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The aggregation and deposition kinetics of fullereng r@noparticles have been investigated over a wide range
of monovalent and divalent electrolyte concentrations by employing time-resolved dynamic light scattering (DLS)
and quartz crystal microbalance (QCM), respectively. Aggregation kinetics of the fullerene nanoparticles exhibited
reaction-limited (slow) and diffusion-limited (fast) regimes in the presence of both electrolytes, having critical coagulation
concentrations (CCC) of 120 and 4.8 mM for the monovalent (NaCl) and divalent {Cselik, respectively. The
measured stability ratios of the aggregating fullerene nanopatrticles were in very good agreement with Derjaguin
Landau-Verwey—Overbeek (DLVO) theory, with a derived Hamaker constant of6.202 J for the fullerene
nanopatrticles in aqueous medium. For the deposition kinetics studies, the rate of fullerene nanoparticle deposition
increased with increasing electrolyte concentrations, as was indicated in the aggregation kinetics results. However,
atelectrolyte concentrations approaching or exceeding the CCC, the rate of deposition dropped sharply due to significant
concurrent aggregation of the fullerene nanoparticles. The deposition of the fullerene nanoparticles was further shown
to be mostly irreversible, with immediate detachment of the nanoparticles observed only when exposed to a solution
of high pH.

in water over various periods of tinié-1® Ultraviolet—visible
spectroscopy of fullerene nanoparticles that are synthesized
through these two techniques reveals dissimilar profilé§,
indicating some disparity between the end products.

The mechanism of the nanoparticle synthesis is still unclear.
owever, it has been established thap Golecules tend to
aggregate and self-assemble in different solv&his. It is
therefore reasonable to assume that the fullerene nanoparticle
formation process involves the self-assembly gf i@olecules.

In fact, the mechanism of fullerene nanoparticle formation
achieved by first dissolving fullerene in an organic solvent before
- 1Hid ) ! A - mixing with water may be similar to the one in which both
solubility in some organic solverttand is almost insoluble in fullerene Goand Gomolecules undergo aggregation in a binary
water, thus restricting its potential methods of #s€The nearest o\ ent mixture comprising a weak and strong soN&ag.If

approximation to dissolving fullerene in water is to disperse it hatjs the case, itis probable that the fullerene nanoparticles may
as nanoparticles. Several research groups have devised variougnain voids within them, the presence of which is dependent
techniques to synthe_S|ze fullerene nanoparticles su_spende(_j INipon the packing efficiency of the spherical molecules. Using
water. One method is the solvent exchange technique whichgaiic jight scattering, Rudalevige et %l.reported fractal
involves two steps: (1) dissolving fullerene inan organic solve_nt, dimensions of € and Goaggregates in organic solvents of 2.9
such as tetrahydrofuran (THF) or toluene, and (2) introducing 4nq2 1, respectively, thus confirming the presence of voids within
the mixture into water before removing the solvent through e aggregate structures. Therefore, it is possible that solvent
distillation or ultrasonication, and thus leaving the fullerene ,qecules such as water may be entrapped within the voids of
nanoparticles suspended in the aqueous pHa3eAnother fullerene nanoparticles.

method involves simply stirring or ultrasonicating the fullerene 5, intriguing observation is that the supposedly purely carbon-
based fullerene nanoparticles have a negative electrophoretic

1. Introduction

Buckminsterfullerene g has drawn immense attention in
recent years for a variety of reasons. A landmark discoVéxy,
has fascinated many with its spherical cage-like molecular
structure. Furthermore, its discovery has led to the equally H
significant discovery of subsequent fullerenes, including carbon
nanotubeg Fullerene Gyis undeniably living up to the promise
of nanotechnology, with applications emerging in various fields,
forinstance, in the areas of biomedical technoldéglectronics,
and optic$

The major drawback of fullerenegis that it has limited
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mobility or zeta potential, regardless of the synthesis techniquescompactness, thus influencing their settling rate and eventual
described previousliiz1316Brant et akC recently verified the removal from the aquatic phase. Also, nanoparticles may interact
negative electrophoretic mobility of fullerene nanoparticles with and attach to mineral surfaces, leading to the depletion of
synthesized through three solvent exchange methods whilethese nanoparticles from solution. On occasions when the solution
employing different combinations of solvents, as well as by the chemistry of the natural waters changes significantly, for instance
method that consists of the extended mixing of fullerene with after arainfall, deposited fullerene nanoparticles may be released
water. Although some discussion has occurred and hypothesegrom the mineral surfaces and reenter the aquatic environment.
have been mad®,the origin of the negative zeta potential (or While the mechanism of the apparent toxicity of fullerene

surface charge) still has yet to be ascertained. nanoparticles is still being debaté&tthe aggregation state of the
Due to the surface charge property of fullerene nanoparticles, hanoparticles may perhaps play a role in determining its level
it is of interest to know if the classic Derjaguihandau- of toxicity. Aggregation of the nanoparticles may lead to

Verwey—Overbeek (DLVO) theoR’}22can adequately describe  significantly large aggregates, such that the partition of the
the stability to aggregation and deposition of these engineeredaggregates into cell membranes or their transport through the
nanoparticles. It has been suggested that this is likel§23.24 human or animal body, both possible mechanisms for engineered
but no rigorous studies have been conducteduantitatively nanomaterial toxicity suggested by Obémster?® may be
establish the aggregation and deposition kinetics as functions ofimpeded. However, these mechanisms are yet to be verified in
electrolyte concentrations. It is imperative to quantitatively the case of fullerene nanoparticles.

