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Detailed Experimental Methods & Results for CMPs Catalytic Activity
Analysis

Method Description. The catalytic activity of CMPs (¢-Si0O; and f-Si0,) using our Colorimetric
Assay to Detect Engineered nanoparticles (CADE) technique '. CADE employs a dye,
methylene blue (MB), and a reducing agent, sodium borohydride (BH4), to colorimetrically
assess the catalytic activity of nanoparticles in an aqueous media. CADE leverages the surface
catalytic redox properties of nanoparticles to provide a simple colorimetric detection assay for
CMPs. Figure SI.1A inset shows a schematic representation of the catalytic electron transfer
mechanism between MB and BH4 in presence of nanoparticles. When CMPs are introduced to
MB-BHy4 solution, nanoparticles serve as a catalyst for reducing the dye-reductant agent pair by
promoting the electron transfer between the dye and reductant. Multiple studies report that
nanoscale metals (but not their bulk counterparts) are catalytically active due to the reduction of
their redox potential >. Thus, to act as an effective catalyst, the redox potential of CMPs needs to
be found between the redox potential of MB and BH, since these reduction reactions are
thermodynamically favorable but not kinetically > *. CADE consists of final concentrations of



40 p M Methylene blue (CAS: 7220-79-3, Sigma-Aldrich, St. Louis, MO), 10 mM Sodium
Borohydrate (CAS: 16940-66-2, Sigma-Aldrich, St. Louis, MO), and 10 mM N-(2-hydroxy-
ethyl) piperazine-N’-(2-ethanesulfonic acid) (HEPES, CAS: 7365-45-9 Sigma—Aldrich, St.
Louis, MO) at pH = 7. We chose 10 mM HEPES as a buffering agent to maintain the pH
constant during our experimental procedures and the buffer concentration has sufficient
buffering capacity without inducing particles instability, i.e. aggregation due to reduction in
electric double layer thickness or surface charge as a result of high ionic strength. We prepared
all our working solution by dispersing CMPs in ultrapure water (18.3 M Q-cm, Milli-Q
Advantage A10® system, Millipore Corp., Billerica, MA). The resulting solution was placed on
a rotary shaker (50 rpm) for 1 h at room temperature (23 °C) prior to each experiment. We begin
each experiment by mixing with a micro magnetic stirring bar, driven by an external magnetic
mixer (Cat: H370170, Scienceware, Wayne, NJ) for ~2 min. Our CMPs working solution is
mixed with a small aliquot of concentrated BH; and HEPES solution to reach a final
concentration of 10 mM for both reagents. Then, we add a small volume of concentrated dye that
provides a final concentration of 40 uM in a 2.5 mL working volume. We continuously
monitoring CADE’s absorbance with a portable UV-Vis spectrometer (USB2000+XR1-ES
Ocean Optics, Dundin, FL) at the maximum dye’s absorbance peak of A,,= 665 nm. CMP
detection studies were preformed in 3 mL disposable methacrylate cuvette (Cat: 9014, Perfector
Scientific, Atascadero, CA) with an optical path length of 1 cm.

Results. Figure SI.1A shows the optical density of dye-reductant solution at A,,,=665 nm as a
function of time. CADE solution in the absence of nanoparticles has a stable OD of ~2.8,
showing that the color of the dye remains unaltered for ~25 s. This indicates that the dye
reduction is insignificant when nanoparticles are not in solution. We measured the optical density
of CADE for long experimental times, ~1 h, in absence of nanoparticles and show that OD
decreases less than 0.09 over the duration of the experiment (data not shown here). To
demonstrate the effectiveness of our catalytic detection assay, we use a commercial available Au
nanoparticle with a nominal diameter of 100 nm (DAC1001, NanoCompsix, San Diego, CA).
After 25 seconds, Au nanoparticles are added to the solution with a final concentration of 300
ppb which results in an exponentially decrease of OD from 2.8 to 2.2 over ~75 s. Then, the OD
plateaus and remains steady for the duration of the experiment. We fit the absorbance as a
function of time with an exponential curve, given as,

