composition; 2) sorption from water of two
PBT mixtures (PCBs and halogenated flame retardants) to two model polymers (PE and PVC).
Sorption experiments also examined the influence of particle size and biofilm formation.

Note that the sorption studies were conducted by Dr. Chen at University of Southern lllinois-
Carbondale and applicable results are described after presentation of the leaching work done at
VIMS. Sorption target compounds were PCBs (commonly detected in the marine environment) and
current/recent-use halogenated flame retardants (FRs). Concerns over FRs have risen dramatically
recently. Examination of mixtures of chemicals possessing a range of physical properties expanded
data yields. Experiments were conducted in duplicate (and in some cases triplicate).

2. Methods

Selection of test materials: It was desirable to evaluate actual commercially distributed polymers to
better represent materials that actually enter the environment. Unfortunately, additive compositions
of such polymers are initially unknown and often maintained as confidential business information.
This led to some trial and error in terms of selection of polymeric materials for testing. Desired
polymers were flame-retarded polyurethane foam (PUF) used in cushioning, expanded polystyrene
(EPS) used in insulation, high density polyethylene (PE) used in single use containers and plasticized
polyvinyl chloride (PVC) found in number of applications from wiring to containers. PUF studied were
originally used as cushioning in gymnastic studios. EPS was bought commercially. A MSDS
indicated the presence of the flame retardant hexabromocyclododecane (HBCD) therein. The HDPE
obtained was a post-consumer recycled resin or “regrind” product from Envision Plastics, i.e. plastic
that had been recycled from multi-colored bottles. We felt that a regrind material would better
encompass the diversity of discarded single-use PE products in the environment.

Three aliquots of each type of ground polymer (53-300 um) were chemically analyzed to determine
the targeted additive concentrations in the starting material. All solvents used were high purity HPLC
or residue grade from Burdick & Jackson. Residual solids were removed by filtration (Whatman filter
paper 11 um, 7 cm diameter).

The resulting solvent extracts were purified to remove high molecular weight interferences by size
exclusion liquid chromatography (Environsep ABC column. 350 x 21.2 mm. Phenomenex Inc.) and
then by elution through 2-g solid phase silica gel glass extraction columns (Isolute, International
Sorbent Tech.; Hengoed Mid Glamorgan, U.K.) (La Guardia et al, 2013). Silica gel eluents were S1:
3.5ml (100% hexane-waste), S2: 6.5ml (60:40, hexane/methylene chloride-hydrophobic flame
retardants) + 8mL (100% methylene chloride) and S3: 5ml (50:50, methylene chloride /acetone-polar
compounds). The elution profiles of the additives were determined by running standards of the
target chemicals. Purified extracts were diluted to produce chromatographic peak areas within the
bounds of the LC/MS or GC/MS calibration curves.
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We originally had contacted the Particle Technology Research Center at Western University (Ontario,
Canada) and subsequently listed them in the proposal to mill the polymers into microplastics.
Unfortunately, after we sent polymeric products to test-mill, they found they were unable to
accomplish this. Thus we were forced to seek an alternative approach. We next contacted several
additional commercial plastics milling operations, but they were unable to produce the modest levels
of materials needed at a reasonable cost. We next researched and evaluated doing the milling in-
house, thus providing us the ability to perform this for future studies. An equipment funding proposal
was written and submitted to the Virginia Higher Education Equipment Trust Fund (administered by
the VA State Council of Higher Education and the Virginia College Building Authority). It was
successful. We then purchased a Retsch CryoMill and Retsch AS200 jet sieve.

Fig. 1. Retsch Cryomill uses liquid nitrogen to embrittle and mill polymer samples, via
agitation and steel balls. Retsch AS200 Jet Sieve for selecting microparticles of discrete size
ranges.

These units were used to cryogenically grind and sieve the polymers into three contiguous size
fractions (<53 pum, 53-300 um and 300-1000 um), respectively. Polymer samples were placed in a
closed metal grinding jar. The jar was continually cooled with liquid nitrogen before and during the
grinding process. The liquid nitrogen circulated through the system and was continually replenished,
maintaining the temperature at -196 °C. Grinding was accomplished by a stainless steel ball and
controlled shaking of the jar. Sufficient material (~10 g) of each polymer type was ground at one time
(in multiple batches due to limited grinding jar capacity) from one source to encompass the
anticipated leaching experiments. This reduced the heterogeneity of the materials tested. The
amount ground at a time was a function of the polymer density, i.e. lower on a gram basis for the less
dense foams (e.g. PS and PUF).