understand the aggregation behavior of fullerene nanoparticles The objective of this paper is to quantify and compare the

in order to better utilize them for potential applicatidAs. aggregation and deposition ki_netics of fullerene nanoparticles in
Currently, fullerene is already being employed in the manu- common monovalent and divalent electrolyte solutions. The
facturing of some consumer products, such as cosnétitith aggregation kinetics of the nanoparticles were derived by

the anticipated widespread manufacture and use of fullerene-€mploying time-resolved dynamic light scattering (DLS) over
based products occurring sofit is inevitable that some of the @ range of electrolyte concentrations. Deposition kinetics of the
fullerene may be released into the natural environment as fullerene nanoparticles onto a silica surface were determined
contaminants. If they were to be introduced into natural aquatic Using the quartz crystal microbalance (QCM). Both the fullerene
systems, either in bulk form or dissolved in organic solvents, it deposition and aggregation behaviors were found to be in good
is likely that they would end up as nanoparticles due to extended @greement with the classic DLVO theory for colloidal stability.
mixing that would occur naturally as they are transported within Deposition of the fullerene nanoparticles was mostly irreversible,
the systems. With the emergence of nanotechnology, the concerrfvhereby release of the nanoparticles was only observed at high
over the effects of possible toxicity of nanomaterials on humans, solution pH.

as well as their impacts on the environment and ecology, is 2 Materials and Methods

i 27-32 i i i
growing: Recently, several studies have highlighted the 2.1. Fullerene Nanoparticle Synthesis and Characterization.

toxicity of fuil(;srene nanoparticles on microbgsfish,* and The fullerene nanoparticles were synthesized through the method
human cellls’*. *>0n the other hand, there are also studies and gescribed by Andrievsky et &.About 36 mg of 99.9% pure &
reports which have indicated otherwie’ Nevertheless, the powder (MER Corporation, Tucson, AZ) was dissolved in 30 mL
concern is indisputably mounting. of HPLC-grade toluene (Sigma-Aldrich, St. Louis, MO) by stirring
Once released into natural aquatic systems, the bioavailability for a few hours, resulting in a clear dark purple mixture. A total of
of the fullerene nanoparticles is directly determined by their fate 5 mL of this mixture was gently introduced into a solution of 50 mL
and transport within these systems. The propensity of these©f deionized water (Barnstead) and 1.5 mL of HPLC-grade ethanol

; : ; ; (Sigma-Aldrich, St. Louis, MO), forming two distinct phases. The
nanoparticles to aggregate will govern their aggregate size andmixture was sonicated with a sonicating probe (450 Sonifier, Branson

. - . — - Ultrasonics Corporation, Danbury, CT) in a fume hood for more

22%)’)55%}3%8’:' Labille, J.; Bottero, J. Y.; Wiesner, M. Rangmuir2006 than 3 h toallow for the evaporation of toluene and ethanol.
(21) Derjaguin, B. V. Landau, L. DActa Physicochim. URS®41, 14, 733 Throughout this sonication process, the mixture was topped off with
62. deionized water every 20 min to compensate for water loss through

(22) Verwey, E. J. W.; Overbeek, J. T. Bheory of the Stability of Lyophobic  evaporation. The final solution was filtered under vacuum, first

Colloids Elsevier: Amsterdam, 1948. -
(23) Brant, J.. Lecoanet, H.; Wiesner, M. Nanopart. Re2005 7 (4—5), through a 0.4xm membrane filter followed by a 0:2m membrane

545553 filter (Fisher Scientific). According to the manufacturer, both
(24) Lecoanet, H. F.; Wiesner, M. Enwiron. Sci. Technol2004 38 (16), membrane filters are made of a mixture of cellulose acetate and
4377-4382. cellulose nitrate. The resulting clear yellow filtrate containing the

gg; Eg:{gg:’ JB'gheS'oE"g' §?V‘§:y()ei Bé (ﬁ?’;g;fA M. Falkner 5. . fullerene nanoparticles was collected and stored in the dark@t 4

Hotze, E. M.; Alemany, L. B.: Tao, Y. J.: Guo, W.; Ausman, K. D.: Colvin, v.  Five such batches were synthesized and combined to form about

L.; Hughes, J. BEnviron. Sci. Technol2005 39 (11), 4307-4316. 250 mL of fullerene nanoparticle stock suspension. Through high-
(27) Masciangioli, T.; Zhang, W. XEnviron. Sci. Technol2003 37 (5), temperature oxidation at 68C (TOC—V CSH, Shimadzu, Kyoto,

10%;‘;?&0’ M. C.Environ. Sci. Technol2005 39 (5), 106a-112a. Japan), we determined the fullerene nanoparticle stock suspe_nsion
(29) Nel, A; Xia, T.; Madler, L.; Li, N.Science2006 311 (5761), 622-627. to have a total carbon content of 5.92 mg/L. All aggregation,
(30) Colvin, V. L. Nat. Biotechnol2003 21 (10), 1166-1170. deposition, and release experiments were completed within 2 months
(31) Dreher, K. L.Toxicol. Sci.2004 77 (1), 3-5. after the synthesis of the nanoparticles.

Enﬁg%"‘gif”ﬁébm0'?2'6'68"23"(&)V&gé‘ﬂﬁé P.; Dionysiou, D.; Biswas, P. In preparation for transmission electron microscope (TEM)

