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The transport and fate of engineered nanomaterials is
affected by multiple environmental factors, including sunlight
and natural organic matter. In this study, the initial aggregation
kinetics of aqueous fullerene (nCg) nanoparticles before and
after UVA irradiation was investigated in solutions varying in ionic
strength, ionic composition, and humic acid concentration. In
NaCl solutions, surface oxidation induced by UV irradiation
remarkably increased nCg stability due to the increased negative
surface charge and reduced particle hydrophobicity; although
humic acid greatly enhanced the stability of pristine nCg

via the steric hindrance effect, it had little influence on the
stability of UV-irradiated nCe in NaCl due to reduced adsorption
on oxidized nCg surface. In contrast, UV irradiation reduced
nCe stability in CaCl, due to specific interactions of Ca*" with
the negatively charged functional groups on UV-irradiated
nCq surface and the consequent charge neutralization. By
neutralizing surface charges of both UV-irradiated nCg and
humic acid as well as forming intermolecular bridges, Ca?"
facilitated humic acid adsorption on UV-irradiated nCg, resulting
in enhanced stability in the presence of humic acid. These
results demonstrate the critical role of nCg surface chemistry
in its environmental transport and fate.

Introduction

Cgo fullerene has drawn much attention due to its potential
applications in various fields including optics, cosmetics,
and pharmaceuticals (I—4). Despite its extremely low water
solubility, Csy readily forms stable nanosized particles in
water, usually referred to as nCg, by solvent exchange,
sonication, or extended stirring (5—9). The relatively high
bioavailability and “solubility” of nCg, have raised concern
regarding its potential health impact to human and ecological
systems through environmental exposure; evidence of toxicity
hasbeenreported in anumber of studies showing production
of reactive oxygen species or cell oxidation upon direct
contact (10—13). Aggregation is an important process gov-
erning the mobility and toxicity of nCs (13—17). nCe
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aggregation behavior in different electrolyte solutions has
been quantitatively studied (18—20). These studies suggest
that pristine nCg stability can be adequately described by
the traditional Derjaguin—Landau—Verwey—Overbeek (DLVO)
theory (21, 22). Compared to monovalent cations, divalent
cations are much more efficient in coagulating nCg, as
described by the Schulze—Hardy Rule (19, 23).

Natural organic matter (NOM), ubiquitous in aquatic
environments and soils, is one of the key factors governing
the environmental transport and fate of colloids. NOM can
adsorb onto colloidal particles, alter their surface properties
and consequently affect their transport patterns. The capa-
bility of adsorbed NOM to stabilize colloids such as nCsg,
hematite, magnetite, and clay particles is well recognized
(19, 24—26). The steric hindrance effect has been reported
to be responsible for the enhanced nCg, stability in the
presence of humic acid (19).

Because nCg can remain suspended for an extended
period of time at the ionic strength and pH found in surface
waters (20, 27), exposure to sunlight could be an important
process that affects its environmental fate. Cg has strong
light absorption within the solar spectrum, especially in the
UVrange. Recent studies demonstrated that nCg undergoes
surface modification or decomposition under sunlight or
UV irradiation (7, 28, 29). Oxygen-containing functional
groups were identified on the irradiated nCg particle surface.
These studies suggest that surface-oxidized nCs may be an
important form of Cg in the aquatic environment. In addition,
a recent study on the aggregation behavior of multiwalled
carbon nanotubes (MWCNTSs) suggests that oxygen-contain-
ing surface functional groups may have a great impact on
the aggregation of carbon nanomaterials. A positive linear
relationship was found between the critical coagulation
concentration (CCC) of the MWCNT and its total oxygen
content (30). However, little is known about the transport of
photochemically modified nCso.

The objective of this study was to determine the effect of
solar irradiation on the aggregation kinetics of nCg. Exposure
of nCg to sunlight was simulated by UVA irradiation and its
impact on nCg aggregation was investigated in solutions
varying in total ionic strength, cationic species, and organic
content. To our knowledge, this is the first paper to report
on the aggregation behavior of nCg photochemically modi-
fied by sunlight. Our results suggest that sunlight may play
a critical role in the environmental fate and transport of Cg.