After grinding, the desired size fraction of each polymer was obtained using a Retsch AS200 air jet-
sieving machine. The AS200 is suitable for sieving low density microplastics, which tend to
agglomerate, to particle sizes in the low to sub mm size range. The size fraction retained for testing
was 53 to 300 um (as determined by retention on stainless steel sieves). The unit was operated at 20
rpm for 4 minutes. Initially, ground polymer particles were sieved thru a 1 mm sieve and patrticles <1
mm collected via a cyclone and attached glass collection jar. These retained particles were then re-
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sieved and those passing thru a 300 um sieve were again collected in the cyclone. The <300 pm
particles were then re-sieved using the 53 pm sieve. The retained fraction (53-300 pm) from multiple
batches of grindings was composited into a single aliquot. Subsamples for individual column leaching
experiments were removed from this, following homogenization.

Polymer UV weathering was performed by the Particle Technology Research Center. Polymer
microplastics (53 to 300 um size) were subjected to accelerated weathering in a Q-Sun Xenon Test
Chamber for 0, 500 and 1000 hr (equivalent to ~ 0, 6 and 12 months of sunlight).

Fig. 2. Q-Sun Xenon Test Chamber for accelerated UV weathering of microplastics.

Surface areas of microparticles were determined using the Brunauer, Emmett and Teller (BET)
approach. This method is based on measurements of the amount of nitrogen gas that adsorbs as a
monomolecular layer on the particle surface at the temperature of liquid nitrogen
(http://lwww.particletechlabs.com/services/surface-area-and-pore-size-analysis). The specific surface
area result is expressed in units of area per mass of sample (m?/g). Samples were analyzed on a
Micromeritics Gemini V series surface area analyzer. Samples were placed in pre-cleaned tubes
overnight and dried/degassed at 650°C under nitrogen flow. A balance tube with glass beads was
used for samples with a surface area < 1 m2. Surface area was measured using a 10-point curve with
the relative pressure (P/Po) from 0.05 to 0.5. P is the pressure of the absorbate and Po is the
saturated pressure of adsorptive. All samples were analyzed a minimum of three times. Liquid
nitrogen was refilled prior to each sample. Po was set each day prior to the first analysis. Particle
surface microscopic inspections were done by scanning electron microscopy (SEM: LEO 435VP).

Aldrich humic acid (HA) (Sigma-Aldrich, St. Louis, MO) was used as the DOM in leaching studies. To
prepare HA solutions, 100 mg of HA were added to 1L reverse osmosis (RO) water. The humic acid
solution was mixed for 20 minutes at 500+ RPM using a magnetic stirrer/stir bar. It was then filtered
through a 1 um glass fiber filter (Gelman #61635, 14.2 cm diameter). After filtration, the solution pH
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was adjusted to 7.0 using 0.01M NaOH or 0.1M HCI. The % carbon of 100 mg/L solutions was
measured as 29.6 mg/L (SD 0.181) by combustion. Sodium taurocholate (STC), a vertebrate bile salt
and sodium dodecyl sulfate (SDS) at 10 mM were used as surrogate deposit feeder digestive fluids
(Voparil et al. 2004).

Polymer leaching (migration) experiments: Our experimental approach employed dispersing the
milled microplastics (0.4 g) of the pre-determined size ranges in small amount of sand, in turn packed
into stainless steel HPLC columns. The column was then topped up with sand. Microplastics are
similarly dispersed in sediments or landfills. The sand (Quikrete® pool filter grade; 400-800 um/20-50
mesh) for the columns was pre-cleaned by baking in a muffle oven at 450°C overnight (> 12 hours).
Polymers of the desired characteristics (e.g. particle size, polymer type, degree of weathering) were
sequentially evaluated. Columns containing microplastics were then eluted with waters possessing a
range of selected characteristics. In this way the desired values of a given parameter (e.g. salinity)
could be varied, while other factors (e.g. polymer type and size, temperature, dissolved organic
carbon, degree of polymer weathering) could be held constant. Stainless steel HPLC columns (250 x
4.6 mm), equipped with stainless steel end caps were used. Use of polyether ether ketone (PEEK)
column fittings permitted reuse of the caps and columns. A 2 um stainless steel frit (Valco
Instruments Co. Inc.) and end cap were used to seal the column top (exit end). A new column frit
was used for each experiment to reduce the potential for cross-contamination. The pump, column,
and eluent reservoir were connected by inert tubing.