(33) Oberdorster, EEnviron. Health Perspect2004 112 (10), 1058-1062. examination, the fullerene nanoparticles were adsorbed onto nickel
(34) Sayes, C. M.; Fortner, J. D.; Guo, W; Lyon, D.; Boyd, A. M.; Ausman,  grids by leaving each grid on a drop of fullerene nanoparticle stock
K.D.; Tao, Y. J.; Sitharaman, B.; Wilson, L. J.; Hughes, J. B.; West, J. L.; Colvin, Suspension for 5 min. The nanopartides were then observed under
V. L. Nano Lett 2004 4 (10), 1881-1887. . . . aTecnai 12 Biotwin electron microscope (FEI Company, Hillsboro,
(35) Sayes, C. M.; Gobin, A. M.; Ausman, K. D.; Mendez, J.; West, J. L.; . X
Colvin, V. L. Biomaterials2005 26 (36), 7587-7595. OR) at 100 kV. TEM images of the nanoparticles were captured
(36) Gharbi, N.; Pressac, M.; Hadchouel, M.; Szwarc, H.; Wilson, S. R.; Moussa, digitally for further size analysis.
F. Nano Lett.2005 5 (12), 2578-2585.
(37) Andrievsky, G.; Klochkov, V.; Derevyanchenko, Euller Nanotube (38) Lyon, D. Y.; Adams, L. K.; Falkner, J. C.; Alvarez, P. JEdwiron. Sci.
Carbon 2005 13 (4), 363-376. Technol.2006 40 (14), 4360-4366.
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The electrophoretic mobilities of the nanoparticles were measured solution were introduced into the 2 mL of the diluted nanopatrticle
over a range of NaCl and CaCkoncentrations (ZetaPALS, suspension for different aggregation experiments. The aggregation
Brookhaven Instruments Corp., Holtsville, NY) at pH 5.2 and 25 attachment efficiencyqa, ranging from 0 to 1, serves to quantify
°C. For each solution condition, 10 measurements were conductedthe initial aggregation kinetics of the fullerene nanoparticles in

for each of at least 3 samples. different electrolyte concentrations.
2.2. Solution Chemistry.The electrolyte (NaCl and Cagktock 2.5. Quartz Crystal Microbalance.A quartz crystal microbalance
solutions were prepared and filtered through@nifilters (Anotop with dissipation monitoring (QCM-D) was employed to measure

25, Whatman, Middlesex, U.K.) before use. All experiments and the deposition kinetics of fullerene nanoparticles onto the silica-
measurements were conducted at pH5@®1, at which the fullerene coated quartz surface. The QCM-D unit E4 (Q-Sense ABstiéa
nanoparticles are stable at low ionic strengths. Frolunda, Sweden) comprises a measurement chamber platform

2.3. Dynamic Light Scattering. The DLS measurements were  which mounts 4 sensor flow modules. Each flow module holds a
performed with a multi-detector light scattering unit (ALV-5000, 5 MHz AT-cut quartz sensor crystal with a silica-coated surface.
Langen, Germany) which employs a Nd:vanadate laser (Verdi V2, The crystals were presoaked in 2% Hellmanex Il (Hellma GmbH
Coherent, Santa Clara, CA) with a wavelength of 532 nm. The & Co. KG, Millheim, Germany) cleaning solution overnight,
fullerene nanoparticle stock solution was diluted 20 times with thoroughly rinsed with deionized water, and oxidized for 20 min in
deionized water for the DLS experiments. For each experiment, 2 a UV-ozone chamber. We verified the quality of the crystals prepared
mL of the diluted suspension was introduced into a glass vial (Supelco, according to this cleaning protocol before each experiment by
Bellefonte, PA) which had been soaked in cleaning solution (Extran ensuring that the measured QCM-D dissipation values in deionized
MAO1, Merck KGaA, Darmstadt, Germany), thoroughly rinsed with  water were within the allowable range.
deionized water, and oven-dried under dust-free conditions. Allvials ~ The flow modules in the QCM-D are arranged in a parallel flow
were used only once. A premeasured amount of electrolyte stock configuration, which allowed the test solution to be driven across
solution was introduced into the vial containing the diluted the four crystal surfaces within the modules simultaneously using
nanoparticle suspension to induce aggregation. The vial was briefly a peristaltic pump. We employed two or three of the four modules
vortexed (Mini Vortexer, Fisher Scientific) before being inserted to obtain adequate replicates of the deposition experiment for each
into the toluene-filled quartz vat of the light scattering unit, and the electrolyte concentration. The fullerene nanoparticle stock suspension
DLS measurements were started immediately. The scattered lightwas diluted 2 times for all the deposition experiments in order to
intensity was detected by a photodetector at a scattering angle ofachieve a sufficient degree of attachment onto the silica surface
90°, and each auto-correlation function was accumulated for 15 s. across a range of electrolyte concentrations. Both the prepared
The intensity-weighted hydrodynamic radius of the aggregates waselectrolyte solutions and diluted fullerene nanoparticle suspension
determined through second-order cumulant analysis (ALV software). were sonicated for about 15 min in order to degas the solutions and
The nanoparticle samples were left to aggregate for between 20 minthus prevent air bubble formation in the E4 system during the
and 2.5 h to allow for an increase in the intensity-weighted deposition experiments. The solutions were subsequently stored in
hydrodynamic radius of at least 25% of the initial hydrodynamic a water bath at a temperature of 27, 2°C above the temperature
radius of the suspensiagy. This initialincrease in the hydrodynamic ~ employed for the deposition experiments.
radius was usually linear with respect to time. However, for The electrolyte solution, having the concentration at which
aggregation at low salt concentrations, the initial increase in the deposition was to be conducted, was first flowed across the silica
hydrodynamic radius ceased to be linear with respect to time before surface until the normalized frequency at the third overtone stabilized.
reaching 1.2&,. All DLS measurements were conducted af23 For deposition experiments with low deposition rates, we ensured

2.4. Determination of Nanoparticle Aggregation KineticsThe that the average normalized frequency ceased to drift more than 0.2
early-stage aggregation kinetics are expressed as the initial rate oHz in a time period of 1 h. Once a stable baseline was achieved, a
increase in the hydrodynamic radiagt) with timet, as measured premeasured volume of electrolyte stock solution was introduced
by DLS. This increase ila(t) is linearly dependent on the initial  into the diluted fullerene nanoparticle suspension immediately prior
(primary) particle concentratiohly as well as the initial aggregation ~ to the deposition experiment to obtain the desired electrolyte
rate constanti 3941 concentration. The suspension was then flowed through the QCM-D

modules. As deposition of the fullerene nanoparticles on the silica

day(t) surface took place, the continuous increase in the mass of the crystal
“at Jio OkuNo @) due to the deposited nanoparticles induced a continuous shift in the
resonance and overtone frequencies, as described by the Sauerbrey
The initial rate of increase iax(t) is obtained through a consistent ~ relationshig?
approach by determining the initial slope up to the point where the
hydrodynamic radius reaches 1285 When very low electrolyte CAf,
concentrations are employed to induce aggregation, the linear regime Am=— n (3)
usually ends before reaching 1&& Under such scenarios, the
slope of the linear regime is determined even if it ends beforelo25
For all cases, we always verified that the fitted line intercepts the
y axis no more than 3 nm in excessa&b.