OD = 0D, exp(~(4/7))+ /. (1)

where OD is the optical density of CADE solution, OD, is the optical density at /=0, 7 is the
exponential decay rate constant, ¢ is the time transpired from the addition of the nanoparticles,
and f is a constant that represents the asymptotic OD value. OD data processing and analysis
was performed by a custom code written in MATLAB (MathWorks Inc., Natick, MA). We fit 7
and S values (41.8 s and 2.2 for the data shown in Figure SI.1A), which respectively represent
the decay time at which the dye absorbance is reduced to 1/e of its initial value and the steady
state OD that is reached at long times. We explored the use of decay rate constant for quantifying
the reduction reactions, but ultimately chose £ to quantify the catalytic activity of CMPs since
this asymptotic constant is unbiased from experimental artifacts (e.g., particle diffusion in the
solution, formation of bubbles, etc). f values have a dynamic range of 0.01 to 2.8 and potentially
serve as a nanoparticle reactivity indicator.
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Figure SI.1. Optical Density of CADE assay at pH 7.0 (40 uM of MB, 10 mM NaBH, and
10mM HEPES) in the presence of gold nanoparticles at a fixed mass concentration of 300 ppb
recorded at 665 nm. Dash line indicates a fit to an exponential decay model

OD =0D, exp (—(t/ r)) +/ (R’ =0.978). /5 is the asymptotic value of the optical density.

Nanoparticles are added at t = 28 s causing CADE optical density to decrease (A) and schematic
diagram of dye reduction electron transfer mechanism in presence of nanoparticles, inset. /-
value as a function of CMPs type at a fixed mass concentration of 100 ppm. Control experiments
correlate to absence of CMPs in the assay. /4'-values are an average over 5 experiments with
error bars that denote 95% confidence intervals (B). ANOVA test and subsequent comparison of
means test showed that all three samples differed significantly from each other (& = 0.05, p-value
< 0.0005). This test shows that the difference in the f-value means are likely due to the presence
of the different CMPs and not due to random error.

The reduction of MB by borohydride depends directly on the catalytic activity of
nanoparticles in CMPs. Figure SI.1B shows £ values as a function of CMPs composition (f-SiO;
and ¢-Si10,) at a constant concentration of 100 ppb. All § values are reported herein as the mean
of at least five experimental measurements with error bars that denote the 95% confident
intervals (o = 0.05). An analysis of variance (ANOVA) and subsequent comparison of means test
showed that all three samples differed significantly from each other at an a=0.05 level (p-value <
0.0005 for all comparisons). This test shows that the difference in the f value means are likely
due to the presence of the different nanoparticles and not due to random error. In the absence of
CMPs in the CADE solution, the £ value is ~2.8, representing the highest absorbance of dye
solution. The f values range from 2.6 for ¢-SiO; to 2.4 for ~SiO,. Lower £ values correspond to
higher CMP catalytic activity. At fixed CMP mass concentration, the surface charge of
nanoparticles may have an influence on the catalytic reactivity of CMPs. We believe negatively
charged particles, ¢-SiO, and f-SiO,, with a surface charge of -21 and -50 mV, may
electrostatically repel BH4 molecules to the surface of the particle, which then inhibit the
reduction of MB, resulting in high f values. According to Azad et al. when BHy4 absorbs to the
surface of nanoparticles, it creates a negatively charged layer that attracts cationic organic dyes,
such as CADE °. This electrostatic attraction or repulsion between particle surfaces and the
reducing agents increase or decrease the reduction rate of MB. Other factors that we also believe
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may play a roll in the reduction of CADE are hydrophobicity of the dye, complex formation of
the dye with anionic surfactants, repulsion between the dye and charged surfactant—these
factors are ongoing work in our labs.

Detailed Experimental Methods for In Vitro Assays

Assays were conducted using CMP slurries with marine bacterium Aliivibrio fischeri
(MicroTox Bioasssay), adenocarcinomic human alveolar basal epithelial cells (A549 cell
viability, ATCC® CCL-185™) with the dye 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT) assay kit (Sigma Aldrich) to quantitatively evaluate the cell viability of A549
cells after exposure to the slurries and Lactate dehydrogenase (LDH) kit (Sigma Aldrich) to
evaluate the membrane integrity of A549 cells, proliferation of A549 cells was measured by two
methods: determination of cell numbers by staining nucleic acids with crystal violet dye (CV)°,
or direct counting of cell numbers with a Coulter counter. Details of these methods are provided
in Supplemental Information.

