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Quantification of Cg Particle Characteristicsin
Environmentally Relevant Aqueous Systems

1. BACKGROUND

1.1 Fullerene Discovery and Structure

Fullerenes remained undiscovered until 1985, whelpeR Curl, Harold Kroto,
and Richard Smalley unintentionally producegd @hile conducting astrophysics
research at high temperatureBhe researchers identified the truncated icosahedr
structure after inspiration from the geometry & geodesic dome, a building designed
by the architect R. Buckminster Fuller. This sureamthe origin of the name “fullerene”
as well as the nickname “buckyball.” Although tlesearchers originally fabricated,C
in a lab, it also exists naturally at low concetnas in ash and other carbon sources that
have been exposed to high temperattres.

Fullerenes join graphite and diamond as the tHiadrape of carbon. The carbon
atoms in fullerenes form caged structures thatmése hollow spheres, ellipsoids, or
tubes. Go is the most commonly occurring fullerene, as aslthe smallest possible
perfectly spherical fullerene.shas 60 carbon atoms that are singly and doublgéxbn
in a pattern of 20 hexagons and 12 pentagons ho &or enclosed molecule similar to a
hollow soccer ball, as shown in Figure 1. Thg@olecule is extremely small; the
diameter is approximately 7 A, or 7 xftm3 Another common fullerene is;§ while
other bigger yet rarer fullerenes exist. Tubuldlefenes are commonly known as carbon

“nanotubes.” Finally, fullerene derivatives exisat have functional groups such as



alcohols attached.

Figure 1: Cgp Structure.

1.2 Industrial Applicationsof Fullerenes

Though their existence has only been known for&dry, fullerenes are already
key components in a wide range of nanomaterialaoNeterials are man-made
materials with a characteristic dimension smahant100 nm. Today, fullerene
production on an industrial scale facilitates resle@nd commercial use. Due to their
unique cage-like structure, fullerenes offer prongshew opportunities in the field of
medicine. Like other nanoparticles, fullerenes hanaren antibacterial properties,
although the antibacterial mechanisms are notlgartFullerenes are currently being
used in nanomaterials for medical imaging, drudveey, cosmetics, and other produtts.

The widespread production and use gf @eans that it is ultimately released to
the environment. The physical and chemical chariatites of G and other fullerenes
have not been completely assessed due to theivesteovelty, however. § may
potentially be harmful to the environment, biotagd daumans. Many researchers are

currently investigating the behavior offn an attempt to determine their environmental



fate and toxicology.

One specific area of research—and the subjecti®thirsis—is the quantitative
techniques used to characterize particulate These include the identification 0§
and the determination of particle size, zeta paakrand concentration. Essentially, this
research aims to improve the methods of answehagjtiestions, “What, how much,

how big, and how stable?”

1.3 Theory
1.3.1 Particle Size

Hydrodynamic diameter is a measure for particte,sassuming that the particle
is spherical. The hydrodynamic diameter is alwdighty greater than the actual particle
diameter, as it includes the double layer thickress®ciated with the particle as it moves
through the surrounding fluid. Hydrodynamic diamet@n be measured experimentally
by dynamic light scattering that correlates ligitensity with the diffusion coefficient
and thus the diameter. Small particles undergoamamnehovement called Brownian
motion, which is proportional to the particle dgfan coefficient. The Stokes-Einstein
equation relates the diffusion coefficiebt,to the inverse of the particle hydrodynamic

diametergd,, as in Equation 1:

_ kgT
3rud,

[1]

wherekg is Boltzmann’s constant, is absolute temperature, andls dynamic viscosity.

As hydrodynamic diameter increases, the diffusioefficient decreases and the particle



motion slows.

The diffusion coefficient is measured by shiningser through a particle sample
at a known distance, and using a detector on thesie side to record the intensity and
angle of light passing through the sample. The yléoze of the light signal fluctuations
is an indication of particle size, as larger p#&8are expected to have longer signal
decay times. The light signal patterns over tineepart into an autocorrelation function,
which calculates the diffusion coefficient. Thefdgion coefficient is then used in
combination with user-specified temperature andosgy to calculate particle size from
Equation 18

Dynamic light scattering is very effective at m@&asg monodisperse (uniform)
particle size distributions. However, for wide-rargydistributions, the results will be
more heavily weighted to the larger diameter pla$icThe instrument uses an intensity-
weighted distribution to statistically determine tlaverage” particle effective diameter,

derr, @S shown in Equation 2:

_5Nd,?

deff - ZNdps

[2]

whereN is the number of particles of a particular diame®énceds is proportional to
diameter to the sixth power, large particles, ebéimere are very few, will skew the
output diameter reading to be bigger than the dowaber-average or mass-average
diameter.

Polydispersity is a unitless measure of the netatiidth of the particle size
distribution, assuming a lognormal distributionly®lespersity is less than 0.02 for

monodisperse suspensions, 0.02 to 0.08 for narrstwhditions, and greater than 0.08 for
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polydisperse distributions. The polydispersity aisia useful indication of the variation

of particle sizes within a suspension and the béitg of the effective diameter reading.

1.3.2 Zeta Potential

A patrticle’s zeta potential is a good indicationitefcolloidal stability. Zeta
potential is related to particle surface charges ihe difference in electrical potential at
the shear surface of the particle’s electrical d@ldyer and in the bulk fluid. Generally,
particles with zeta potentials greater than 15 miéss than -15 mV are considered
stable. The high charge, either positive or negatiwovides a repulsive force that
prevents particles from further aggregation, siabi) them. Figure 2 shows a diagram of

zeta potential as it relates to surface charge.

(@) (b)

Potential

5 e Distance

Figure 2: (a) Electrical double layer and its associatedgd®m and (b) zeta potential is
measured at the shear surféce.
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In practice, zeta potentidl, can be measured via electrophoretic mobiktyM.

The two are correlated as in Equation 3:
_ €&
EPM—ZZ f(ka) 3]

whereg is the dielectric constant, is the fluid viscosity, and f(ka) is the orderurfity.
Electrophoretic mobility is determined by placingelectrode in a sample cuvette and
exposing the sample to an electric field. Partiohese in the presence of the field based
on their EPM. As with DLS, the particle movemenirisasured by the scattering of light.
The phase change of detected light is used to leddcthe Doppler shift caused by the

moving particles, which is then correlated to EPM.