From eq 1, the aggregation attachment efficienaje@therwise
known as the inverse stability ratio, W) at different electrolyte
concentrations are then calculated by normalizing the slopes obtaineqn
under the different solution conditions by the slope obtained under
“favorable” (fast) aggregation conditions

whereAm is the mass of fullerene nanoparticles depositefd,is

the shift in resonance (or overtone) frequency, witbeing the

overtone number (1, 3, 5, and 7), a@ds the crystal constant (17.7

ng/Hzcn¥ for the 5 MHz quartz crystal).

For all of the deposition experiments, the flow rate through each

odule was 0.1 mL/min#£0.002 mL/min), and the temperature

within the modules was maintained at 26. According to the

manufacturer, such a flow rate results in laminar flow through each
da, (1 flow module. _T!me periods_ _between 20 an_d _60 min were prov_ided

1(3*“_) to allow sufficient deposition for determining the nanoparticle

t—0

P K No\ dt @) deposition rate.
A W (kl:l)fast 1 dah(t) i i . .
—_— (39) Chen, K. L.; Mylon, S. E.; Elimelech, MEnviron. Sci. Technol2006
(No)rast\ At /i—0fast 40 (5), 1516-1523.

(40) Holthoff, H.; Egelhaaf, S. U.; Borkovec, M.; Schurtenberger, P.; Sticher,

Here, the terms with subscript “fast” refer to favorable (nonrepulsive) M kf{;%?;;gnlggalzl_zc(ﬁg%’ ESEl_gﬁﬁzl'ech MLangmuir2004 20(21), 9006-

aggregation conditions. Itis necessary to account for the initial particle ggge.
concentrations in eq 2 since different volumes of electrolyte stock  (42) Sauerbrey, GZ. Phys.1959 155 (2), 206-222.
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2.6. Determination of Nanoparticle Deposition KineticsSince
the changes in resonance and overtone frequencies are proportional
to the mass deposited on the crystal, the rate of deposition is indicated
by the rate of frequency shift. In our study, we monitored the
normalized frequency shift at the third overtoré§ = Afy/3) to
determine the deposition rate at different electrolyte concentrations.
The deposition attachment efficienayp, is used to quantify the
deposition kinetics at different electrolyte concentrations

dAf st

%0 = (Gl W @

Here, the numerator and denominator terms represent the rates of
shift in the normalized frequency at the electrolyte concentration 80

studied and under fast, favorable deposition conditions, respectively. » (b)- 20
The latter has been determined experimentally as described below. <@

Because both the silica surface and fullerene nanoparticles are % 60} 116 ©
negatively charged at the studied solution conditions (pH 5.2), 0] o
favorable (nonrepulsive) deposition conditions were induced by 8‘ I ] o
modifying the silica surface, which involved precoating it with a g 40} 112 g
layer of positively charged poly-lysine (PLL) polyelectrolyte (P- pd ] o
1274, Sigma-Aldrich, St. Louis, MO). The PLL (93 800 Da) was % 18 %
prepared in a solution made up of 10 mNA(2-hydroxyethyl)- = 20} ] —_
piperazineN'-(2-ethanesulfonic acid) (HEPES, H4034-100G, Sigma- 8 44 §
Aldrich, St. Louis, MO) and 100 mM NacCl filtered through a 0.22 = i
um cellulose acetate filter. The crystals were first equilibrated by g 0

flowing the PLL-free solution (10 mM HEPES and 100 mM NacCl) 20 40 60 80 100 120 140
at 0.1 mL/min across the substrate surface until the normalized :

frequency at the third overtone attained a constant value. Next, the Diameter (nm)

PLL solution was flowed across the silica surface until no change Figure 1. (a) TEM image of fullerene nanoparticles. (b) Size
in the normalized frequency was observed, indicating that the silica distribution of 360 fullerene nanoparticles adsorbed on three TEM
surface had been fully coated with PLA 1 mM NaCl solution was grids. Longest dimensions are measured for slightly elongated
flowed through the modules to remove the unadsorbed PLL, and theparticles. Each bar represents a diameter range of 10 nm.
fullerene nanoparticles were then deposited onto the PLL-coated

surfacemn a 1 mMNacCl solution. The rate of shift in the normalized O T
frequency under this favorable deposition condition was measured
to be 1.157 Hz/min £0.031 Hz/min) as obtained from three
deposition experiments. From eq 3, this value corresponds to a
fullerene mass deposition rate of 20.5 ng/mir?.