Microtox Bioassay. The Microtox™ Model 500 analyzer (Strategic Diagnostics, Inc. SDIX,
Newark, DE, USA) was used to measure changes in the bioluminescence produced by the marine
bacterium Aliivibrio fischeri (lyophilized culture of A. fischeri NRRL-B-11177, AZUR
Environmental, Carlsbad, CA, USA). Bioluminescence inhibition was measured at a 30-min
exposure time to a dilution series of concentrations with three replicates per test concentration .
All assays were performed at 25°C. The acute toxicity data were obtained and analyzed using the
MicrotoxOmni software (Strategic Diagnostics, Inc. SDIX, Newark, DE, USA).

Viability Assay with A549 cells. A549 cells (adenocarcinomic human alveolar basal
epithelial cells, ATCC® CCL-185"") were obtained from the American Type Culture Collection
(Manassas, VA, USA) and were cultured in F-12K media supplemented with 10% (v/v) FBS in a
37°C incubator with 95% air and 5% CO,. The dye 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was used to quantitatively evaluate the cell viability of
A549 cells after exposure to the slurries. MTT is converted to purple formazan crystals by
mitochondrial reductase enzymes that are present in viable cells. The amount of formazan
produced is proportional to the number of cells and can be measured using a spectrophotometer.

The MTT assay kit was purchased from Sigma Aldrich. A549 cells were seeded in 96 well
plates at a density 10,000 cells/cm®. After seeding, the cells were incubated for 24 h to allow
time for attachment. The media were changed after 24 h of incubation and the slurries at
respective concentrations (10, 1, 0.1 pL per well each of which had a final volume of 150 pL)
were added. The final concentrations in media for each of the slurries in mg/mL were: 1 ¢-SiO,,
2.03, 0.203, and 0.0203; f-SiO,, 3.34, 0.334, and 0.0334; CeO,, 0.52, 0.052, and 0.0052; Al,O3,
2.01, 0.201, and 0.0201. After 48 hours of incubation followed by addition of slurries, the media
was changed and then the cells were incubated for an additional 24 hours after which the cells
were treated with MTT reagent and incubated for four hours. After 4 hours, purple formazan
crystals were formed. The crystals were dissolved using the MTT solvent and the absorbance
was measured at 570 nm. The absorbance was compared to the controls (positive-lysis buffer and
negative-untreated cells) and one-way Anova test was performed to analyze the significance of
the results with a confidence interval of 95%.

Membrane Integrity Assay with A549 cells. Cell culture conditions were as in the previous
section. Lactate dehydrogenase (LDH) was used to evaluate the membrane integrity of A549
cells exposed to slurries. LDH is a stable cytoplasmic enzyme present in most cell types and



leaks out of cells into the media if there is damage to the plasma membrane. LDH catalyses the
oxidation of lactate to pyruvate through the reduction of nicotinamide adenine dinucleotide
(NAD) to NADH.

The LDH assay kit was purchased from Sigma Aldrich. A549 cells were seeded in 96 well
plates at a density 10,000 cells/cm®. After seeding, the cells were incubated for 24 hours to allow
time for attachment. The media was changed after 24 hours of incubation and slurries at
respective concentrations were added as in the MTT assay. After 48 hours of incubation
followed by addition of slurries to the cells, the assay was performed and the absorbance was
collected at a wavelength of 490 nm. The absorbance was compared to the controls (positive-
lysis buffer and negative-untreated cells) and one-way Anova test was performed to analyze the
significance of the results with a confidence interval of 95%.