Eluent water (reverse osmosis (RO), pH 7: adjusted with 0.01 M NaOH or 0.1 M HCL solution, <3
ug/L total organic carbon) was delivered to the column using a Waters 600 HPLC pump. Desired
water temperature was maintained by placement of the column and an inlet loop of stainless steel
tubing inside an environmental chamber (Associated Environmental System LH6) capable of
maintaining temperature within +/- 10C. A water flow rate of ~1 mL/min through the HPLC column
was used and ~1 liter of eluent (measured to 1 ml) collected over a 17 hour period in amber glass,
pre-cleaned bottles.

In experiments to evaluate leaching one liter samples were collected. Our primary research goal was
to compare and contrast the influence of selected environmentally pertinent conditions on leaching,
not to exhaustively extract the chemicals from the polymer.



Fig. 3. Setup for performance of microplastic leaching experiments. The desired microplastic
(0.4 grams) was dispersed in sand and in turn placed onto a sand bed in a HPLC column. The
column was capped with a 2 um frit to eliminate possible escape of microplastics. The
column could then be eluted with fluids of the desired characteristics. The column was
placed in an incubator, allowing precise temperature control.

To isolate additives from the leachates, 1L water samples were solvent extracted (three sequential
aliquots) with methylene chloride, after the addition of a surrogate standard, in separatory funnels.
Extracts were purified by silica gel chromatography.

Identification and quantitation of the target additives from PUF, PE, PVC and PS and associated
leachates was accomplished by ultra-high performance liquid chromatography/mass spectrometry
(UHPLC/MS). The UHPLC (Acquity UHPLC, Waters Corporation, Milford, MA, U.S.A.) was operated
in the gradient mode and equipped with a Cis UPLC analytical column (Acquity UPLC BEH C18, 1.7
pm particle diameter, 2.1 x 150 mm, Waters Corp. or equivalent). The UHPLC column temperature
was maintained at 45°C and the mobile phase consisted of 100% water (A1) and 100% methanol
(B1). The initial mobile phase composition was 95:5 A1/B1 at a flow rate of 250uL/minute, held for 3
minutes. This was followed by a linear gradient to 30:70 A1/B1 over the next 12 minutes. The flow
rate was then increased to 300 uL/minute, followed by a 5-minute linear solvent gradient to 100%
methanol. The column was regenerated by a 3-minute linear gradient back to 95:5 A1/B1, followed by
a 2 minute hold at a flow rate of 250 yL/minute. Analytes were subjected to atmospheric pressure
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photoionization (APPI), the dopant (acetone) was introduced at 150 pyL/min by a liquid
chromatography pump (LC-20AD, Shimadzu Corporation, Kyoto, Japan), and product ions detected
on a triple quadrupole mass spectrometer (3200 QTrap, AB Sciex, Framingham, MA, U.S.A.)
operated in the multiple reaction monitoring (MRM) mode. The following parameters were used:
curtain gas 15 psi (N2), probe temperature 300°C, nebulizer gas 55 psi (Zero air), auxiliary gas 40 psi
(Zero air), interface heater on, collision gas medium (N2), ion spray —850 V. The purified extracts
were also analyzed for TPP and the surrogate d15-TPP by UPLC-APPI-MS/MS operated in the
positive ion mode (ion spray 850 V). The analytical method has been validated previously for FRs in
complex environmental media (La Guardia et al., 2013).

Phthalates in PVC and associated leachates were analyzed by GC/MS (Agilent 5975C MS coupled
with a 7890A GC). Carrier gas was helium. The GC was equipped with a DB-5 column (Agilent
Technologies: 60 m x 0.1 pm film thickness). Analytes were injected in the splitless mode and
subjected to electron impact ionization mode at 70 eV. lon mass-to-charges were obtained at unit
resolution. Compound concentrations were calculated based on the area of selected ions (p-
terphenyl m/z 230, DEHP m/z 149 and BDE166 m/z 484).