—A-caCl,
—[O—NaCl

T
_ @/%’ﬁ/%_ )

-3t ]

-

3. Results and Discussion

3.1. Characteristics of Fullerene Nanoparticles. TEM
imaging of the fullerene nanoparticles (Figure 1a) shows that
they are polydisperse and mainly spherical with slight angular et e e
features. Since the nanoparticles are not electron-dense, they 0.001 0.01 0.1
appeared translucentunder the TEM. Occasionally, it was possible Electrolyte Concentration (M)
to observe parallel planes within the nanoparticles, which may

imply that the nanoparticles have a crystalline structure. This , %o o0 s'of NaCl and Cagitoncentrations atpH 5.2. Each data
observation may be dependent on the orientation of the ygint represents the mean of at least a total of 30 measurements of
nanoparticles adsorbed on the grid. atleast three different samples at each electrolyte concentration, and

To describe the size distribution, fullerene nanoparticles were the error bars represent standard deviations. Measurements were
adsorbed onto 3 TEM grids as discussed in the previous section conducted at 23C.
The diameters (or longest dimensions for slightly elongated proportional to the square of its volume within the limits of
nanoparticles) for 360 nanoparticles were determined from the the Rayleigh-Gans-Debye approximatiofi? We verified that
TEMimages of the nanoparticles as analyzed by ImageJ softwarethere was no significant change in the hydrodynamic radius 2
(National Institutes of Health). To avoid bias, all observed months after the nanoparticle synthesis. After 6 months, we
nanoparticles on the three TEM grids were measured. Figure 1bnoted that the hydrodynamic radius increased slightly to 58.2 nm
shows the size distribution of the 360 nanoparticles, with each (£1.5 nm), indicating the occurrence of slow aggregation in the

bar representing a diameter range of 10 nm. The number-averagguillerene nanoparticle stock suspension over a prolonged period
diameter (or longest dimension) is 59.2 nm, with a standard of time.

deviation of 22.7 nm. About 94% of the nanoparticles have longest  The electrophoretic mobilities of the fullerene nanoparticles
dimensions smaller than 100 nm. as a function of salt concentration are shown in Figure 2. Although
The intensity-weighted hydrodynamic radius of the freshly the fullerene nanoparticles exhibit negatively charged surfaces,
synthesized fullerene nanoparticlag, was measuredtobe 55.7  the mechanism by which the nanoparticles acquire a negative
nm (£1.8 nm) based on 20 DLS measurements. This value is surface charge is still unclear. As discussed earlier in the paper,
reasonable since the scattered light intensity of a particle is other studies also reported that fullerene nanopatrticles synthesized

EPM (10° m°/Vs)
R

Figure 2. Electrophoretic mobilities (EPM) of fullerene nanopatrticles
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general agreement with the DLVO theory. This is also consistent
with our earlier observation that, with an increase in either
electrolyte concentration, the nanoparticles become less negatively
charged, even though we are still uncertain about the origin of

OQ the nanoparticle surface charge.
o’ In the reaction-limited regime, an increase in the electrolyte
o concentration screens the surface charge of the nanoparticles,
and reduces the energy barrier to aggregation, thus leading to
0 faster aggregation. However, at the critical coagulation con-
/ centration (CCC), and at electrolyte concentrations above the
4 L CCC, the energy barrier is eliminated, leading to diffusion-
0.1 0.5 controlled aggregation (i.eo,a = 1/W = 1). The intersections
NaCl Concentration (M) between the extrapolations through the reaction- and diffusion-
limited regimes yield the CCC in the respective electrolytes.
T i Based on our data, we determine the CCC to be 120 mM for
(b) o NaCl and 4.8 mM for CaGl Our CCC in NaCl is higher than
] r o~ 6 -G - that derived through turbidity tests by Mchedlov-Petrossyan et
3 al.16(85 mM) for fullerene nanoparticles synthesized by the same
Oé technique. Their reported CCC in Ca@ 4.1 mM, which is
/ close to our obtained value. The ratio of CCC values we derived
GJ® (4.8/120) is proportional ta 464 wherez is the valence of the
¢’3 calcium counterion (i.ez= 2). Thisis reasonable as the Schuize
!

o

Y
T
~
1

Attachment Efficiency, o,

—_

. Hardy rule predicts a proportionality 1o® for particles of large
zeta potentials, whereas it has also been reported that a much
weaker dependence on the counterion charg® Exists for
0.01 particles with small zeta potentidi3.
CaCl, Concentration (M) 3.3. Comparison to DLVO Prediction. The stability ratio of

Figure 3. (a) Attachment efficiencies (or inverse stability ratios, aggregating nanoparticles with the inclusion of colloidal and

1/W) of fullerene nanoparticles as a function of NaCl concentration Nydrodynamic interactions is given By
at pH 5.2. The CCC based on these data is 120 mM NaCl. (b)
expVr(h)/kT] dh

o
N
T

Attachment Efficiency, o,

o
o
o
-

Attachment efficiencies (or inverse stability ratiodM bf fullerene .
nanopatrticles as a function of CaC@bncentration at pH 5.2. The ﬂ) B(h)

CCC based on these data is 4.8 mM GaChe lines (used as eye (2a+ h)?

guides) are extrapolated from the reaction-limited and diffusion- W= expV (h)/k'l] (5)
limited regimes, and their intersections vyield the respective f Bh)y————— PLlVA

ccc. 0 (2a+ h)?

by this technique, as w?élzg\s by other techniques, have a "€y hereh is the surface-to-surface separation distance between
negative surface chargé!®2%For both NaCl and Caglas the . . . o
4 X ._two particlesais the particle radiugkis the Boltzmann constant,
electrolyte concentration was increased, the electrophoretic . X .
mobility of the fullerene nanoparticles became less negative asandT Is the absolute temperature. Because of the polydispersity
y P 9 ' “~ofthe fullerene nanoparticlesyas taken to be 29.6 nm, namely,

IS co_rnmonly observed with most colloidal partllcles IN aquUeOUS Loif of the number-average diameter of 59.2 nm. The total
solutions. Also, C&" was much more effective in reducing the . . . .
interaction energy between two particl&&(h), is the sum of