Materials and Methods
Materials. Sublimed Cg powder (purity greater than 99%)
was obtained from Materials Electronics Research Corpora-
tion (Tucson, AZ). Suwannee River humic acid standard (II)
(SRHA, International Humic Substances Society, Atlanta, GA)
was used as the surrogate for aquatic NOM. The SRHA powder
(100 mg) was dissolved in 100 mL of DI water and stirred for
24 h in dark. The pH was adjusted to 8.5 with NaOH to aid
the dissolution of SRHA. The stock solution was then filtered
through 0.45-um pore-size Whatman membrane filters to
remove undissolved SRHA. The concentration of the stock
solution, 894 mg/L (470 mg/L as carbon), was determined
by total organic carbon (TOC) analysis using a high-sensitivity
TOC analyzer (Shimadzu Scientific Instruments, Columbia,
MD) based on the carbon content (52.6%) of SRHA (31).
Reagent-grade NaCl and CaCl, were obtained from Aldrich
Chemicals (Milwaukee, WI).

Preparation of nCg Stock Suspension. The aqueous nCg
stock suspension was prepared by direct sonication (7).
Sublimed Cgy was pulverized into fine powder and 150 mg
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of this powder was added to 200 mL of deionized water in
a 500-mL glass beaker. The mixture was then put in an ice
bath and sonicated with a sonicating probe (Vibra-Cell VCX
500, Sonics & Material, Newtown, CT) at 100 W for 30 min.
After sonication, the mixture was filtered through 2-um pore-
size Millex-AP membrane filters (Millipore, Billerica, MA) to
remove large particles. All filters were washed with 10 mL of
DI water before use and replaced after 30 mL of filtrate was
collected. The resulting clear yellow suspension was stored
in dark at 4 °C until use. The Cg, concentration in the stock
suspension was 4.4 mg/L as determined by TOC measure-
ment. All experiments were performed using the same stock
suspension. Particle size of the stock suspension was routinely
monitored over the period of the study (3 months); there
were no detectable changes.

Irradiation Experiments. Irradiation experiments were
carried out in a Luzchem LZC-4 V photoreactor (Luzchem,
Ottawa, Ontario, Canada). Because UVA is the primary
component of UVlight in the solar irradiation that can reach
the earth surface, alight source in the UVA wavelength range
was employed to mimic the UV fraction of the solar spectrum.
Four 8-W black lamps (Hitachi FL8BL-B, 1 = 350 + 50 nm),
two on each side, provided approximately 2 mW/cm? (1.66
mW/cm? after absorption by the sample flask) of light
intensity at the center of the reactor as measured by a
radiometer (Control Company, Friendwoods, TX), compa-
rable to the UVA intensity measured at the ground level on
a sunny summer day in Houston, TX. In each experiment,
30 mL of the nCg stock suspension at unadjusted pH 6.3 was
added to a 50-mL Erlenmeyer flask, sealed with parafilm
with vents, placed on the merry-go-round at the center of
the photoreactor, and slowly rotated to ensure uniform
exposure. Samples were withdrawn on days 1, 2, 3, and 7,
and stored in dark at 4 °C before testing.

Physical and chemical properties of the irradiated nCgp
suspension were thoroughly characterized by transmission
electron microscopy (TEM), X-ray photoelectron spectros-
copy (XPS), attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy, and UV/vis spectroscopy
as reported in our previous study (7).

Characterization of Particle Size and Electrophoretic
Mobility. Particle sizes of the pristine and irradiated nCg
were determined by dynamic light scattering (DLS) mea-
surement using a ZEN 3600 Zetasizer Nano (Malvern,
Worcestershire, UK) equipped with a monochromatic co-
herent He—Ne laser with a fixed wavelength of 633 nm. The
intensity of scattered light was measured at 173° and the
refractive index of nCgp was set at 2.20 (9). Each sample was
measured 6 times consecutively for the hydrodynamic radius.
Particle electrophoretic mobility (EPM) was measured by
phase analysis light scattering (PALS) using the ZEN 3600
Zetasizer Nano (Malvern, Worcestershire, UK). Measure-
ments were carried out using folded capillary cells (Malvern,
Worcestershire, UK) and 10 measurements were made for
each sample. All size and EPM measurements were conducted
at 23 °C.