1.3.3 UV/VIS Absorbance

One method of measuring concentration of dissobagdpounds is by light
absorbance. Many organic compounds absorb or stigtieof a specific wavelength,
either ultraviolet (UV) between 100-400 nm or visibVIS) between 400-800 nm. The
Beer-Lambert Law in Equation 4 describes the limektionship between light
absorbance, and the compound concentrati@n,

A=alC [4]
wherea is the extinction coefficient or molar absorptwéndl is the cell path length. A
scan of the entire UV/VIS spectrum can reveal thgelength of optimum absorbance
for a particular compound. Different functional gps absorb light at different
wavelengths, so a shift in peak wavelength maycatidi a change in the chemistry of the

compound. Although the UV/VIS technique is welladsished for dissolved compounds,



it is unclear whether it is also valid for particlespensions.

1.3.4 Total Organic Carbon Analysis

One method of determining the total carbon conegiotn of an aqueous sample
is by total organic carbon (TOC) combustion analysi this analysis, samples are
acidified with hydrochloric acid and injected irddeated chamber with a platinum (Pt)
catalyst. In the chamber the water is vaporizedthadrganic carbon undergoes catalytic
combustion, being oxidized to carbon dioxide. Thrmant of CQ is then measured with
an infrared detector, and the carbon concentratiaghe sample can be found. This TOC
technique is useful because its method detectioin i 0.1 mg/L) however, the process
is also very sensitive to contamination. Additidypaihe process takes several hours to
complete, so samples from suspensions that setttieiglly over time may not be

representative.



2. OVERVIEW OF CURRENT RESEARCH & LITERATURE REVIEW

2.1 Methods of preparing agueous Cgy SUSpensions

Cso is extremely hydrophobic and is nearly insolublevater after simply
stirring. The molecule has been shown to havewbdiy of approximately 8.0 ng/L,
which is based on octanol-water partitioning cagéints and may be an overestimate. It
also appears to have a high affinity for lipids king its characterization and potential
toxicity environmentally relevari Due to its low solubility in water, & tends to
aggregate and form colloidal suspensions of pagicThese particles are referred to as
“NCgo’ in this paper.

Characterizing particulates rather than solublemmumnds presents challenges.
The traditional method to overcome these is thrqugiparation of g suspensions with
organic solvents. Typically, suspensions are pegphy first dissolving dry, powdered
Cso into an organic solvent such as toluene, tetradfydan (THF), or acetone. Deionized
(DI) water is added to the solution and stirred] t#re G typically aggregates upon
entering the aqueous phase. The organic solvéimeisremoved through extraction or
distillation, leaving behind the rgparticles and the water. The suspension may &so b
prepared through sonication of the mixture rathantstirring and distillatiof*

A problem with this technique is that solvent residmay be associated with the
fullerenes, altering its apparent behavior anddibxi Extended stirring in water is an
alternative preparation method that avoids theofise organic solvent altogether. In this
method, powdered or crystalline purg, & added to deionized water and stirred for long

periods of time. Studies of dispersion kineticséhaltown that it may take as little as two



weeks to several months to reach a stable dispebsi@xtended stirring in watéft.
Water-stirred suspensions ofg@re referred to here as aquéaC

Another method used to increase solubility is tovdgize the G with
hydrophilic functional groups, but these fulleratezivatives may exhibit properties that
differ from pure nGo. For example, hydroxylatedsg&s known as fullerol. Fullerol has
been shown to produce reactive oxygen speciesaaishiperoxide under irradiation with
ultraviolet or, to a lesser extent, visible ligfAnother common functionalization is with
a carboxyl (COOH) group. Further, carboxylic adidsn natural organic matter, may

also adsorb to £ and act to stabilize it.

2.2 Effects of preparation method on particle size

The method by which a fullerene is introduced ®whater has also been shown
to affect the particle size. Methods which firsgstilve G into an organic solvent
typically result in particles with slightly smalldrameters than methods of extended
stirring. Duncan et al. (2008) found that the mkgdrodynamic diameter of aqu/gC
was 190 nm with a range of 20-600 nm, while thenrtealrodynamic diameter of a
THF/nGCs particle was 220 nm with a range of 100-330'iffihe polydispersity index
(PDI) of the aqu/ngp particles was a magnitude higher than the THE/ip@rticles, at
0.201 and 0.029, respectively. The PDI disparitiidates that the particle size range for
agu/nGo was quite variable within the given range, while THF/nG particles were
more homogenous. The above results were reportedfitiation of each suspension
through a 0.4m pore-size syringe filter. However, filtration magve excluded large

particles from consideration in the size analysis.
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A previous study by Brant et al. (2006) concludeat there was no significant
size difference between the two preparation methibdsported a mean hydrodynamic
diameter of 180 nm for aqu/g&with a PDI of 0.146, similar to Duncan et al., luth a
much wider range of 20-2000 nfnlt also reported a median diameter of 357 nm, whic
is nearly 100% greater than the mean diameterlarge difference between the median
and mean diameters highlights the heterodispetseenaf the particles. It is difficult to
compare particle sizes that are reported with giffemeasures of central tendency. Most
importantly, Duncan et al. found that filtratiorddndeed exclude some particles.
Analysis of unfiltered samples identified aquépfeaks at median values of 50@ and
3 um. However, it was not clear which analysis calttafes were used to identify these

peaks from the dynamic light scattering (DLS) data.

2.3 Effects of aqueous chemistry on particle size and stability

Environmental factors such as ultraviolet light (JBkxposure, natural organic
matter (NOM), pH, and electrolytes may also alier $ize and stability of ngparticles
in water. These factors are important becausedheyypically present in surface waters
in the natural environment. Most studies that argimulate G behavior in natural
waters use lab-synthesized water with varying ee€INOM, pH, and electrolytes.
Typically the particle size (via dynamic light sesiing), concentration (via UV/VIS or
total organic carbon analysis), and surface ch@ngeeclectrophoretic mobility) are
measured to determine stability. The more negatiglearged, smaller diameter, or

highly concentrated suspensions are considered stainée.
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Studies indicate that the presence of NOM stadslizG, particles. Chen and
Elimelech (2007) have shown thatgg@uspensions, in the presence of NaCl and humic
acid, aggregate much more slowly, and ultimatelyehsmsmaller particle size, than those
in the absence of humic acitiThey theorize that upon exposure i,the NOM
immediately adsorbs to the surface of thegyarticle and causes steric repulsion,
stabilizing it. However, it was also observed tinahe presence of a high concentration
of divalent salt such as 40 mM Mg(Cthe aggregation rate is higher than without humic
acid. The authors suggest a different aggregatiechamism: that magnesium
complexation occurs with the humic acid molecwhsich then join G particles
through bridging, forming larger overall particlésTEM image of this aggregation

effect is shown in Figure 3.