Svlﬁg;orggorggﬁr:g?cb;t'it\yeoghse g:ﬁgeggsr;?nggsgfgsléaﬁ’i’gas the van der Waals attractiok(h), and electrical double layer
y P P interaction. The dimensionless functigith) corrects for the

to the nanoparticle surfadé. ) . . )
3.2. Aggregation Kinetics with Sodium and Calcium hydrod.ynamlc.resstance (interaction) between the two ap-
proaching particle’$

Cations.The aggregation of the fullerene nanoparticles has been
studied over NaCl concentrations ranging from 59 to 362 mM

and CaC] concentrations ranging from 2 to 21 mM at pH 5.2. (E\) + 13(3) +2

The aggregation attachment efficiencies as functions of NaCl B(h) = — S — (6)
and CaCJ concentrations are presented in Figure 3. By taking 6(2) + 4(2)

the initial slopes of the aggregation profiles and accounting for

the initial particle concentrations as described in eq 2, it was

verified that the averagek{i)mst Values obtained at high NaCl ~ The van der Waals attractioMa(h), was calculated by the
and CaGJ concentrations are the same, thereby confirming that expression proposed by Gregétyhat accounts for the elec-
aggregation kinetics are diffusion-controlled under such condi- tromagnetic retardation effect. Because the origin of surface
tions. Distinct reaction-limited (slow) and diffusion-limited (fast) ~ charge of the fullerene nanoparticles is not well understood, the
aggregation regimé4are observed for the fullerene nanoparticles  linear superposition approximation (LSA) expreséfavas used

in the presence of both NaCl and CaQlhis observationindicates  to calculate the electrical double layer interaction. This expression
that the aggregation behavior of the fullerene nanoparticles is in does not make any assumption regarding the potential or charge

(45) McGown, D. N. L.; Parfitt, G. DJ. Phys. Chenl967 71 (2), 449-450.

(46) Honig, E. P.; Roeberse, G.; Wiersema, P.JHColloid Interface Sci.
1971, 36 (1), 97-109.

(47) Gregory, JJ. Colloid Interface Sci1981 83 (1), 138-145.

(48) Gregory, JJ. Colloid Interface Sci1975 51 (1), 44-51.

(43) Elimelech, M.; Gregory, J.; Jia, X.; Williams, R. Rarticle Deposition
and Aggregation: Measurement, Modelling and Simulati@utterworth-
Heinemann: Oxford, U.K., 1995.

(44) Weitz, D. A.; Huang, J. S.; Lin, M. Y.; Sung, Bhys. Re. Lett. 1985
54 (13), 1416-1419.
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Figure 4. Theoretical DLVO prediction and experimentally derived  Figure 5. Deposition of fullerene nanoparticles onto a silica-coated
inverse stability ratios (or aggregation attachment efficiencig, quartz surface indicated by normalized frequency shifts at the third

of fullerene nanoparticles as a function of NaCl concentration at pH gyertone in the presence of 1, 10, and 30 mM NaCl at pH 5.2.
5.2. The experimentally derived inverse stability ratios are the same Fayorable deposition rate (shown as “PLL") is obtained by coating
as those presented in Figure 3a. The Hamaker constant of fullerengne silica surface with positively charged palilysine (PLL), prior

nanoparticles in aqueous mediuawr, employed for the theoretical o conducting the deposition experiment in the presence of 1 mM
prediction is 6.7x 10721 J. NaCl at pH 5.2.

atthe particle surface and gives intermediate results between thesy employing the relationsh#g56
two extremes of constant surface poterifiahd constant surface

charg&951 expressions. Acwe = (VAR — VAW (7)
Using egs 5 and 6, we fitted the experimentally derived inverse W F
stability ratios 1W (or aggregation attachment efficiencies) where Asr and Aww are the Hamaker constants of fullerene

over a range of NaCl concentrations (presented earlier in Figurenanoparticles and water interacting in a vacuum, respectively,
3a) with the theoretically predictedprofile. In this procedure,  and assumind\ww = 3.7 x 10720 J36 we calculateArr to be

we used the fullerene nanoparticle Hamaker constapg, which 7.5x 10720 J. Interestingly, this value is approximately 1 order
is required by the expression fofa(h),*” as the only fitting of magnitude smaller than the Hamaker constants commonly
parameter. In the process, we converted the average electroassumed for carbon nanotubes in a vacuum or air<@.8 x
phoretic mobilities of the fullerene nanoparticles at different 10719 J)57-60

NaCl concentrations (presented previously in Figure 2§ to 3.4. Deposition Kinetics with Sodium and Calcium Cations.
potentials using the tabulated values provided by Ottewill and Figure 5 presents representative normalized frequency shifts at
Shaw?? the third overtoneAf(s)) as deposition takes place in the presence

The theoretical stability curve (i.e., the logarithm d\V/ersus of 1, 10, and 30 mM NacCl onto a silica surface, and under
the logarithm of molar NaCl concentration) is compared to the favorable (fast) deposition conditions onto a PLL-coated silica
experimental data in Figure 4. The Hamaker constaai, surface in 1 mM NaCl. The mass of nanoparticles deposited onto
needed to fit the experimental data was 6.70-21J. The results the surface is proportional to the frequency shift as described by
show a remarkable agreement between DLVO predictions andeq 3. Thus, the increase in the magnitude of frequency shift with
experimental data, which is quite rare in studies of aggregation time indicates that nanoparticles deposit as time progresses. Since
kinetics of colloidal particles under conditions where repulsive this study focuses on the early stage deposition kinetics, the
electrostatic interactions predomind#é°53In such past ag- initial slopes are employed to derive the deposition attachment
gregation studies, the predicted slopes of the stability curves efficiency, ap, from eq 4. Linear normalized frequency shift
based on DLVO theory are much steeper than those obtainedversus time curves were observed in most cases, except at high
experimentally?3:54.55 NaCl concentrations as discussed later.