3. Results

Surface areas of microplastics: Microplastics of different polymeric composition, but the same
nominal size (e.g. 53-300 um) exhibited substantially different surface areas. This was not
unexpected. PS and PUF have cellular structures, so these were expected to have highest surface
areas (Fig 2). Surprisingly however, we observed that ultra high molecular weight PE (UHMWPE)
had the highest surface area. SEM indicated that this material possessed a smaller size than the
reported value (mean 150 um) indicated by the manufacturer (Goodfellow Cambridge Ltd.). This
material has been used by other researchers (e.g. Teuten et al, 2007) as a model HDPE for PBT
sorption experiments . While not part of the original study design, acrylonitrile butadiene styrene
(ABS) was also evaluated. ABS and PVC possessed the lowest surface areas.

EHT:lBV.B@A kv H VIMS 18-Feb-2016
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Fig. 4. SEM micrograph of the UHMW PE (Goodfellow Cambridge Ltd) product. According to

the manufacturer mean particle size was 150 um. However, examination of the scale (30 um)

on this micrograph suggests many particles are smaller than 150 um. This material exhibited
a surprisingly large BET surface area. Close examination of particles also suggests a rough

or pitted surface texture.

Surface Area 53-300 um
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Fig. 5. BET surface areas of various polymer microplastics (nominal 53-300 pum). All were
cryogenically ground and air jet sieved at VIMS, except for the UHMWPE, which was examined
as received from the manufacturer, as it supposedly had a mean particle size of 150 um.

It was assumed that surface areas of microplastics would be a more important criteria affecting both
leaching of additive and sorption of hydrophobic pollutants from water, than sieve-determined particle
sizes. For most polymers surface areas increased as nominal particle size decreased. However, this
was not always the case. This likely was experimental error, i.e. the expected particle size
distributions were likely not obtained by the sieving step.
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Fig. 6. BET surface areas of cryogenically ground flexible PUF. Aliquots of the 53-300 pm
fractions were also UV weathered for 500 and 1000 hrs. PUF surface areas decreased with
increasing particle size. Exposure to UV for 500 or 1000 hrs appeared to decrease surface
areas, although the longer UV duration did not appear to exacerbate the effect. UV-exposed
PUF was visibly yellowed (which increased with UV duration), indicating chemical
degradation.

Fig. 7. A representative SEM of 53-300 um PUF is shown, illustrating the remnants of its
cellular structure.
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Fig. 8. Unexpectedly similar surface areas were observed between PS microparticles of
nominal 53-300 and 300-1000 um (latter indicated by red arrow in figure). UV exposure did not
appear to affect PS surface area. UV-exposed PS showed visible yellowing (which increased
with duration). File Source: surface area092716
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Fig. 9. SEM indicated PS exhibited a flattened, asymmetric shape and this might have
confounded the air jet sieves’ abilities to separate the particles into the desired size

categories.
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Fig. 10. PVC BET surface areas decreased with increasing nominal particle size. However, the
300-1000 pm sample possessed too low a surface area for the Micromeritics Gemini V series
analyzer to measure (indicated by the red arrow). Interestingly, UV exposure increased
surface areas, especially after 1000 hrs of exposure. The original PVC was yellow in color, but

the 1000 hr UV weathered material was lighter in color.
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Fig. 11. SEM of PVC microplastics. Particles were angular and textures were relatively
smooth.
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Fig 12. PE regrind exhibited a similar pattern of increasing surface area with decreasing
nominal particle size; and increased surface area following weathering (although areas were
similar between 500 and 1000 hrs). This milled PE was originally brown in color (although was
multi-colored as received in larger pieces), but became lighter following UV weathering.
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Fig. 13. SEM of regrind PE (nominally 53-300 um). This material took a longer time to mill than
other polymers. Many of the particles appear to be shredded versus being fractured. The
surface texture appears less porous than the UHMW PE. This likely contributed to its lower
BET surface area.

Additive composition of polymers tested: PUF contained a number of flame retardant additives,
these ranged from quite water soluble to extremely hydrophobic.
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Fig. 14. Water solubilities of several of the flame retardants (FRs) in the PUF studied. The
phosphate-containing FRs exhibited much greater water solubilities than the BFRs. Note that
the HBCD isomers exhibited similar water solubilities to the PentaBDE constituents (BDE47 —
BDE153).