Figure 3: Chen and Elimelech’s TEM images 3-4 hours aftiiation of aggregation
show (a) a fullerene aggregate in the presencentg/L TOC and 100 mM MgGlat pH
7.5-8.5, and (b) a fullerene aggregate in the m@sef 1 mg/L TOC and 40 mM Mg£l

at pH 7.5-8.5.
The pH of the media also seems to affect thelgtabf the particles. In a study

by Chang and Vikesland (2009), the electrophoretbility (EPM) of the more highly

acidic suspensions are generally less negativelygel than the suspensions of higher
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pH.'” As EPM became increasingly negative, particle alge tended to decrease. Ma
and Bouchard (2009) observed the same phenomenlowex pH, zeta potential was
less negative and particle size was gre4t€his may be because of the prevalence of
positively-charged Hions at low pH. Overall, higher stability was ohsal at higher
environmentally relevant pH values.

lonic strength also has a key effect on fulleraggregation. In a separate study,

Ma, Bouchard and Isaacson (2009) found that tHer&ries aggregated slowly at ionic
strengths less than 50 mM NacCl, indicating a higttebility at lower ionic strengths.
Aggregation increased at ionic strengths betweemB0Oand 300 mM NacCl, above
which an increase in aggregation was no longerrgbdeThey reported a critical
coagulation coefficient of 260 mM NaCl. Althoughwias not specifically stated, the
greater particle diameter at greater ionic strengtbuld be associated with a decrease in
particle stability. As mentioned earlier, accordiogChen and Elimelech (2007) the type
of salt may also be important. At the same ioniersjth, divalent cations such as #g
or C&* may cause a decrease in zeta potential comparadriovalent cations such as
Na+1°

When water-stirred £g is exposed to ultraviolet light, it tends to stalei quickly,
increase in suspended particle concentration, dser@ size, and possibly undergo
chemical transformation. According to Li et al.e tombination of UV light and NOM at
a low ionic strength led to particle sizes below and steadily increasing
concentrations of nggin suspension, to upwards of 10 mg/L, after 3 dsytirring?

The particles also exhibited a more negative ERMndication of increased stability. In
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comparison, solutions exposed to fluorescent Inghéind darkness maintained low
concentrations and relatively large particle sizes.

Based on UV/VIS spectra, the study even suggebtadhemical transformation
of the Go was occurring, possibly due to the formation aftplchemical oxidants as
mentioned earlier. A study by Hou and Jafvert (3080 concluded that photochemical
transformation was occurring. In that studys$i@ the presence and absence of NOM
was exposed to sunlight, and concentrations @f d€creased&’ However, the complete
disappearance of a fraction of the total organtb@a, without explanation, makes the
validity of the study questionable.

Already it has been seen thatgg@article size and stability varies with many
variables including level of exposure to ultravtdight, ionic strength, pH, organic
matter, and functional groups. Still, researchangehattempted to model pdparticle
characteristics in natural waters based on thesermders. How well can the
experiments approximate natural water with the demnpqueous chemistry of, for
example, the Willamette River? One nanopatrticleyty Gao et al (2009) suggested
that there are differences in the toxicology ofayzarticles in natural water, in this case
the Suwannee River, when compared to nanoparticles-made watef: Further
investigation of the differences of particle chaeaistics in the natural water versus lab-
made water would aid the scientific community teess the behavior of g§in actual

natural water.
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3. Ceo CHARACTERISTICSIN NATURAL WATERS

3.1 Goals

Many experiments with & have been performed to mimic environmentally
relevant conditions. These experiments primariyolme adding salts and humic acid to
double deionized (DDI) water in concentrations #at similar to that of natural waters.
However, Go behavior in natural water may be more complex ikabserved in the
“synthetic” water suspensions. The objective of #xperiment was to determine how
well the lab-made synthetic waters mimig Gehavior in natural waters over extended
periods of time. This was accomplished by extermdieding of Gso in actual Willamette
River water as well as in synthetic water with siaene characteristics as the river water.
It was found that the two suspensions did behafferdntly, as reflected by significantly

differing zeta potentials and visual appearandd@fsuspensions.

3.2 Sample Preparation

The natural water sample was taken from the irfléte City of Corvallis’s
Taylor Water Treatment Plant. The natural water arelyzed for cations and anions,
alkalinity, pH, and total organic carbon, and thessailts are summarized in Table 4 in
Appendix A. A sample of “synthetic water” was pregghto match the natural water
characteristics as closely as possible. DI wateesiStance greater than 1 Z¢m was
adjusted with a monovalent salt, NaCl, to an iatiength of 8-16 mol/L. Stock Aldrich

humic acid that had previously been analyzed ftal tmrganic carbon (TOC) was added
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to attain a TOC concentration of 1.2 mg/L. The beglit water represents the media that
most labs use to simulate natural water in thejre@periments, while the Willamette
River water represents actual natural water.

Both waters were then passed through a Qr2Zacuum filter, followed by a 20
nm syringe filter. The 0.2gm filtration step was performed three times, wihile 20 nm
filtration step was performed once due to the higimhe-consuming nature of such ultra
filtration. The pH of the synthetic water was thatjusted to 6.3 to match that of the
natural water. After preparation, each filtered raedas stored in a 500 mL nalgene
container in a 5°C refrigerator.

Samples of dry, powdered;¢of 99+% purity from MER Corporation were
massed and added to 250 mL of each media to achittal theoretical suspension
concentration of 100 mg/L. A stir bar was added] tre volumetric flasks were
stoppered and placed on stir plates. The mixtuess wontinuously stirred for the
duration of the eight-week experiment at room terafee and ambient lighting.

During weeks 1, 2, 3, 4, and 8, samples of appratety 30 mL were removed
from each flask with pipettes. Samples were draoua2 cm below the water surface
and then placed in small graduated cylinders okdérsaand stored in a 4°C refrigerator
until analysis was complete. Analysis typicallykaround 2 days, during which the
samples were not being stirred. About 5 minutesrpga removing each sub-sample, the
flasks were swirled around to resuspend any sqtieticles and draw a more uniform
sample.

After sample removal, a series of filtration stese performed, with sample

analysis associated with each filtration step. Saswere first analyzed as whole,
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unfiltered fractions. They were then were passeekettimes through a 1.0 um glass
microfiber (GMF) syringe filter, after which samplevere analyzed again. Finally, they
were passed through a 0.45 pum GMF syringe filtdramalyzed a final time. The two
filtration levels were decided after an earlier eximent with aqueous rg; which also
filtered the samples at 0.20, 0.10, and 0.02 pnidurtd that the smaller filter sizes were
unnecessary. A detailed experimental proceduresangpling schedule can be found in

Appendix B.