As discussed previously, the fullerene nanoparticles areformed The deposition kinetics of fullerene nanoparticles were
through the aggregation/crystallization o§sGnolecules and examined over NaCl concentrations ranging from 1 to 300 mM
thus possibly contain voids within the nanoparticles, depending and CaCJ concentrations ranging from 0.1 to 1.0 mM. Figure
on the packing density. Our derived Hamaker constant is the 6 presents the deposition attachment efficiencigsas functions
effective Hamaker constant of the fullerene nanoparticles that of NaCl and CaGl concentrations. Within the concentration
contain water within the voids. The Hamaker constant of bulk ranges of +30 mM NaCl and 0.31.0 mM CaC}, as the
fullerene materials in water, likeggor carbon nanotubes, should  electrolyte concentration increases, there is a corresponding
be greater than 6.% 102! J. For comparison, our derived increase in the deposition kinetics. The critical deposition

Hamaker constant for the fullerene nanoparticles in watggf concentrations (CDC) at which the attachment efficiencigs
= 6.7 x 10721 J) is even smaller than the reported value for approach 1 are close to 30 mM NaCl and 0.6 mM GaThis
polystyrene latex particles in agueous media (9.50721 J) 33 deposition behavior is consistent with the DLVO theory. An

(49) Hogg, R.; Healy, T. W.; Fuerstenau, D. Wans. Faraday Socl966 (56) Israelachvili, JIntermolecular and Surface Forcefcademic Press:
62 (522P), 16381651. London, 1991.

(50) Wiese, G. R.; Healy, T. WTrans. Faraday Socl97Q 66, 490-500. (57) Wang, G.W.; Zhang, Y.; Zhao, Y. P.; Yang, GJTMicromech. Microeng.

(51) Usui, S.J. Colloid Interface Scil973 44 (1), 107-113. 2004 14 (8), 1119-1125.

(52) Ottewill, R. H.; Shaw, J. Nl. Electroanal. Chenl972 37 (JUN), 133~ (58) Akita, S.; Nishijima, H.; Nakayama, Y. Phys. (Paris) D Appl. Phys.
142. 200Q 33 (21), 2673-2677.

(53) Hunter, R. JFoundations of Colloid Scieng®xford University Press: (59) Akita, S.; Nakayama, Y.; Mizooka, S.; Takano, Y.; Okawa, T.; Miyatake,
Oxford, U.K., 2002. Y.; Yamanaka, S.; Tsuji, M.; Nosaka, Appl. Phys. Lett2001, 79 (11), 1691

(54) Behrens, S. H.; Christl, D. I.; Emmerzael, R.; Schurtenberger, P.; Borkovec, 1693.
M. Langmuir200Q 16 (6), 2566-2575. (60) Snow, E. S.; Campbell, P. M.; Novak, J.JPVac. Sci. Technol. B002

(55) Kihira, H.; Matijevig E. Langmuir1992 8 (12), 2855-2862. 20 (3), 822-827.
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Figure 7. Nonlinear deposition behavior of fullerene nanoparticles
onto a silica-coated quartz surface in the presence of 100 mM NaCl
at pH 5.2. Deposition is indicated by the normalized frequency shift

at the third overtone. The nonlinear deposition is attributed to
simultaneous aggregation and deposition.
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transport toward the silica surface. This nonlinear deposition
behavior is observed in both 100 and 300 mM NacCl.

3.5. Release of Deposited Fullerene Nanoparticles upon
Solution Chemistry Changesin these experiments, the fullerene
nanoparticles were first deposited onto the silica-coated quartz
, , surface at electrolyte concentrations where nonrepulsive condi-
0.0001 0.001 tions prevail. Next, the solution chemistry of the flow over the

; deposited nanoparticles was altered to investigate the possibilit
CaCl, Concentration (M) of Fr)1anoparticleprelease from the surface. Tae flow F?ate wasy
Figure 6. Deposition rates and attachment efficiencies onto asilica- majntained at 0.1 mL/min throughout the experiments. In Figure

coated quartz surface as functions of (a) NaCl and (b) £aCl g +he HH of solutions introduced was kept constant at 5.2 from
concentrations at pH 5.2. Deposition rates are expressed as the rates; AtoE. Soluti £30 MM NaCl (Fi 8 40.6mM
of normalized frequency shift at the third overtone. Each data point >.29€S At0 E. Solutions of 30 mM NaCl (Figure 8a) and 0.6 m

represents the mean of duplicate or triplicate measurements conducte§aCh (Figure 8b) were flowed across the silica surfaces in stage
at the same experimental conditions, and the error bars represenfA. These electrolyte concentrations were chosemwfor 1, as
standard deviations. shown earlier. In stage B, the fullerene nanoparticles in the

. . . . respective electrolyte solutions were directed across the silica
increase in the monovalent and divalent electrolyte concentrations e
. - surface to allow deposition to take place. The systems were then
leads to a greater reduction of the energy barrier between the’. : . ; .
. o ; - rinsed with the respective electrolyte solutions in stage C to
nanoparticles and the silica surface, which allows for a higher

deposition rate. Toward the CDC, the energy barrier to depositionfILISh away undeposngd nanoparticles. In .bOt.h systems, 1 mM
. h : . NaCl electrolyte solutions followed by deionized water were
is almost eliminated as most of the electrostatic repulsive forces

o . o flowed across the crystal surfaces in stages D and E, respectively.
are suppressed. In such situations, the deposition kinetics are . . .

e . ; . ..~ Although the range and magnitude of the electrostatic repulsive
similar to those in which the fullerene nanoparticles are deposited

. e . forcesincreased significantly as solution conditions were changed
onto an oppositely charged PLL-coated silica surface @g., from 30 mM NaCl or 0.6 mM CaGlto 1 mM NaCl and then
~ 1). ’