The PUF material tested was transitional in terms of FR content, i.e. it contained Penta-BDE. U.S.
manufacture of Penta-BDE was discontinued in 2004. However, substantial amounts remain in in-
use & discarded products, as well as environmental debris. It also contained additives consistent with
Firemaster® 550 (2-ethylhexyl 2, 3, 4, 5-tetrabromobenzoate (TBB); 2-ethylhexyl 2, 3, 4, 5-
tetrabromophthalate (TBPH)) and several phosphate FRs: tris (1,3-dichloro-2-propyl) phosphate
(TDCPP)) and triphenyl phosphate (TPP)). Interestingly, (tris (2-chloroethyl) phosphate (TCEP) and
tris (1-chloro-2-propyl) phosphate (TCPP) were not detected in the PUF, but were later detected in
the aqueous leachates. These were apparently present as trace components in the PUF, but at
levels below the limits of quantitation.

PUF: Concentration (mg/g)

mean std dev
BDE-47 10.9 54
BDE-100 3.1 1.0
BDE-99 10.3 2.1
BDE-154 15 1.1
BDE-153 1.9 1.1
PentaBDE Total 27.8
TBB 2.4 0.5
TBPH 0.8 0.3
TCEP ND
TCPP ND

TDCPP 0.5 0.1



Table 1. FR concentrations in the PUF studied. Note that TCEP and TCPP were not detected in
the analysis of the PUF itself, but were detected in the leachates. This suggests that they
were present at trace levels in the PUF and were at detectable levels in the water due to their
relatively high water solubilities. This is important as it is evidence that analysis of original
polymers may fail to reveal chemicals that might be important in leachates.

The expanded PS was purchased from a large home hardware chain. The product name was Perma
R foam board insulation. It was white in color. In texture, it was similar to PS used in insulated cups
and coolers.
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PS: Concentration of HBCD (ug/g)
mean std dev
a-HBCD 58.1 6.6
B-HBCD 34.1 2.6
y-HBCD 342 58.1
TOTAL 434

Table 2. The expanded PS contained hexabromocyclododecane (HBCD), totaling 434 ug/g,
with the Y isomer being dominant.

The flexible PVC was received as a yellow pellet and the product name was Teknor Apex® 716.
Based on GC/MS analysis we determined it contained dioctyl phthalate at 794 ug/g. We also detected
TPP in it by GC/MS and are in the process of quantifying it by LC/MS.

Based on GC/MS analysis, the PE exhibited low levels of fragrance chemicals, perhaps original bottle
contents, versus structural polymer additives. We anticipated the detection and subsequent leaching
of colorants and other additives. However, we did not detect their presence. We concluded that
additives that might have been extractable were perhaps reduced below detection by the hot water
wash steps employed by the regrinder to cleanse the recycled plastics. They market the material as
food grad plastic. However, as we saw in the case of the organophosphates in PUF, we pursued
leachate tests of the regrind PE as we felt it was possible that we might detect additives in the
aqueous leachates.

Results of 10 day consecutive leaching of PUF: An initial experiment was conducted to examine
the pattern of additive release over time. PUF microplastics were leached for 10 consecutive days.
Conditions chosen were fairly rigorous: 40°C, salinity O ppt, and 100 mg/L HA. One liter water
samples were collected daily and analyzed by LC/MS to determine concentrations of FRs. Our initial
hypothesis was that levels of additives in leachates would sharply decrease after one to two days of
leaching as additives near the surface were depleted. Leaching of additives deeper within the
particles would be inhibited by the viscosity of the polymer.

The x-intercept denotes the days required for the additive concentration leached into the water to
reach 0 ng/L, assuming a consistent trajectory of release. The intercept will be determined by both
the rate of chemical release and the concentration in the polymer. X-intercepts were calculated using
equations of the lines describing decreasing PBDE leaching over time. This assumes that the 10-day
concentration trend will continue until leaching ceases, however this trajectory remains unproven.
BDE100, 153, 154 and TBB showed very similar x-intercepts: 19-22 days. BDE47 and 99, although
more water soluble than the hexa-BDEs, exhibited larger x-intercepts: 85 and 38 days, respectively.
This may relate to their higher initial levels in the PUF.
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10 Day PUF Leaching (40°C + 100 mg/L HA)
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Fig. 15. Concentrations of PBDEs (BFRs) detected in water on each day of leaching. Note
concentrations are in ng/L (parts per trillion) and scale is on a log basis. Highest levels were
for the major constituents of the PentaBDE formulation. PBDEs continued to be leached from

the 53-300 um PUF microplastics even after 10 days, although concentrations decreased over
time, as denoted by the negative slopes of the lines.