3.3 Analysis Techniques

Samples were analyzed with multiple techniquesa petential of the particles
was measured via electrophoretic mobility with &BletaPALS Zeta Potential Analyzer
using an aqueous (AQ) electrode. Testing of thedstal with this electrode revealed that
its readings were slightly high; measurement daadard should read -54 mV with some
room for error, though the electrode typically redd to -50 mV. Cuvettes were
examined to ensure the absence of any air bubhteshe cuvette prior to sampling.

The particle hydrodynamic diameter was measuredwi@mic light scattering
(DLS) with the ZetaPALS particle sizing softwar@anples of 50-20QL Cgp suspension
were diluted into approximately 2.5 mL of filteradtural or synthetic water, depending
on the origin of the sample. Prior to addition lué G, samples, the background dilution
water was analyzed by the DLS instrument to ensar@ust contamination.

Concentrations were measured via total organicoraviith a Shimadzu TOC
autosampling combustion analyzer. Samples werededtvarying dilutions to ensure

readings within calibration limits. Attempts wels@made to measure concentration via



17
UV-VIS spectrum with an HP 8453 spectrophotome®eior to sampling, the instrument
was blanked with the appropriate media. Quartz ttesevere used and the samples were

not diluted.

3.4 Results

3.4.1 Observations

When originally mixed, the £ appeared extremely hydrophobic. The particles
grouped together and swirled around like a soatreol snow globe. After four to seven
days, a brownish color predominated the susperaidrthe number of large clumps
appeared to diminish. There were still particlesyéver, that clustered along the glass
walls at the surface of the water. Other partieleseared to adhere to the surface of the
magnetic stir bar. Over the next few weeks, thezseviewer visibly noticeable black
particles and the brown color of the suspensiosigid. Although the main mixture was
continuously stirred, when samples were taken sk, black particles tended to
visibly settle to the bottom. Figure 4 shows thg sLispensions after two weeks of
stirring.

After approximately eight weeks, there were notateahanges in the color and
opacity of the synthetic water. It appeared toease in opacity and become a richer,
orange-brown. Particles seemed to remain suspeaaties than settling out. In contrast,
the Willamette River water did not exhibit such mms changes. Its color persisted to be

a weak gray-brown and particles continued to saftkr periods of non-mixing.
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Figure 5 shows the samples ready to be analyzedafht weeks of stirrindt
appeared that the Willamette RivegyGettled out significantly more than the synthetic
water Go. The synthetic water also appeared to be moreugpand to have a more
intense, rusty brown color. These visual obsermatiadicate that after eight weeks, the
synthetic water suspension was considerably mat#esthan the natural water

suspension.

Figure4: Continuously stirred solutions at two weeks invtb&imetric flasks.
Cso in Willamette River (left) and £ in synthetic water (right) appear similar.
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Figure5: (a) Natural water and (b) synthetic water suspensamples at 8 weeks, after
sitting unstirred for about 15 minutes.

3.4.2. Zeta Potential Results

Zeta potentials in this experiment were analyzati wiBrookhaven ZetaPALS
(phase analysis light scattering) instrument. Téta potential of the synthetic wategC
was consistently and significantly higher thanzk&a potential of the dgin natural
water. The synthetic water zeta potential avera@ddnV over the duration of the
experiment with a standard deviation of 9 mV, wliie natural water averaged -17 mV
with a standard deviation of 3 mV. Additionallyetheta potential of the synthetic water
appeared to increase slightly over the time coafske experiment. However, the scatter
in the data is too great to determine the signiioeaof this trend. The zeta potential vs.

time results are shown graphically in Figure 6.
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Figure 6: The average zeta potential versus time for therabamd synthetic waters.
Error bars are one standard deviation above amiviible means.

Conductivity of the suspensions was also recodigihg the zeta potential
measurements, and the conductivity was highethisynthetic water than the natural
water. The cause is likely differences in ioni@styth, although the synthetic water
solution was made with NaCl to match the ionicrggth of the natural water. Figure 7
shows average zeta potentials for all filtratiogpstfor the particular media and week
number. The synthetic water had a more negatieaential as well as a higher
conductivity. However, it has been observed by joey authors that a higher ionic
strength generally causes a decrease in partaidist and a less negative zeta potential.

Therefore, these results seem to be at odds wathiqurs authors’ findings.
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Figure 7: Average zeta potential vs. conductance over the&wvexperiment.

There may not necessarily be a direct cause-amrdtetflationship between ionic
strength and zeta potential here. Other factod) as differences in the organic matter of
the natural and synthetic water samples, may hawsecl the differences in zeta
potential. Humic acid is a component of naturalamig matter, and is present in soil and
peat as the result of decaying plants. The compasif humic acid depends on the
source geography, although in general it inclu@ebaxylic and phenolic acid groups.
Aldrich humic acid is a commercially sold humicdifiiom a specific source. In contrast,
the natural organic matter in the Willamette Rissamore complex and variable, and may
include different organic compounds. Therefore,ghsicle interactions with the NOM
in the natural water may be different than with lérich humic acid due to different

humic acid composition.



22
Additionally, the molecular weight of the humic dsimay also have an effect on
particle interactions. The molecular weight of haracid can vary from 2,000-500,000
g/mol?? According to a study by Johnson et al (2002), lomelecular weight
components of humic acid adsorb to activated cagoeferably over higher molecular
weight component® If this is also true for ng, perhaps the Aldrich humic acid had a
higher fraction of low-molecular weight compoundsile the NOM present in the

Willamette River had longer chains of higher molacweight.

3.4.3. Particle Size Results

Particle size measurements were taken with a Braadn ZetaPALS instrument
with the BI-MAS dynamic light scattering (DLS) opiti. Prior to analysis, 50L of
sample was placed into a plastic cuvette fillechliitered media. At least two samples
were sized for each mixture and filtration stepe DLS instrument analyzed each
sample for three runs at three minutes per ruralegua total of nine minutes. The
multiple runs resulted in a “combined” output rewgfor hydrodynamic diameter, which
is statistically more accurate than the “mean” negufrom each individual run. Other
output data from the DLS instrument included thentiter standard error, the
polydispersity, and the polydispersity standaroreffhe DLS instrument also has an
option to use a “dust filter,” which uses an algun based on standard deviation to
exclude the particles of unusually large size feomalysis. The dust filter was not used

for nearly all of the runs.
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As a whole, no significant particle size trenddwmtime were observed. Although
changes in individual particle size were likely octng, the polydisperse, widely ranging

particle sizes obscured the collection of meanihdéta.

Table 1 summarizes the overall particle size resteraged over the entire
experiment duration. ngparticles in synthetic water appeared to be dijgrhaller than
the nGo in natural water for each filtration step, althbubis difference may not be
statistically significant. Particles were extrembbsterodisperse, and the polydispersity at
each filtration step was nearly the same for eaetlim The greatest polydispersity of
0.52-0.55 occurred after the 0.4 filtration step, and the least polydispersityd@85-

0.36 occurred after the 1p0n filtration step.