nCg Aggregation Kinetics. Measurement of Particle
Aggregation Rate. Aggregation of the pristine and irradiated
nCgp suspensions in various solution conditions was char-
acterized by monitoring the intensity weighted average
particle size as a function of time via time-resolved DLS
measurement. For experiments without humic acid, 0.25 mL
of the nCg stock suspension, predetermined amount of the
electrolyte stock solution, and DI water were introduced into
adisposable polystyrene cuvette (Sarstedt, Germany) to create
asample with a total volume of 1 mL and nCg, concentration
of 1.1 mg/L. The sample was briefly mixed and immediately
analyzed. The autocorrelation function was applied to data
collected every 15 s. Since initiation of the instrument took
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1 min, the first particle size datum was collected at 75 s after
the nCg suspension was mixed with the electrolyte solution.

For most experiments with humic acid, 5 mL of nCg stock
suspension was precontacted with 5 mL of SRHA solution at
the same concentration as that used in the subsequent DLS
measurement in a glass vial on a shaker bed for 24 h to allow
adsorption. This mixture was then combined with the
background solution containing the corresponding electro-
lyte and SRHA to form samples with 1.1 mg/L nCg and 1
mg/L or 10 mg/L SRHA in 1 mL total volume. Selected
experiments were also performed without SRHA precontact
and compared with those with precontact to investigate the
impact of SRHA adsorption dynamics.

Determination of Aggregation Kinetics. The rate of initial
increase in the intensity weighted average hydrodynamic
radius ay,(f) determined by linear regression of the aggregation
curve was used to represent the initial aggregation rate.
Details of the data analysis and an example of the raw
aggregation data (Figure S1) can be found in the Supporting
Information (SI). Extrapolation of the aggregation data to
time zero shows that the estimated particle size at time zero
was similar for all experiments (average 86.5 + 2.8 nm in
NaCl and 86.9 + 2.1 nm in CaCl,; Figure S2) and close to that
measured in DI water (82.3 + 0.9 nm). This indicates that
there were no significant changes in aggregation rate in the
first 75 s, during which particle size data were not available,
suggesting that the aggregation rate obtained represents the
initial aggregation rate.

The attachment efficiency a is defined as the aggregation
rate constant in the solution of interest normalized by the
rate constant in the diffusion-limited regime, where the
aggregation rate constant is independent of electrolyte
concentration (18). In our analysis, the diffusion-limited
aggregation rate was determined by averaging the aggregation
rates of all aggregation kinetic curves obtained in the
diffusion-limited regime. Stability curves were constructed
by plotting the a value as a function of the background
electrolyte concentration. For easy comparison, the diffusion-
limited aggregation rate determined for the pristine nCg in
the absence of SRHA was used as the diffusion-limited
aggregation rate for all the stability curves in the same
electrolyte. The critical coagulation concentration (CCC) was
approximated by the electrolyte concentration at the inter-
section of the reaction-limited stability curve and the
diffusion-limited stability curve (as shown in Figures 1 and
4).

Result and Discussion
Characterization of nCg Nanoparticles. The number mean
and Z-average hydrodynamic radii of the pristine nCe
suspension were 54.8 + 2.4 nm and 82.3 + 0.9 nm,
respectively. The particles were highly negatively charged
with an electrophoretic mobility of —3.34 + 0.13 x 1078 m?
V~!s7lin 1 mM NaCl. The surface chemical properties of
irradiated nCgp suspension prepared using the same protocol
were thoroughly characterized in our previous study (7).
Mono-oxygenated carbon (C—0) and dioxygenated carbon
(C=0 or O—C—0) accounted for 19 and 15%, respectively,
ofthe total carbon on the 7-dayirradiated-nCg, surface. ATR-
FTIR analyses confirmed surface oxygenation and hydroxy-
lation. After 7 days of UVA irradiation, both the number mean
particle size in DI water (54.7 + 3.6 nm) and the electro-
phoretic mobility in 1 mM NaCl (—3.24 £ 0.19 x 108 m? V™!
s™1) remained unchanged, consistent with previous results
(7). The unchanged particle size suggests that there was no
significant release of photochemical oxidation products into
the aqueous phase, and the number concentration of nCg
was assumed to remain unchanged.