Cell Proliferation Assays with A549 cells. The effect of exposure to different concentrations
of slurry on the proliferation of A549 cells was measured by two methods: determination of cell
numbers by staining nucleic acids with crystal violet dye (CV) °, or direct counting of cell
numbers with a Coulter counter. These assays are sensitive to both cytotoxic materials that may
kill cells and to cytostatic materials that may reduce cell growth but not be acutely toxic. A549
cells were cultured in F-12K media supplemented with 10 mM HEPES, pH 7.4 and 10% (v/v)
FBS in a 37°C incubator with 90% air and 10% CO,. For the assay, A549 cells were plated at a
density of 3x10* cells/well in a 48-well plate. The next day, just prior to use, the pH of the
slurries were adjusted to pH 7.4 by diluting in 20 mM HEPES buffer at pH 7.4 and further
addition of small volumes of 1 M NaOH or 1 M HCI, for ¢-SiO, or the f-SiO,, respectively. The
slurries were diluted to 2x the final concentration in H,O from the pH adjusted stock solutions
and mixed with an equal volume of 2x concentrated media containing 20% FBS plus antibiotics
penicillin (200 U/mL) and streptomycin (0.2 mg/mL). After 24 hours of incubation, the medium
was removed and the cells were extensively washed. For experiments with ¢-SiO; and f-SiO,,
the cell number was obtained either by CV staining or after trypsinization to detach the cells by
direct cell counting and the cumulative data from 4 assays was averaged. For CeO, and ALOs3,
due to the large extent of aggregation of the slurries, only data from cell counting was used. The
number of cells in samples that were not treated with slurries was set at 100% proliferation for
comparison with cells exposed to slurries.

Life Cycle & Toxicity Implications

1.1.  Tool Design & Occupational Exposure Evaluations
CMP tools are typically designed to conform to Semiconductor Equipment and Materials
International (SEMI) guidelines for health and safety. Conformance to these guidelines involves
occupational exposure performance testing to demonstrate that the tool provides adequate
isolation of the operator and maintenance personnel from the chemicals used in the tools. For
operators, the guidelines require that the measured chemical concentration in the worst case
personal breathing zone during normal operation of the tool must be less than 1% of the relevant
occupational exposure limit °. For maintenance operations, the guidelines require that the
maxirgnum chemical concentrations must be less than 25% of the relevant occupational exposure
limit °.

Although these well established and highly protective guidelines are widely employed for
chemicals, their application to ENP is impeded by both metrology challenges and the absence of



occupational exposure threshold limits for ENP. Shepard and Brenner (2013) conducted
occupational exposure monitoring in CMP areas and associated support areas in an operating
development fab °. Their work reported that airborne particle levels in an operating fab are
generally low, and often below detectable levels; but also highlighted the need for more sensitive
sample collection and analysis methods for occupational exposure monitoring of ENP. With this
in mind, one of the principal goals of the present work has been to develop and distribute a set of
characterized “model slurries” with the intent of facilitating method development for
occupational exposure monitoring, and the developing toxicity data that applies to relevant
occupational exposures.

1.2.  Wafer Production & CMP Usage
The quantity CMP slurries and of the individual types of particles that are used by a fab differ
according to the design and the physical dimension of the integrated circuits being fabricated into
a wafer, as well as the wafer size and production capacity of the fab. Many advanced
semiconductor manufacturing facilities (fabs) are currently fabricating integrated circuits at the
32,22 and 14 (nm) technology nodes, on wafers that are either 200 or 300 mm in diameter.

In 2011, the worldwide production capacity for semiconductor wafers was estimated to be on
the order of 260,000 wafers per day, with roughly 68% produced as 300-mm wafers, 25%
produced as 200-mm wafers, and 7% as wafers that are less than 200-mm in diameter
(http://www.semiconductors.org/industry_statistics/semiconductor_capacity_utilization_sicas_re
ports/). The CMP process is used repetitively throughout the production of a single wafer, and
typically involves the use of several different slurry formulations, as appropriate to the particular
material being planarized. The number of CMP steps required to fabricate a wafer has trended
upward with more advanced technology nodes. Whereas fewer than 20 CMP steps may typically
have been involved in the production of wafers at the 250 (nm) technology node, it has been
projected that a typical 16 (nm) technology node wafer may require more than 40 CMP
individual CMP steps, involving 10 or more different slurry types '°.