Table 1: Average and range of particle sizes for both syidtaend natural waters over
the entire duration of the experiment.

Media Particle Hydrodynamic Diameter (nm) | Polydispersity

Mean Minimum Maximum Mean

Natural Water

Unfiltered 20,000 1,120 44,200 0.43

1.0 um filtered 1,097 660 1,589 0.36

0.45 um filtered 360 9 640 0.55
Synthetic Water

Unfiltered 6,500 1,040 23,900 0.43

1.0 um filtered 1,000 360 1,820 0.35

0.45 um filtered 200 0 400 0.52
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As expected, each filtration step led to lower mparticle sizes. This is most
likely due to size exclusion as a predictable tesiuthe filtration process. However,
there were still particles present that were grehin the rated filter size. This is most
likely due to larger particles passing throughfther, but could possibly be due to
aggregation after filtration. The average partssies for unfiltered particles were larger
than expected, ranging from 1120-44200 nm in diamétis possible that dust may have
contaminated the sample to cause such large dissnelewever, when the dust filter
was applied for comparison purposes, the resulte wet significantly different.
Additionally, the instrument’s size range is 2 rBtum, meaning that readings greater
than 3 um are not necessarily reliable or accuFageire 8, Figure 9, and Figure 10 show
the data over the 8-week experiment for each fitnastep and both medias. Trends with

time were not observed for any of the filtratioaps.
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Figure 10: Average particle sizes for the 0.4 filtered suspensions.

Some of the extremely large particle diametersignunfiltered samples could be
due to dust particle contamination of the samptagasirumental correlation error as
described previously. For the 1.0 and 0.45 pmréllesamples, a few particles with a
diameter greater than the filter size appear tetmoken through the filter. However,
this is possible due to the nature of the glassafiber filters. Interestingly, at week
eight the 0.45 um-filtered samples resulted inigiartiameters less than 200 nm for the
synthetic water and nearly O nm for the naturalewakhere could be many explanations;
there may have been only small particles left ditieation, or few to no particles less

than 0.45 um in the natural water case. Anothesipiisy is that eight weeks of stirring
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may have been enough to finally cause a decregsarticle size. However, in general
data here is too scattered to make conclusionst ébeeffects of time on particle size.

The particle size versus time results were incaietudue to several potential
factors. As described earlier, the samples may baee unintentionally contaminated
with dust over the course of the experiment as sssnpere removed and the stirring
flasks were exposed to air. Second, the polydssfyawas greater than 0.2 in most cases
indicating a heterodisperse suspension, and thelata deviations were also high for the
unfiltered solutions. Therefore, a wide range atipke sizes were present. Third, the
instrument heavily weights large particles over lengarticles, even though the ratio of
the number of large to small particles may be gem@ll. This insensitivity to small
particles when the suspension is heterodisperseresait in large diameter outputs
unrepresentative of the majority of the suspension.

Finally, observations indicated that if the pa#isizing was performed
immediately after the cuvettes were inserted ihtihstrument, the results would be
unusually high. Therefore, most trials were rum 3@ minutes after the cuvette was
inserted, which tended to give more reasonabldtsesiuis possible that this allows the
extremely large outliers to settle out. Howevee, $lttling time was not standardized
from the start of the experiment.

Overall, the most important finding from thesetyuée size measurements is that
filtration does indeed influence the particle sigsults. In many previous studies, a 0.45
pm filter was used prior to size analysis, andréseilting particle diameters were then
found to be less than 0.45 pm. In contrast, thidysexamined the size of the whole

unfiltered fraction of particles as well as filtdriractions, and found that the resulting
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particle diameter depends on the size of the filsexd. Therefore, at least for the first
several weeks of stirring in aqueous suspensibeyarticle size and range of a@hay

be much greater than indicated by previous studies.

3.4.5. TOC Results

After one week of stirring, samples were removedlldiltration steps and
analyzed for total organic carbon with a Shimad@CTcombustion analyzer at the
Institute for Water & Watersheds Collaboratory. Tingrument takes several hours to
run, therefore most of the large particles wouldehsettled out. As seen in Table 2 and
Figure 11, less than 6% of thgs@vas “dissolved” at this point in time after accting
for the background humic acid and natural orgaratten. Predictably, this percentage

decreased with each filtration step.

Table2: TOC concentration and standard deviation afterveeek of stirring. Initial
concentration of ggadded to the media was 100 mg/L. .

Average TOC (mg/L)
1.0 pm 0.45 pm
Unfiltered | filtered filtered

Willamette River | 449 +1.48| 0.91+0.17 0.29 +0.03
Average

Synthetic Water 3.3+008| 0.49+0.09 0.44+0.10
Average
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Figure 11: Pie chart of G concentration percentages after one week ofrsgifor
various hydrodynamic diameters of (a) WillamettedRiGso and (b) synthetic watersg
There is not enough information to draw conclusiabsut differences between
the Willamette River and synthetic water dissol@glconcentrations. In this data, it is
assumed thadll particles that pass through the filters are sm#tien the pore sizes
mentioned. However, in actuality there are mosbpbdy a small number of larger

particles that were not filtered out. If there werere time, it would be valuable to
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measure the TOC concentrations for the week 8 smngpld compare them with the
increased UV/VIS absorbance. As will be explainethe following section, the
expected result would be that the TOC concentralimmeases, at least for the synthetic

water, over the course of the eight weeks.

3.4.4. UV/VIS Results

An HP 8453 Spectrophotometer was used to medse@isorbance spectrum of
each mixture at each filtration step. Samples weten glass cuvettes and scanned over
both the ultraviolet (UV) and visible (VIS) lighpsctrums, and the UV range of 300-400
nm appeared to be the range of inter&&arly every sample had an absorbance peak
around 366 * 2 nm, with the more defined peaks witayufrom the natural water
samples.

Spectra of the unfiltered mixtures for this range shown in Figure 12.
Interestingly, the synthetic wategd3 absorbance increased over time, suggesting a
possible increase in unfilteregdoncentration that was stable and did not settle o
This reading concurs with the physical appearamtieeomixture and its richer, deeper

brown color.
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Figure 12: Absorbance from 300 — 400 nm of (a) unfiltered Wikette River and (b)
unfiltered synthetic waterdgfor two, four, and eight weeks.