Aggregation Kinetics in NaCl Solutions. The attachment
efficiency (o) of nCg in NaCl solutions before and after UV
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FIGURE 1. Attachment efficiencies of (a) pristine nCg and (b)
7-day UV-irradiated nCg (7DUV) in the absence and presence of
SRHA as a function of NaCl concentration at pH 6.0 + 0.3.
Extrapolation of the reaction-limited and diffusion-limited
regimes yields the critical coagulation concentrations (CCC) at
the intersections. The CCC values are noted next to the
corresponding intersection.

irradiation is shown in Figure 1. The pristine nCg nano-
particles were stable only at NaCl concentrations below 20
mM, with a CCC of 84 mM. Our CCC value is lower than
those previously reported for nCy prepared by solvent
exchange (160 mM NaCl (19) and 120 mM NaCl (18)) or by
magnetic stirring (260 mM NaCl (32) and 166 mM KClI (20)),
but higher than that (40 mM KCl (20)) of another sonicated
nCg that was dissolved in toluene before sonication. After
7 days of UVA irradiation, the stability of nCs nanoparticles
(denoted 7DUV-nCg) in NaCl increased drastically (Figure
1b), with a CCC of 449 mM NacCl.

The nCg aggregation rate decreased with increasing UV
irradiation time during the 7-day period. Figure 2 demon-
strates the effect of UV irradiation time on the aggregation
kinetics of nCg in 300 mM NaCl. After 7 days of UVA
irradiation, the initial aggregation rate dropped from 0.110
to 0.024 nm/s. Such increase in stability is attributed to the
presence of oxygen-containing functional groups on the
surface of the irradiated nCg, particles (7, 29). Similar effects
of surface oxygen-containing functional groups were reported
for nCg prepared by long-term stirring and carbon nanotubes
oxidized by acid wash; these effects were related to the extent
of surface oxidation and resulting changes in surface charge
or electrophoretic mobility (20, 30, 33).

The electrophoretic mobility of nCg, before and after UVA
irradiation at different NaCl concentrations is compared in
Figure 3a. For both the pristine and UV irradiated samples,
particle electrophoretic mobility became less negative with
increasing NaCl concentration due to charge screening. The
pristine nCqp and 7DUV-nCg, were similarly charged at NaCl
concentrations below 10 mM; in the NaCl concentration
range of 10—200 mM; however, the 7DUV-nCg, surface was
notably more negatively charged than the pristine nCg,
consistent with the higher colloidal stability. The difference
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FIGURE 2. (a) Aggregation profiles and (b) initial aggregation
rates of samples with different UV irradiation time in 300 mM
NaCl at pH 6.0 & 0.3.
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FIGURE 3. Electrophoretic mobility of pristine nCs and 7-day
UV-irradiated nCg (7DUV) as a function of (a) NaCl and (b)
CaCl, concentration at pH 6.0 + 0.3.

inresponse to the charge screening effect of NaCl is attributed
to the changes in nCg surface chemistry; i.e., addition of
oxygen-containing functionalities, during UV irradiation.
Differences in electrophoretic mobility were also reported
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for nCq samples prepared by different protocols (9), and
were attributed to differences in surface chemistry. A close
examination of the electrophoretic mobility data reveals that
changes in particle electrophoretic mobility alone could not
account for the observed increase in particle stability after
UVirradiation. For example, the electrophoretic mobility of
the 7DUV-nCg in 200 mM NaCl was —1.66 + 0.19 x 108 m?
V-1 s71, similar to that of the pristine nCg at its CCC of 84
mM NaCl, where rapid aggregation occurred. Nevertheless,
the 7DUV-nCg was very stable with an o value less than
0.001 in 200 mM NaCl. Such inconsistency between the
electrophoretic mobility and the stability of nanoparticles
has also been reported in previous studies on multiwalled
carbon nanotubes (MWCNTs). Smith et al. (30, 33) found
that although the CCCs of oxidized MWCNTs increased with
increasing surface oxidation, the changes in electrophoretic
mobility did not correlate well to the CCCs. This discrepancy
was attributed to the fact that electrophoretic mobility reflects
the potential at the plane of shear, not the actual surface
charge (30). Another possible reason is that the surface
oxygen-containing functional groups increased nCgy hydro-
philicity and decreased hydrophobic interactions, as de-
scribed by the extended DLVO theory (34).