1.3. Example Facility: Characterizing CMP Wastewater Effluents
The composition and quantity of CMP wastewater produced by a given semiconductor fab varies
according to the type and design of the integrated circuits that are produced, the particular
slurries that are used, the size of the wafers and the production capacity of the fab, as well as
facility dependent infrastructure. Characterization of the ENP life cycle and fate in a facility
requires a consideration of the compositional changes along the particle flow path through the
facility specific wastewater system, and how those changes influence particle behavior and fate.
Figure SI.2 illustrates the flow path of CMP slurry particles through a particular Fab. Slurry,
rinse water, wafers and brush cleaner are fed into CMP tools (Node A). The polished wafer exits
the tool and the effluent wastewater consists of the feed streams to the tool, and a combination of
dissolved and particulate material removed from the wafer, and possibly residual pad material
that may be dislodged (Node B). Materials balance estimates for this particular fab indicate that
the average total SiO,, Al,O3, and CeO; concentrations in the composite wastewater exiting the
CMP tools would be on the order of 1,000 mg/l, 100 mg/l and 5 mg/l, respectively. These
estimates are consistent with CMP effluent concentrations for silica and aluminum, as reported in
the literature, as summarized here:



Total [Si] (mg/l) tot [Al] (mg/l) Description Reference
400 - 800 NA "Oxide" CMP WW effluent from Hsinchu Park (Taiwan) Den et al (2006)
810 tot; 362 after 0.45 um NA CMP WW effluent from Hsinchu Park (Taiwan). Huang et al (2004)
1580 tot, 398 passing 0.2 um NA CMP WW effluent from a 300 mm fab in southern Taiwan. Kuan and Hu (2009)
467 1.2 DRAM manufacturer in Hsin-chu Science park in Northern Taiwan. Liu and Lien (2006).
98 - 224 .01-11.8 Oxide and metal CMP waste from semiconductor fab in Taiwan Lo and Lo (2004)
4000 NA Downstream of ultrafilter at DRAM manufacturer in Hsinchu Park, Taiwan |Tsai et al (2007)
609 as Si 4.8 "Oxide-CMP" WW from wafer fab in southern Taiwan Yang et al (2003,2004)

CeO, concentrations were not reported in the CMP wastewater effluent concentrations that were
available in the literatures sources that were reviewed. The concentrations of Al,O3, CeO,, and
SiO02 that would be in downstream processes vary considerably, depending on fab specific
wastewater system configuration, and the removal efficiency for the treatment processes that are
in place. In the absence of an upstream treatment process that removes CMP particles, the
influent concentrations to biotreatment at this particular fab would be on the order of 40, 4, and
0.2 (mg/l) for silica, alumina, and ceria. With the CMP wastewater treatment process, the
alumina and silica concentrations are estimated to be on the order of 0.6 mg/L Al,O3; and 2 mg/L
Si0,. The solids concentrate from a CMP wastewater treatment process may produce a sludge
that 1s 77 % SiO,, 8 % Al,O; and less than 0.5 % CeO..

The wastewater effluent from the individual CMP tools flows to a collection and
equalization tank which in turn is fed to physicochemical treatment process that uses lime (Node
C) primarily to precipitate and coagulate dissolved metals and solids at a high pH. The
precipitated and coagulated solids are removed via an overflow clarifier (Node D). The treated
aqueous effluent exits the CMP wastewater treatment process (Node E), and mixes with treated
and untreated effluents from other semiconductor manufacturing processes within the facility
(Node F). Following equalization and the addition of acid or base (Node G) for neutralization the
combined wastewater is routed to an activated sludge type process, where with the addition of
sanitary waste (Node I) biological wastewater treatment occurs. The waste biosolids are
collected as a sludge (Node K), and disposed as hazardous waste. The treated effluent from the
biotreatment process (Node L) undergoes disinfection and is discharged to a stream (Node F). In
some cases where local discharge permits can be met, following Node F or G composite fluids
containing CMP NPs may be directly discharged to sewers without additional on-site treatment.
This situation is more common where the flows from the fabs are small relative to regional sewer
flow rates.
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Figure SI.2 Flow path of CMP slurry particles in a particular semiconductor fab wastewater
stream.

Although the ENP from CMP processes in other fabs will follow facility specific flow
paths, this particular system serves as a useful point of departure for a consideration of the
metrology challenges in characterizing the lifecycle of CMP ENP from their point of use,
through to the node points by which they leave the facility.

Conventional mass concentration based and particle count based analytical methods do not
provide a convenient tool for tracing the behavior and fate of ENP in aqueous system. In addition
to the individual types of ENPs (Al,Os3, CeO,, and SiO;) that are used in the CMP processes,
other particles are likely created and destroyed depending on the governing physicochemical
processes at a particular point in the flow path. The lime precipitation process, for instance is
based upon the addition of lime slurry, which both contains particles, and initiates the formation
of metal hydroxide and other new particles via precipitation.