The UV absorbance data is valuable because simpler, quicker way to

determine concentrations as compared to TOC comoinueshalysis. UV/VIS absorbance
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is often used to find concentrations of soluble poonds. However, there have been
guestions about whether UV/VIS can appropriatetifdate concentrations of particles
rather than aqueous compounds. A comparison oltsdsom two-week stirred ngg
indicates that there is indeed a linear correlabetween carbon concentration and
absorbance. This relationship is shown below iufad.3. The square of the correlation
coefficient, £, is 0.83. Although the trend is significant, adiial trials may be
performed to increase the precision of the conaat UV/VIS is to be the sole

concentration determination method.

Abs = 0.06[TOC] - 0.03
R2=0.83

TOC Concentration (mg/L)
(98]
|

O 1 1 1
-0.1 0.0 0.1 0.2 0.3

Absorbance at 365 nm (AU)

Figure 13: UV absorbance versus TOC concentration of fulleseafter two weeks of
stirring. Both the natural and synthetic water raestie shown; error bars represent one
standard deviation above and below the mean.
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Even if the UV/VIS is detecting dissolveddCather than the particles
themselves, the overall carbon concentration diostdetermined with this method. An
assumption must be made that the dissolved comtimtito particulate concentration
ratio, although small, is constant throughout theaton of the experiment. Since TOC
measures all carbon present, this ratio shoulccbeuated for within the regression

equation.

3.5 Overview of Findings and Suggestions for Future Work

Overall after eight weeks of stirring, the gg@articles exhibited a higher stability
in the synthetic water than in the natural WillatedRiver water. In particular, the
synthetic water suspension had a higher zeta patantd visually appeared to be more
stable. The differences between the two types témraay be due to error in
experimental design. However, they also may betdagferences in the natural organic
matter present. If this is the case, researchensldlive aware that using a model humic
acid, such as Aldrich or Suwannee, to mimic ther@iorganic matter a natural
waterway may not accurately reflect the complexeags chemistry of that waterway. It
is suggested that more experiments are performidfitered natural water from local
rivers and streams to better characterize fulleyéméhe natural environment.

If this experiment were to be continued , it wobklvaluable to make a few
changes. First, the ionic strength of the synthgtiter should be double checked to make
sure that it is indeed equivalent to that of thieurad water. Second, the pH should be
regulated throughout the course of the experimerihis experiment the pH was initially

set, but it was not altered during the course efekperiment because of the concern with
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contamination of the entire stirred sample. A solutmay be to add a pH buffer that is
not expected to cause significant particle inteoactFinally, due to the potential
photochemical reactions, it is suggested to stwrgrol sample in the dark.

It would also be useful to measure the zeta ptlepiarticle size, UV/VIS
absorbance, and possibly TOC of the suspensiorssltorger time period. At this date
(nine months later) the aqueous suspensions drstisting, and could potentially be
analyzed if there were more time. Visual observetisuggest that the natural water is
richer in color and settles more slowly than dutting first eight weeks of stirring,
meaning that over time it may have increased inilgta It would be interesting to see if

zeta potential or any of the other characteristaiglate this observation.
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4. Cgo PARTICLE SIZE AFTER TOLUENE AND SALT EXTRACTION

4.1 Background

One of the methods of quantifying the concentratib@s is by liquid
chromatography/electrospray ionization mass spewty (LC/ESI-MS)?* This method
requires an organic solvent; it cannot measuygg@rticle concentrations directly from
the aqueous phase. However, it is possible towtdrtan aqueous suspension of
fullerenes and perform a series of extractions aittorganic solvent followed by
LC/ESI-MS. First, the suspension is shaken witheéak, during which time the
hydrophobic fraction of thedgis believed to enter the toluene phase. Afteragkion of
the toluene, salt is added to the remaining aqu€gyllowed by more toluene.
Additional Gso then enters the toluene after being “salted o€ toluene is then

extracted and theggconcentration quantified by LC/ESI-MS.

4.2 Goals

The goal of this experiment is to determine the sizwater-stirred particles that
are associated with various steps of the LC/ESIeMtBactions. These results can then be
coupled with concentration data in an attempt taratterize the nature of the fullerenes

present in the aqueous suspension.

4.3 Sample Preparations & Procedures
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4.3.1 Procedurefor extractions of fullerenesin DDI water

In the first experiment, two simultaneous samplesenprepared in double
deionized water. For each sample, approximateljnP®f a stock fullerene suspension
was used that consisted of 100 mgllg i@ DDI water that had been stirring for
approximately 2.5 years. This represented a wietestsuspension with particle sizes
that were not expected to change with time. Thi&irnCe, particle size was measured
with the Zeta PALS patrticle sizing instrument priomperforming any experiments. All
samples for the particle sizing were pipetted fiaggproximately 2 cm below the surface
of the well-stirred suspension in order to pulepresentative sample.

2.5 mL of toluene was then added to each aqueangleand agitated on an
orbital shaker for 30 minutes, followed by 15 mesibf resting and extraction. This step
was repeated twice more for a total of three ektyas with toluene. A sample from the
agueous phase was then analyzed for particleSeed, 2 mL of 1 M Mg(CIQ),, the
salt, along with 2.5 mL of toluene was added tdhesmgqueous sample. The samples were
agitated, rested, extracted, and repeated twice amdescribed above. Particle size was
again analyzed. All particle size measurementg&atiaqueous  samples of 50-100
uL in a background media of approximately 3 mL DCdter; exact concentrations of the

Cso Were not of concern. Data was collected for thomes at three minutes per run.

4.3.2 Procedurefor extractions of fullerenesin humic acid & DDI water

In order to imitate more environmentally relevanhditions, a similar experiment

was performed for g in DDI water with humic acid added. Aldrich hunaicid was
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diluted to 40 mg/L and filtered three times throwgh®0 nm-pore size syringe filter. The
stock well-stirred 100 mg/L §g was also diluted with DDI, and the two were coneloin
for final concentrations of 37.2 mg/Ls§and 13.6 mg/L AHA. The suspension was then
stirred continuously for three days under ambimgtiting conditions to allow thedgto
adjust to the presence of the humic acid. Afterstiveing period, the sample was divided
into two simultaneous samples for analysis.

The basic extraction procedure was adjusted sjigbtinake the experiment more
time-efficient. The series of three extractionsA@sn measurements was reduced to one
extraction; 5 mL of toluene was added to the susipanagitated for 30 minutes, and
rested for 5 minutes. Prior to salt addition, thg(®10,), was filtered three times through
a 20 nm syringe filter to ensure no dust contanonain the second extraction step, 1.5
mL of the 1 M Mg(CIQ), along with 5 mL toluene. Particle size measuresemre

taken as described in section 4.3.1.