As amajor component of NOM, humic acid is ubiquitous
in the natural aqueous environment. It has a heterogeneous
structure with hydrophobic backbones and hydrophilic side
chains. Although negatively charged, humic acid can readily
adsorb onto colloidal surfaces such as that of nCg, via
hydrophobic interaction, potentially mediating colloidal
aggregation. The capability of adsorbed NOM to stabilize
colloids like nCg, hematite, magnetite, and clay particles is
widely reported (19, 24—26). As shown in Figure 1a, SRHA
at 1 mg/L greatly increased the stability of the pristine nCg;
the CCC increased from 84 to 331 mM NaCl. On the other
hand, the electrophoretic mobility of nCsy did not change
notably after equilibrating with 1 mg/L SRHA, suggesting
that electrostatic interactions were not responsible for the
increase in stability. This is consistent with the finding of
Chen and Elimelech (19). The increased stability in the
presence of SRHA is attributed to the steric hindrance effect
of humic acid molecules adsorbed on the nCg, surface. With
10 mg/L SRHA, no aggregation of pristine nCg, was observed
at NaCl concentrations up to 1.5 M NaCl within 20 min (data
not shown). This further demonstrates that steric hindrance
rather than electrostatic repulsion is the main stabilizing
mechanism in the presence of humic acid, since the surface
charge should be effectively screened at such an elevated
NaCl concentration.

The effect of humic acid on the stability of 7DUV-nCsp
(Figure 1b) was much weaker. At 1 mg/L SRHA, there was
no notable change in particle stability; when SRHA con-
centration was increased to 10 mg/L, particle stability
increased slightly with a CCC of 563 mM compared to 449
mM without humic acid. The small influence of humic acid
on the aggregation properties of 7TDUV-nCe is attributed to
decreased adsorption of humic acid due to increased
hydrophilicity of the nCg, surface after UV irradiation, as
demonstrated in Table S1 in the Supporting Information.
Unlike pristine nCg, which showed significant adsorption of
SRHA (g= 1209 mg/kg), UV-irradiated nCq had no detectable
adsorption of SRHA during 24 h of contact. These results
suggest that the stability of the UV-irradiated nCsy depends
more on the oxygen-containing surface functional groups
than humic acid, and the role of humic acid may be further
reduced at longer irradiation time, which increases the level
of surface oxidation (7).

