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Engineered nanomaterials may undergo transformation upon
interactions with various environmental factors. In this study,
photochemical transformation of aqueous nCg was investigated
under UVA irradiation. nCg underwent photochemical
transformation in the presence of dissolved 0,, resulting in
surface oxygenation and hydroxylation as demonstrated by XPS
and ATR-FTIR analyses. The reaction followed a pseudo-first
order rate law with the apparent reaction rate constant of 2.2 x
1072 h™". However, the core of the nanoparticles remained
intact over 21 days of irradiation. Although no mineralization
or dissolution of nCgs was observed, experiments using fullerol
as a reference fullerene derivative suggested likely dissolution
and partial mineralization of nCg under long-term UVA exposure.
Aquatic humic acid reduced nCg transformation kinetics
presumably due to scavenging of reactive oxygen species.
Results from this study imply that photochemical transformation
is an important factor controlling nCe physical and chemical
properties as well as its fate and transport in the natural aqueous
environment. In addition, changes in nCg surface chemistry
drastically reduced Cg extraction efficiency by toluene, suggesting
that the existing analytical method for Cgy may not be applicable
to environmental samples.

Introduction

Because of the unique physical, chemical, and electronic
properties attributable to their cage-like structures, fullerenes
are proposed for use in a wide range of applications including
optical, electronic, cosmetic, biomedical, and environmental
applications (I1—3). Although relevant environmental regula-
tions are still in discussion, fullerene-based consumer
products are already commercially available (4). It is now
well recognized that the potential large scale production of
nanomaterials such as fullerenes and their widespread use
in consumer products will inevitably result in their appear-
ance in natural environment. Concerns over the potential
negative impacts on human health and ecosystems have
motivated intensive study on the environmental fate and
transport of nanomaterials.

Cqo is one of the most attractive nanomaterials. Despite
its extremely low water solubility, Cg forms stable nanosized
particles in water, usually referred to as nCg, through solvent
exchange or extended stirring (5— 7). nCgy nanoparticles are
considered an environmentally relevant form of Csy and are
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being intensively studied regarding their formation, ag-
gregation, transport, and toxicity (8—14). However, most
existing studies on nCe fate and transport were performed
under simplified laboratory conditions, not representative
of the actual natural environment. The physicochemical
properties and chemical nature of nCg, can be altered by
environmental factors such as natural organic matter and
sunlight. Such environmental transformations will likely
change its environmental fate and toxicity.

Ceo possesses strong light absorptivity in the UV range
and is known to be highly photosensitive in organic solvents
(15, 16). However, little is known about photochemical
transformation, a primary process for natural transformation
of organic chemicals, of nCg itself in water. Based upon the
photochemical transformation or degradation of a wide
variety of aromatic organic compounds (e.g., PAHs) (17—19),
the photochemical transformation of fullerene is likely to be
an important environmental transformation pathway, par-
ticularly in surface waters. Hou and Jafvert (20, 21) first
reported decomposition of nCs, upon long-term exposure
to sunlight. nCq particles were found to disintegrate over
time and soluble reaction products were formed. Meanwhile,
singlet oxygen production was observed in the presence of
dissolved oxygen. Another study found that sunlight greatly
enhanced the dispersion of Cg into water and the nano-
particles dispersed under sunlight were photochemically
modified (22). More recently, Lee et al. (23) analyzed the
photochemical transformation products of nCs after expo-
sure to UVC (254 nm). Water-soluble compounds containing
various oxygen functional groups were identified as the major
products.

The objective of the reported study was to understand
the photochemical transformations of nCg, that may occur
in natural aqueous environments. nCg suspensions were
exposed to UVA irradiation (300—400 nm in wavelength),
the main component of UV light in solar irradiation. Changes
in physicochemical properties and chemical composition of
nCg were examined using various analytical techniques,
including total organic carbon (TOC), dynamic light scattering
(DLS), transmission electron microscopy (TEM), UV/vis
spectroscopy, X-ray photoelectron spectroscopy (XPS), and
Fourier transform infrared (FTIR) spectroscopy. The effect
ofhumic acid on the photochemical transformation rate was
also evaluated.