4.3.3 Procedurefor time-monitored fullerenesin salt/DDI water

In an attempt to further investigate salt’s effemth G aggregation behavior, a
separate experiment was run with monovalent (K@ad) @ivalent (MgCJ) salts and
without the toluene extractions. Each salt soluti@s prepared to ionic strengths of 0.01,
and 0.1, and 1 mol/L. These solutions were usdldeabackground in the cuvette during
particle size analysis. The well-stirred stoglg €blution was diluted to 10 mg/Ls§
Immediately prior to analysis, 1QQ of the G was added to the salt media. Particle size

was then measured every minute for 15 minutes aexjgosure to the salt.
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4.4 Reaults

For both experiments, particle effective diameéenained relatively constant at
about 370119 nm for the first two extraction stefisis is consistent with previously
observed median particle diameter of 357 nm, repddsly Brant et al. However, the
diameter increased to between 2 tan®, with an equally large standard deviation, after
the toluene/salt extraction. Figure 14 displaysréseilts from both the experiment in

deionized water as well as the experiment in huauid.
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Figure 14: Particle size results of the extractions gf i@ the DDI water and in the
Aldrich humic acid/DDI water. Data reported are theans of two samples. Error bars
represent one standard deviation above and belewé#an.
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It was first supposed that the unexpectedly largkiaconsistent particle
diameter after the salt addition may have beentagentamination of the salt used
rather than the actual particle diameter. Thevgatt filtered and blanked during the
humic acid trial to ensure no particles such as$ entered the solution in this way.
However, the same large diameter was observeeihumic acid experiment, indicating
that the large diameter reading may have beenalaggregation of the particles.

This aggregation could have been due to the additigche salt itself. The
magnesium ions from the salt may act as a bridgedsn particles, effectively causing
the diameter to increase. The increase in pattipteodynamic diameter with increase in
ionic strength has been observed by other autlsongell, as described in section 2.3.
Furthermore, there were no significant size diffeeebetween the particles in the DDI
water and the Aldrich humic acid water. This intésathat the shortened extraction
procedure does not significantly affect the pagsalemoved, and that the salt addition
affected the humic acid and DDI water to the sarterg.

In an attempt to investigate why the hydrodynanmergter increased so greatly
during the third extraction step, water-stirreg) ®as added to salt solutions and the
particle size was measured over time. Both a mdeataalt, potassium chloride, as well
as a divalent salt, magnesium chloride, were pegpat ionic strengths of 1, 0.1, and
0.01 mol/L. The expected result was that the diam&buld increase quickly within a
couple of minutes, displaying aggregation to hygirainic diameters greater than 1 pm
due to the salt addition. This result was expeptaticularly for the magnesium chloride

salt, and would have seemed to explain the behabiserved in the earlier experiment.
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However, the actual result was that the hydrodyonati@ameter remained

relatively constant. Figure 15 shows the lack eftf in size with time, salt type, or ionic
strength, while Table 3 summarizes the time-avatagsults. The average hydrodynamic
diameter for the MgGlsuspension was 420+90 nm, with a polydispersit.28+0.06.
The average hydrodynamic diameter for the KCI sasjo@ was 400220 nm, with a
polydispersity of 0.26£0.06. These values reprebetdrodisperse systems. The high
standard deviation for KCl is due to just a cougdl@oints that were outside of the

expected range, as can be seen in Figure 15b.
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Figure 15: Cqo particle size measured over 15 minutes after madib (a) MgC} salt
and (b) KClI salt.

Table 3: Time-averaged values for particle mean hydrodyonati@meter and

polydispersity index.

lonic Strength MgCl2
Mean Hydr.  Standard Dev. Polydisp.
(mol/L) Diam. (:m) (nm) Polydispersity Stand\a/rd FIZ))ev.
1 470 120 0.31 0.06
0.1 380 31 0.25 0.04
0.01 400 65 0.28 0.05
All 420 90 0.28 0.06
lonic Strength KCl
Mean Hydr.  Standard Dev. Polydisp.
(mol/L) Diam. (rTm) (hm) Polydispersity Stand\z:rd FI;ev.
1 360 31 0.28 0.03
0.1 440 240 0.27 0.05
0.01 400 73 0.25 0.09
All 400 220 0.26 0.06




42

The diameter of 400-420 nm in the presence ofisalightly greater than the
diameter of 370 nm observed for the extended dtitkg without salt added. This means
that the salt may have had a small effect on tlgeeagte size. However, if this were
truly the case then the particle size should hageeased over time in Figure 15, unless
it increased nearly instantaneously after theisatded. The difference between the salt-
exposed and non-salt suspensions is not greats® 8dh, and may just be a result of the
different time of analysis.

A possible explanation for this unexpected lackgdregation is that thes§
suspension added to the salt background was totedilring this experiment. The total
initial TOC concentration of the suspension wasntfiL, whereas in the previous
extraction experiments the total initial TOC cortcation was 100 mg/L. These values
are based on the initial amount afy@dded to the water rather than actual TOC analysis
In both cases, the suspensions were further dileadfactor of 30 as 100 pL of pC
suspension was added to approximately 3 mL ofssdlition. If the solution was indeed
too dilute, there might not have been sufficientipke-particle interactions to cause
aggregation and significantly increase the parsce.

Overall, the particles in the extended-stirred sasppns were heterodisperse.
Both the size and standard deviation tended tdbatdwice as large as the particle sizes
reported by Duncan et al. and Brant et al., whielneamean diameters of 180-220 nm.
Unlike the previous studies, the samples wereittetdd prior to measurement, therefore
no particles were excluded from analysis . Theyasgnt a direct sample of an aquinC

sample that had been continuously stirred for aBdutears. The measured diameter of
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400 nm is representative of a well-stirred aquesuspension and the particle diameter
would not be expected to change over time afteln smcextended stirring period.

The constant aggregate diameter measured for teaded-stirred aqueous &C
was quite different than the extremely heterodispeinconsistent particle size
measurements observed during the natural and siyntveter trials in Chapter 3. One
possible explanation for the difference is timer Both cases, § was initially added to
the water in the form of a solid powder. The chuok€s, powder may take a very long
time of stirring in agueous suspension to estalalismall, uniform particle size. Eight
weeks of stirring time may not have been enougkstablish suspensions that had a

stable particle size.

4.5 Suggestions for Future Work

In many ways, the findings described above raiseergaestions than they
answer. The data is the result of a merely prelmyimnvestigation. With more time,
further experiments could be run with water-stimg#, in the presence of salt, where the
initial fullerene concentration is greater thanm@/L. Perhaps this would help to either
explain the unexpected results that were achieeegl lor to finally observe the
aggregation that was originally expected.