10 Day PUF leaching (400C + 100 mg/L HA)
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Fig. 16. Concentrations of TBB and TBPH (BFR replacements for PBDES) detected in
leachates of the 53-300 um PUF microplastics over 10 days. Concentrations are in ng/L (parts
per trillion) and scale is on alog basis. TBB has a water solubility (25°C and 0 mg/L DOM) of
about 100 ng/L. Hence, TBB is ~10-fold less water soluble than either BDE153 or 154. The

solubility of TBPH is <10 ng/L and was barely detectable in the leachates. No trend in leachate
concentrations over time was observed for TBPH.
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10 Day PUF leaching (40°C + 100 mg/L HA)
Chlorinated phosphates
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Fig. 17. Concentrations of phosphate FRs detected in water on each day of consecutive
leaching. Note concentrations are in ng/L (parts per trillion). TDCPP concentration was the
highest on day 1, but levels in the leachate decreased rapidly thereafter. In contrast,
substantial release of TPP continued throughout the 10 days. TDCPP has a water solubilty 3
to 4 times that of TPP. TCPP and TCEP were not detected in the original PUF, but were
detected in the Day 1 leachates and not thereafter. These phosphate FRs exhibit water
solubilities >10 fold that of TDCPP and TPP, so might be expected to be rapidly depleted.

Chemical Days
BDE 47 85
BDE 99 38

BDE 100 22

BDE 153 21

BDE 154 19

TBB 19
TBPH NA
TDCPP 6
TPP 272

Table 3. Calculated x-intercepts of the lines describing the change in analyte concentration
leached from the PUF over 10 consecutive days of leaching (water at 40°C and humic acid content
of 100 mg/L).?

ITBPH did not show a clear trend, perhaps as concentrations in the leachate were near or below
the detection limit. 2TPP estimate made after excluding Day 3 and Day 6 points. The numbers of
bromines in the PBDE congeners are provided.
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Leaching of additives from different microplastics under varying water conditions: A series of
experiments were performed evaluating the influence of polymer type, particle surface area/size,
temperature, salinity, humic acid content and the presence of two surrogate gut fluids on leaching of
additives over a 24 hr period.

PUF: Salinity

Increasing salinity was expected to either have no effect of leaching or to decrease it by reducing the
water solubilities of hydrophobic additives. We also desired to use O ppt as a default condition versus
35 ppt, as high salt content was expected to cause precipitation of HA. Three salinities were tested
here, in concert with the 53-300 um fraction of PUF microplastics. Reagent grade NaCl was used as
the source of the salt versus artificial and natural seawater due to the potential for these latter
materials to contain variable amounts of organic matter and other materials. Leaching fluid HA
content was 0 mg/L and temperature 40°C. Leaching of hydrophobic brominated FR additives from
PUF decreased with increasing salinities. Note: the BDE153, 15 ppt level was at the method
detection limit.
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Fig. 18. Increasing salinity typically reduced the levels of hydrophobic BFR additives in the
leachates. BDE153 was at the limit of detection. BDE154 and TBPH were not detected in the
lechates in these experiments.

A less obvious picture was observed for the relatively water soluble phosphate FRs. However,
concentrations were generally lowest at 35 ppt, except for TPP.
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Fig. 19. Salinity had a less obvious impact on the leaching of phosphate FRs than for
hydrophobic BFRs. This is not unexpected due to the high water solubilities of these
chemicals.

PUF: Microplastic surface areas

We hypothesized that increasing particle surface area would increase the extent of additive leaching
from microplastics. Here, three microplastic size fractions were assessed. We originally planned to
examine three discrete sizes that differed by orders of magnitude (i.e. 1000 um, 100 pm and 10 pm).
We also wanted to produce small particles to maximize surface areas and hence migration potential
of the more hydrophobic additives. Unfortunately, we found that to get adequate microplastic material
for experiments we needed to widen the size ranges selected for each test size. Also, that is was
quite difficult to produce adequate amounts of the smallest particle size for all experiments. As a
result, our size ranges in the end were contiguous, versus narrow and differing by orders of
magnitude. We believe this decreased the effect of surface area observed in our experiments.
Leaching water conditions for the size/surface area experiments were: salinity 0 ppt, temperature
40°C, HA 0 mg/L. Although there appears to be an increasing trend for some analytes (e.g. BE47,
BDE100, BDE99), we did not see as substantial increase in the release of additives with increasing
surface areas as we initially hypothesized.
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Fig. 20. Increasing microplastic surface area had a modest effect on BFR concentrations in
leachates. BDE153, BDE154 and TBPH were at or below the detection limit in leachates in
these experiments.
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Fig. 21. Increasing microplastic surface area had no or a modest effect on phosphate FR
concentrations in leachates.