Materials and Methods
Chemicals. Sublimed Cs, fullerene powder (99.9% purity)
and hydroxylated Cg, fullerol (C(OH).(ONa),, x+y = 24, y
= 6—8) were obtained from Materials Electronics Research
Corporation (Tucson, AZ). Suwannee River humic acid
(SRHA) standard (II) was purchased from International
Humic Substances Society (IHSS, Atlanta, GA). The SRHA
stock solution at 625 mg/L was prepared by dissolving SRHA
powder in deionized water, adjusting the pH to 7.5 with
NaOH, and filtering through a 0.45 um pore size Whatman
membrane filter. Toluene used was Omnisolv grade with
over 99.99% assay (EMD Chemicals Inc., Gibbstown, NJ).
Other chemicals were reagent grade with purity greater than
99% (Fisher Scientific, Fair Lawn, NJ). All aqueous samples
were prepared using double deionized water produced by a
Barnstead Epure system (Dubuque, IA).

nGCgo Suspension Preparation. Aqueous nCgy suspensions
were prepared using a direct sonication method without the
use of an organic solvent. Cgo powder was pulverized using
agate mortar and pestle for 10 min to enhance the dispersion
rate and consistency. An aliquot of 150 mg pulverized Cg
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was added to 200 mL of deionized water in a 500 mL glass
beaker. The Cgp-water mixture was then sonicated using a
sonicating probe (Vibra-Cell VCX 500, Sonics & Material,
Newtown, CT) operated at 20% intensity (100 W) for 30 min.
The resulting suspension was then filtered through 2 ym
pore size Millex-AP membrane filters to remove large
aggregates. Several batches were prepared and combined to
avoid batch to batch variation. The stock suspension was
stored in dark at 4 °C. Particle size and Cg, concentration
were routinely monitored and were constant within the
period of this study.

Irradiation Experiments. [rradiation experiments were
performed in a Luzchem LZC-4V photoreactor (Luzchem,
Ottawa, Ontario, Canada). The photoreactor was equipped
with four 8 W black lamps (Hitachi FL8BL-B) that emit UVA
in the wavelength range of 300—400 nm centered at 350 nm.
UVA is the main component of UV light in the solar spectrum.
It makes up 4—5% of the total solar irradiation. The light
intensity at the center of the reactor was measured at
approximately 2 mW/cm? using a Radiometer (Control
Company, Friendswood, TX), comparable to the UVA in-
tensity of sunlight at the ground level on a sunny summer
day in Houston, Texas. In each experiment, four Erlenmeyer
flasks each containing 50 mL of sample were placed on the
merry-go-round at the center of the photoreactor and rotated
to ensure uniform exposure. All suspensions contained 3.8
mg/L nCg and 1 mM NaCl with unadjusted pH between 6
and 6.5. No detectable changes in pH were observed during
experiments. For experiments with SRHA, the SRHA stock
solution was added to nCs samples to achieve desired
concentrations. All samples were mixed for 30 min prior to
irradiation. As the photochemical reaction proceeded, samples
were withdrawn from the flasks for analysis. A ventilation
system circulated ambient air through the reactor to maintain
the temperature at 25 + 2 °C. For experiments under anoxic
conditions, the flasks were purged with ultrapure N, for 2 h
before the experiment and sealed. N, purging was also
maintained during sampling. All kinetic experiments were
performed in triplicate.

Quantitative Analysis of Cg. nCs concentration was
determined using a liquid—liquid extraction method (12).
Briefly, a portion of each sample, toluene, and 0.1 M
Mg(ClO,), were combined in the ratio of 5:5:2 and vigorously
mixed for 2 h on a orbital shaker. The extracted toluene phase
was analyzed by atmospheric pressure photoionization (APPI)
mass spectrometry to identify extracted compounds. The
concentration of Cg extracted into toluene was then deter-
mined by measuring UV absorbance at 335 nm, based upon
a calibration curve established using Cg solutions in toluene
(molar absorption coefficient = 0.0754 L mg~! cm™!). Total
organic carbon (TOC) concentration of nCg samples was
measured with a high sensitivity TOC analyzer (Shimadzu
Scientific Instruments, Columbia, MD).

Particle Characterization. Particle size and electro-
phoretic mobility of nCg particles were measured by dynamic
light scattering (DLS) and phase analysis light scattering,
respectively, using a Nano Zeta-sizer (Malvern Instruments,
Worcestershire, UK). The morphology and size of the particles
were also characterized using a JEOL-2010 transmission
electron microscope (TEM) (JEOL Inc., Peabody, MA).
Samples for TEM analysis were prepared by depositing 3 uL.
sample suspension on a 400-mesh carbon support film on
copper grid (Ted Pella, Redding, CA) and drying the sample
at room temperature overnight. UV/vis absorbance spectra
were obtained using a dual beam, high resolution UV/vis
spectrophotometer (UV-2550, Shimadzu Scientific Instru-
ments, Columbia, MD).