Particle count and particle size distribution provide measures of particle concentration, but
they do not differentiate the composition of the particles. The total elemental composition of
digested wastewater samples are likewise indiscriminate measures unless coupled with
specialized fractionation methods that can differentiate between particles and dissolved matter.
For cerium, which is uncommon in source waters or acids/bases, and likely predominately
attributable to the CeO, used in CMP, the total digested mass concentration is likely a good
indicator of the total mass of CeO,. However, both aluminum and silicon are common
constituents of wastewater treatment and other chemical feeds. Further, they are often the very



materials being removed from wafer surfaces via CMP and other Fab manufacturing processes.
The total aluminum and silicon concentrations do however provide bounding information
regarding the maximum quantity of Al,Os3 or SiO, particles that could be present. For this fab,
for instance, the final effluent concentration of aluminum is 0.2 mg/L and thus represents an
upper bound on the total mass of Al,O; particles that could be present.

SEM and TEM imaging of the particles in aqueous samples provides useful qualitative
information regarding the presence and form of particles. Figure SI.3 for instance was prepared
by evaporating a drop of influent wastewater from Node B, and shows copious quantities of
uniform round particles with an approximate diameter of 70 nm. Using EDX, these particles
were identified to be SiO,. Figure SI1.3 shows a SEM/EDX image of a similarly prepared effluent
sample from Node E. These particles are likewise 70 nm SiO, particles, but shown to be
weathered. Figure SI.4 shows a corresponding SEM/EDX image of a sample collected from
within the gravity clarifier, and clearly shows an agglomerate of SiO, particles. The agglomerate
is seen to be composed largely of the rounded 70-nm SiO, particles in the influent, and therefore
establish that the CMP SiO, particles are undergoing removal via agglomeration and settling.

A compositional analysis of the lime sludge collected at Node D shows indicates that the
sludge is approximately 77 % SiO,, 8 % Al,Os3, and 10% CaO. The sludge CeO, concentrations
were not reported, and may have been below detectable limits. Correcting for the moisture
content of the sludge the and comparing to slurry usage records indicates that on the order of
95% of the SiO, and 85% of the Al,Os; NPs from the CMP slurries is removed in the lime
precipitation process.
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Figure SI.3 SEM image of ENP in the influent (Node B) and effluent (Node E) to the CMP
wastewater treatment process.

1.4. Operative NP Removal Processes

The concentrations of ENPs across this flow system are indicated to be affected by dilution,
dissolution, and agglomeration, coagulation and sedimentation. It is likely, but unconfirmed that
they also undergo additional removal by partitioning onto biosolids in the biological wastewater
treatment process (WWTP).

Based upon materials balance considerations in this system, the slurry particles undergo on
the order of 25x dilution from the point of effluent discharge from the CMP tools (Node B) to
their feed point into the biological WWTP (Node H). Absent removal in the lime precipitation
process, the estimated feed concentrations into the biological WWTP would be on the order of
0.2 mg/L CeO,, 4 mg/L Al,O3, and 40 mg/L of SiO,. With the removal in the lime treatment
process inferred from the sludge to particle balance, it is estimated that the actual ENPs feed
concentrations into the biological WWTP are on the order of 0.6 mg/L Al,O3 and 20 mg/L SiO,.
Measured concentrations of SiO, and CeO; are not available for the final effluent discharge point
from the facility, but the total measured aluminum concentration averages about 0.2 mg/L. This
concentration is comprised of the total dissolved and particulate aluminum, from all sources, and
thus only serves as an upper bound on what the maximum Al,Os concentration could be. Repeat
efforts to use SEM/EDX to image evaporated samples of wastewater from the treated final
effluent (Node L) and the points upstream (Node M) and downstream (Node N) of the final
effluent discharge point did not show any NPs. Future efforts to characterize ENP in these
samples will employ a centrifugal filtration method as means of concentrating the particles and
distinguishing the particulate and dissolved fractions.
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Figure SI.4 SEM image of coagulated particles removed in the clarifier.
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