At the higher concentration range of NaCl (16800 mM), to DI water, no _S|gn|f|cant release of the na_noparUcIes was
SR - observed, as indicated by the constant normalized frequency at
the attachment efficiencies decrease significantly by an order of

: : the third overtone. There is a minor positive shiftin the normalized
magmtud.e (Figure 6a). We have fqund the C.CC of thg fullerene frequency when the 30 mM NaCl electrolyte solution is displaced
nanoparticles to be 120 mM NaCl in the previous section. Thus, by 1 mM NaCl electrolyte solution (Figure 8a). This is due to
during the deposition process at NaCl concentrations close to or :

higher than the CCC. particle agareqation took place simulta- the slight decrease in solution viscosity or density, which leads
9 X -~ part gareg 00K P to a positive shift in frequenc§t This change in the normalized
neously with deposition. Since the aggregation was close to or

within the diffusion-limited regime under such solution conditions, frequency is hardly noticeable when 0.6 mM Caldisplaced

significantly large aggregate formation may occur in a relativel by 1 mM NaCl.
g Ity large aggreg y . VY n stage F, deionized water with a pH adjusted to 12.3 (using
short period of time. This fast aggregate formation drastically o : .
e - . NaOH) was flowed across the silica surface, and an immediate
decreased the diffusion coefficient of the nanopatrticles and thus ositive shift in the normalized frequency was observed in both
led to a decline in convective-diffusive transport of the fullerene P q Y

) h systems. In a separate control test (results not shown), 30 mM
nanoparticles/aggregates toward the silica-coated quartz sun‘ace,\IaCI (pH 5.2), deionized water at pH 5.2, and deionized water
A representative normalized frequency shift at the third P >-2) pr .2,

. . ., at pH 12.3 (adjusted with NaOH) were flowed across the crystal.
overtoneAfs), is presented in Figure 7 as deposition takes place Its sh d that th lized f had "
at 100 mM NacCl. The 100 mM NacCl electrolyte solution was Ou_rre_su ts showed that the normalized frequency had a positive

Co g - - shift with the introduction of deionized water at pH 5.2, and then
flowed across the silica-coated quartz surface in the first 35 min, . . . ; :
followed by the fullerene nanoparticle suspension in 100 mM a negative shq‘t of apprquatgly 5 times the mqgn!tude of the
NaCl. As deposition starts from 35 min onward, nonlinear previous positive shift with the introduction of deionized water
depo;s,ition behavior is observed, where the rate c;f deposition atpH 12.3. This negative shift was likely aresult of the increase

Qecreases with tlme.' This is indicative of aggregate growth as (61) Martin, S. J.; Granstaff, V. E.; Frye, G. @nal. Chem1991, 63 (20),
time progresses, which further decreases the rate of fullerene2272-2281.

Deposition Rate (Hz/min)
% ‘Kousioy3 JuswyoeNy
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, — — increased when 1 mM NaCl and deionized water were introduced
AiB;C{DEi F

10

(stages D and E), the deposited nanoparticles still remained in
] the primary energy minimum. However, once deionized water

adjusted to pH 12.3 was introduced, it is likely that the marked

] increase in the surface potential of either the fullerene nano-
particles or the silica surface, or both, was sufficient to displace
the nanopatrticles out of the primary minimum, thus causing the
release of the nanoparticles.

0

] 4. Conclusion

R O P S @ The aggregation and deposition kinetics of fullerene nano-
0 100 200 300 particles in the presence of monovalent and divalent electrolytes
Time (min) have been investigated. One important aspect of our study was
to examine whether the classic DLVO theory for colloidal stability
v can be used to describe the aggregation and deposition behaviors
: of these emerging nanopatrticles. Despite the uncertainty with

Frequency Shift, Af(s) (Hz)
Y
o

- regard to the origin of surface charge of the fullerene nanoparticles,
(-""' it appears that electrostatic double layer repulsion controls their
] aggregation and deposition kinetics as predicted by the DLVO
theory. Electrophoretic mobility of the particles became less
negative as the electrolyte concentrations were increased, with
divalent cations being more effective than monovalent cations.
Do | In the presence of NaCl and Ca@lectrolytes, an increase in
60} | R (b)4 the electrolyte concentrations resulted in a monotonic increase
0 ‘ 160' ' 2‘60 300 in the rate of aggregation un_tllthelrrespectlve CCCwere reaphed.
Above the CCC, aggregation occurred at the same maximum
Time (min) rate in both electrolytes, confirming diffusion-controlled ag-
Figure 8. Fullerene nanoparticles are first deposited onto a silica- gregation kinetics. The significance of the role of electrostatic
coated quartz surface in the presence of (a) 30 mM NaCl and (b) double layer repulsion of fullerene nanoparticles again manifested
0.6 mM CaC} at pH 5.2, before being released by flushing with  through the increase in their rate of deposition onto a negatively

?heionized ¥vate|r a‘tjj“ftted tz pg f12.3t.hBaseIine i?. ﬁlrSt collgcted ,it“ harged silica surface with increasing electrolyte concentrations.
€ respective electrolytes (A), before the nanoparticles are deposited o\ er, at electrolyte concentrations above the CCC, significant

onto the quartz surface (B). The system is then rinsed in the respective . . :
electrolytes (C), 1 mM NaCl at pH 5.2 (D), deionized water at pH aggregate formation took place, thus reducing the convective-

5.2 (E), and finally, deionized water adjusted to pH 12.3 (F), where diffusive transport of the fullerene toward the silica surface. The
the release takes place. deposition of fullerene nanoparticles onto the silica surface was

mostly irreversible, with release only possible at extremely high
in viscosity/density of the solution due to NaOH addition for pH pH conditions.
adjustment. This test verifies that the sudden and significant

positive shiftin the normalized frequency in stage F was notdue _ Acknowledgment. Funding was provided by the National
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