PUF: Water temperature

We evaluated the effect of three water temperatures (4, 20 and 40°C) on additive leaching potential.
Again salinity was held at 0 ppt and HA 0 mg/L. The microplastic size evaluated was 53-300 um.
Here, a clear trend in increasing BFR concentrations with increasing temperature was apparent.

Note that elevated temperatures are present in landfills (18-55°C, average of 35°C: Bjorn et al, 2007)
and the digestive tracts of organisms. For example, body temperatures of mammals may range from
35 to 40°C, while that of birds may range from 39 to 44°C (Prinzinger et al, 1991).
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Fig. 22. BFRs exhibited greater leachability from PUF microplastics (53-300 um) at higher
water temperatures. BDE154, BDE153 and TBPH were below quantitation.
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Fig. 23. Phosphate FRs were generally more leachable from PUF microplastics (53-300 pm) at
higher water temperatures.

PUF: humic acid concentration

We evaluated the effect of four Aldrich humic acid (HA) concentrations: nominally 0, 5, 10 and 100

mg/L. Dissolved organic carbon (DOC) content of water is typically reported for field samples. DOC

values we measured for the 0, 5 and 100 mg/L HA solutions (using combustion catalytic oxidation:

Shimadzu TOC-5000 Carbon analyzer) and were (mean/std dev): 0.070/0.014, 2.23/0.037 and

29.6/1.07 mg/L, respectively. Krom and Sholkovitz (1977) reported DOC levels varying between 8.3

and 15.8 mg/L for oxic marine sediments and 55.9 to 70.5 mg/L for anoxic pore waters. Katsoyiannis
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and Samara (2007) reported DOC values of 70 mg/L raw wastewater and primary sedimentation
effluent, decreasing to 19 mg/L in secondary sedimentation effluent. Christensen et al (2001)
reported dissolved organic carbon contents of landfill leachate-polluted groundwater ranging from 30
to 29,000 mg/L.

The 53-300 um particle fraction was studied, using water of 0 ppt salinity and 40°C. A trend in
increasing BFR concentrations in leachates with increasing HA concentration was observed. Note
that Aldrich HA is more hydrophobic than most HAs extracted from natural waters and thus likely
facilitated greater leaching for a given concentration. However, Aldrich HA is also commercially
available and thus is a readily accessible material for comparative studies.
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Fig. 24. Effect of increasing HA level in leaching fluid on BFR concentrations. The presence of
100 mg/L HA (nominal; measured DOC 29.6 mg/L) substantially increased BFR concentrations.
The presence of HA resulted in leaching of even the extremely hydrophobic TBPH.
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Fig. 25. Unlike the more hydrophobic BFRs, increasing HA concentration did not increase
leaching of more water soluble phosphate FRs.

23



PUF: Digestive fluid addition

The impacts of two synthetic digestive fluids (sodium taurocholate (STC) and sodium dodecyl sulfate
(SDS) at 10 mM) on leaching of PUF additives were investigated. The concentrations were those
suggested by Voparil et al. (2004) as comparable to the lipid solubilizing power of the gut fluid of the
benthic lugworm and deposit feeder Arenicola marina. Note that 10 mM is considerably more
concentrated than the 100 mg/L HA solution previously evaluated. The salinity of the water was 0 ppt
and temperature 40°C. As in previous experiments the 53-300 um fraction was useed. The presence
of either synthetic fluid greatly increased leaching of the hydrophobic BFRs. These two digestive fluid
surrogates appeared to be similarly effective here.
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Fig. 26. The presence of 10 mM synthetic gut fluids greatly enhanced leaching of hydrophobic
BFRs from the 53-300 um PUF microplastics. The two fluids increased leaching to a similar
extent. Note that BDE153, BDE154 and TBPH were below detection in leachates in the absence
of the digestive fluids.

In contrast, an effect of the two synthetic fluids on leaching of the phosphate FRs was not apparent.
Concentrations of these additives were similar to the no digestive fluid control. This is not surprising
considering their substantial water solubilities.
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Fig. 27. The two synthetic digestive fluids (sodium taurocholate (STC) and
sodium dodecyl sulfate (SDS)) had minimal effects on leaching of the relatively hydrophilic
phosphate FRs from the 53-300 um PUF microplastics.

PUF: Weathering by UV 