Attachment efficiencies in the diffusion-limited regime
of the pristine nCgo with humic acid (o = 0.66) and the 7DUV-
nCgo with (e = 0.68) and without humic acid (o. = 0.73) were
found to be less than unity. The decrease in o in the diffusion-
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limited regime was reported previously with humic acid in
MgCl, solutions (19) and indicates that the steric hindrance
effect, which cannot be eliminated by double layer com-
pression, predominates in stabilizing the pristine nCg at high
NaCl concentrations. In the absence of humic acid, however,
the less-than-unity o value of the 7DUV-nCg in the diffusion-
limited regime indicates that the oxygen-containing surface
functional groups formed during UV irradiation can stabilize
nCg through mechanisms not eliminated by high NaCl
concentration, e.g., increase in surface hydrophilicity.
Aggregation Kinetics in CaCl, Solutions. Colloidal sta-
bility depends strongly on the electrolyte valence, as described
by the Schulze—Hardy Rule (23). Cations of higher valence
are more efficient in coagulation. As a result, the CCCs of
CaCl, for the pristine and 7DUV-nCg, 4.25 and 3.24 mM
CaCl,, respectively, were markedly lower than those of NaCl.
Contrary to the observations in NaCl solutions, the 7DUV-
nCg was less stable than the pristine nCg in CaCl, solutions
(Figure 4). Comparison between the electrophoretic mobility
of the pristine and the 7DUV-nCg reveals that the 7DUV-
nCg was less negatively charged than the pristine nCg over
the entire tested range of CaCl, concentrations (Figure 3b),
suggesting that Ca?" was more effective in neutralizing
negative charges on the 7DUV-nCs, surface than on the
pristine nCg. The Schulze—Hardy Rule predicts that the CCC
is proportional to Z~% (Z is the valence of the counterion) for
surfaces of high charge density (35) and Z2 for surfaces of
low charge density (36). In our experiments, the power term
is —4.3 for the pristine nCsp and —7.1 for the 7DUV-nCg. The
behavior of the pristine nCg agrees with the Schulze—Hardy
Rule, while the power term for the 7DUV-nCg is higher than
the normal range. Because the Schulze—Hardy Rule holds
for indifferent electrolytes that do not form any specific
interactions with the colloidal surface, this result indicates
that Ca*" specifically interacts with the 7DUV-nCg, surface,
presumably with carboxyl groups formed from UVirradiation.
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The presence of humic acid increased the stability of the
pristine nCg, similar to that observed in NaCl solutions. With
1 mg/L SRHA, the CCC for the pristine nCg increased from
4.25 to 12.77 mM CaCl,. This is attributed to the steric
hindrance effect of the adsorbed humic acid. The 7DUV-
nCqgy, however, behaved differently in CaCl, than in NaCl
solutions: With 1 mg/L humic acid, the CCC increased from
3.24 to 5.88 mM CaCl,, indicating adsorption of humic acid on
the 7DUV-nCq, particle surface; the effect of humic acid at the
same concentration in NaCl solutions was undetectable. This
suggests that Ca** may have facilitated humic acid adsorption
onto the 7DUV-nCg surface. Enhanced humic acid adsorption
could occur through two potential mechanisms: (1) Ca?*
specifically interacts with the oxygen-containing function
groups (e.g., carboxyl groups) on the 7DUV-nCs, surface,
neutralizing surface negative charges as demonstrated by
the less negative EPM (Figure 3b); it complexes with humic
acid and reduces its molecular charge (37). Consequently,
the electrostatic repulsion between the 7DUV-nCgp and humic
acid is reduced, favoring humic acid adsorption. (2) Ca?"
could form ionic bridges between humic acid and the oxygen-
containing functional groups on the 7DUV-nCg, an effect

that has been reported in studies on humic acid adsorption
onto mineral surfaces (38—41).

The dynamics of the contact between nCg and humic
acid was found to affect the aggregation behavior in the
diffusion-limited regime. Figure 5 compares the aggregation
rate of SRHA precoated pristine nCq and that of nCgp
simultaneously mixed with SRHA and the background CacCl,
solution. All the experiments were conducted in 200 mM
CaCl, to ensure that the aggregation was diffusion-limited.
When pristine nCq and SRHA at a concentration higher than
1 mg/Lwere introduced to the CaCl, solution simultaneously
just before DLS measurement, the nCg aggregation rate was
significantly higher than that in the absence of SRHA (Figure
5a) and the initial aggregation rate increased with increasing
SRHA concentration (Figure 5b). A similar effect was reported
in a previous study (19) using nCg, synthesized by solvent
exchange, and was attributed to the bridging of nCs, by humic
acid aggregates. Interestingly, when the pristine nCsy was
precontacted with SRHA for 24 h, the diffusion-limited
aggregation rate was independent of SRHA concentration
(Figure 5c). These results suggest that SRHA aggregation in
the presence of Ca®* is faster than SRHA adsorption onto
nCg and that once precoated with humic acid, nCs, does not
attach to humic acid aggregates.

Environmental Implication. As demonstrated in this study,
solar irradiation could play a critical role in the aggregation
behavior of nCg and consequently its environmental fate and
transport. While the stability of the pristine nCg, is largely
controlled by the humic acid adsorbed on the nCg, surface,
humic acid adsorption is mediated by the oxygen-containing
surface functionality on the UV-irradiated nCs, particles. On
the other hand, the extent of nCgp photochemical transformation
is strongly influenced by humic acid (7). In addition, specific
interactions between cationic species such as Ca?* and nCg,
surface functionality resulting from UV irradiation or humic
acid adsorption can be a dominating factor in nCs aggregation
kinetics. These findings suggest that a better quantitative
understanding of the dynamics of nCg, surface chemistry change
is critical to predicting fullerene transport and fate in the
aqueous environment as well as risk assessment for carbon
based nanomaterials.
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