In the long run it would be valuable to comparehdicle size measurements to
results from the LC/ESI-MS analysis. Perhaps thedysis could be extended to gC
exposed to different salts and humic acids. Thenalie goal would be to quantify the
particle size and concentration associated witlouarsteps of the toluene/salt extraction

procedure, giving an indication of the fractionhgfirophobic and hydrophilic ng Such
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analysis could help the research community to bpteict the fate of fullerenes in the

environment, and determine whether they are arr@mviental or human health risk.
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APPENDIX A

Table 4: Water quality of the Willamette River sample, irdilhg ions. Sample was taken
from the untreated influent to the Taylor Waterdireent Plant in Corvallis, OR.

Characteristic Con(fiﬁrgl;rl_a)ltion
Cations
Ca" 4.4
cu* 0
Fe** 0
K* 0.7
Mg®* 1.7
Na’ 4.9
Anions
cr 3.4
NO; 0
NOs 0.5
PO~ 0.2
Sley 3.5
8!(?.:23{) 20.2
Other
TOC 1.2 mg C/L
pH 6.3
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APPENDIX B

Procedurefor the natural/synthetic water experiments.
Materials:

» DI water, 0.02um filtered

* Willamette River (WR) water, characterized for dilkidy, total carbonate,
cations & anions, DOC, pH, 0. @&n filtered

* NaOH

* HCI

* Aldrich Humic Acid — 80 mg/L solution

» Cgo powder, 99% purity from MER Corp, about 60 mg

» Glass microfiber syringe filters @m, 0.45um, 0.02um pore size)
* 10 mL & 20 mL syringes

» 250 mL volumetric flasks, 2

* 500 mL volumetric flasks, 2

o Stir plates, 2

» Stir bars, 2

» Pipettes, electronic, 10QQ., and 200uL

» Glass buret

» Cuvettes, plastic and glass

Procedure:

Note: Prior to each use, all glassware and syringes dhmitinsed with DI water
and 20 nm-filtered water.

A. Preparation of Sample A, Willamette River water stirred Cg

1. Characterize WR water for alkalinity, cations amibas, and pH. Filter 500 mL
WR water through a 0.02 pm syringe filter. Remave 5 mL samples for DOC
analysis.

2. Weigh 25 mg of g powder onto a weigh plate and transfer to a cldgn250
mL volumetric flask. Rinse the plate with filter®dR water into the flask. Fill the
flask to 250 mL with filtered WR water.

3. Add stir bar and cap flask. Stir on stir plate ifiaieely.

B. Preparation of Sample B, humic acid-adjusted water stirred Cgo
1. Prepare stock solution of 100 mL 0.01 M NaCl: Wesghmg dry NaCl, add to

100 mL volumetric flask, fill to 100 mL with DI wat, cap, stir for 1 hr, and filter
through 0.22um membrane.



6.
7. Store remainder of AHA-salt water in a Nalgene aorer for later use.
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To appx. 400 mL of DI water, add 10.27 mL of th@l0OM NaCl stock solution
and 7.50 mL of the 80 mg/L AHA stock. Fill to 50Qmwith DI water. This
should result in a 500 mL solution of 12 mg/L Na@b 1.2 mg/L AHA.

Filter the solution of AHA-salt water through a @@ syringe filter. Remove two
5-mL samples for DOC analysis.

Test pH and add a couple drops of 0.01 M NaOH oriH@eded to achieve
same pH as WR water.

Weigh 25 mg of g powder onto a weigh plate and transfer to a cldan250
mL volumetric flask. Rinse the plate with filterédHA-salt water into the flask.
Fill the flask to 250 mL with AHA-salt water.

Add stir bar and cap flask. Stir on stir plate iinaiéely

C. Continuation of experiment and removal of samples

1.

Allow each sample to stir, undisturbed, for sevapsd On the seventh day, the
first samples can be removed from each of the flagks for particle analysis
according to the following:
With a buret, remove 40 mL of sample from eachheftivo batches and place
into small flasks. Do this while still stirring.
Set aside two samples of 100 pL from each batchd4@tmL glass vials that
contain 5 mL DI water for TOC analysis. Set asidal2into a cuvette for
UV/VIS absorption.
Filter through a 1um syringe filter. Set aside two 500 puL samples #@anL
glass vials that contain 5 mL 20 nm filtered wdtgrTOC analysis.
Set aside 2 mL into a cuvette for UV/VIS absorptidhihen UV/VIS is run,
transfer to a quartz cuvette.
Withdraw two 10QuL samples into cuvettes filled with the same med{dvir
water, salt-adjusted water, humic acid-adjustecewyat filtered water). Analyze
particle size with the Brookhaven instrument. Daseevolume of sample if it is
too concentrated to accurately measure particee siz
Withdraw two 10QuL samples into cuvettes with 1.5 mL of the sameiomad
Analyze EPM & zeta potential with the Brookhavestinment.

a. See what count rates are. If needed, use largepkawolumes.
Filter through a 0.44m syringe filter. Set aside two 3 mL samples iné&anL
glass vial for DOC analysis and 2 mL into a cuvéttedJV/VIS absorption. Set
aside 1 mL of sample for TEM analysis. Also reptaps E.5 - E.7.
Every seven days for 42 days (six weeks), repéastmpling and analysis
procedure for each batch. This will result in 6 peenremovals from each batch,
or 12 sample removals total. However, only do D@@ &EM analysis on day 7
and day 42. On all other days, remove 10 mL (ratteem 40 mL) of stock.
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Table 5: Sampling schedule for synthetic and natural waf&e sBuspensions.

Day Volume (mL) removed each step, per batch
(Single (Double
UV/VIS samples) | EPM samples) Size (Double samples)
Pre- 1 045 Pre- 0.45 Pre-
filration um pm | filtration 1um pm | filtration lum 0.45um
7 2 2 2 0 0.10 0.10 0 0.10 0.10
14 2 2 2 0 0.10 0.10 0 0.10 0.10
21 2 2 2 0 0.10 0.10 0 0.10 0.10
28 2 2 2 0 0.10 0.10 0 0.10 0.10
56 2 2 2 0 0.10 0.10 0 0.10 0.10
Day Volume (mL) removed each step, per batch
(Double (Double Voal. Stock | Start  End
TOC* samples) | TEM samples) Used removed | stock Stock
Pre- 1 0.45 Pre- 0.45
filtration um pm | filtration 1um um (mL) (mL) (mL) (mL)
7 1.0 1.0 4.0 1 1 1 25 30 250 22
14 0 0 0 0 0 0 10 220 210
21 0 0 0 0 0 0 10 210 200
28 0 0 0 0 0 0 10 200 190
56 1.0 1.0 4.0 1 1 1 25 30 190 16
b
1/ \\K@