For more detailed characterization, XPS and attenuated
total reflectance (ATR)-FTIR analyses were performed with
concentrated samples (~100 mg/L). A protein concentrating
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FIGURE 1. TOC and extracted Cg concentrations as a function
of UV irradiation time.

centrifugal cartridge with a molecular weight cutoff of 30
kDa (Amicon Ultra 15, Millipore) was used to concentrate
the suspensions at 5000 rpm for 15 min. The XPS analysis
was carried out using a PHI Quanteria SXM scanning X-ray
microprobe ULVAC-PHI with an Almono, 24.8 WX- ray source
and a 200.0 um X-ray spot size at 45.0° (26.00 eV). XPS samples
were prepared by sputter coating a clean silicon wafer with
Au for 2 min at 100 mA and then evaporating 150 «L of the
concentrated samples on the wafer at room temperature
overnight (24). The ATR-FTIR analysis was conducted using
a Thermo Nicolet Nexus 670 FTIR spectrometer equipped
with a NICOLET Smart Golden Gate accessory. Fullerol was
also analyzed by XPS and FTIR as a reference compound of
derivatized Cg. Fullerol suspensions were prepared by
magnetically stirring the fullerol powder in deionized water
for 24 h and filtering the suspension through 2 ym pore size
Millex-AP membrane filters.

Results and Discussion

Photochemical Transformation of nCg,. The extent of
photochemical transformation was evaluated by measuring
TOC and nCg, concentration using the toluene-Mg(ClO,),
extraction procedure (Figure 1). APPI-MS analysis of the
extracted toluene phase showed that Cg was the only
compound extracted into toluene from the unirradiated and
irradiated samples (Supporting Information (SI) Figure S1).
Itisnoted that the concentration measured using the toluene-
Mg(ClO,), extraction method does not represent the total
concentration of Cg in the irradiated suspensions as
explained later. Although recovery of Cg is close to 100% for
underivatized nCg (12, 25), changes in surface chemistry
from photochemical transformation reactions may reduce
the extraction efficiency. Therefore, the term “extracted Cgy”
instead of “Cg concentration” is used in describing the
photochemical transformation rate. The reduction in the
amount of Cg extracted includes the loss of Cg due to
photochemical reactions as well as that due to reduction in
toluene extraction efficiency.

The dark control samples showed no measurable loss in
extracted Cg concentration (data not shown) over 3 months,
suggesting that no chemical transformation occurred in dark.
Upon UV irradiation, the extracted Cg concentration de-
creased rapidly with irradiation time with approximately 95%
reduction after 7 days. These data show that nCsy underwent
substantial photochemical transformation during the 7-day
irradiation. Based on the loss in the extracted Cg, concentra-
tion, the apparent transformation kinetics can be described
by a pseudo-first order reaction with an reaction rate constant
of 2.2 x 1072 h™!, corresponding to a half-life of 31 h. These
values are similar to those reported by Hou and Jafvert using
sunlight (20). On the other hand, TOC concentration
remained unchanged, suggesting no carbon mineralization


http://pubs.acs.org/action/showImage?doi=10.1021/es903713j&iName=master.img-000.jpg&w=198&h=139

0.5

— Oday
......... 3day
——=- 7day

0.4

03}

02r

Absorbance

0.1}

0.0 - : : :
200 300 400 500 600 700 800

Wavelength (hm)

FIGURE 2. UV/vis spectra of nCg at different irradiation time.

within this time frame. A very small decrease in TOC
concentration (0.25 mg/L) was observed after 21 days of
irradiation, much lower than that reported by Hou and Jafvert
based on the sum of Cg, concentration and soluble organic
carbon (20). Two potential reasons exist for such discrepancy:
Most phototransformation products are insoluble in water
and remain on the particle surface (i.e., not accounted for
by soluble organic carbon); The toluene-Mg(ClO,), extraction
method underestimates Cg, concentration when the surface
of nCg is derivatized due to phototransformation.

Characterization of Photochemical Transformation
Product(s). Although significant photochemical transforma-
tion of nCgy was observed, there were no notable changes in
physical properties of the nanoparticles within the 21-day
irradiation time. The yellow color of solution faded slightly,
while the particle size and surface zeta-potential remained
fairly constant. TEM imaging did not show notable changes
in particle morphology or size. Tables S1 and S2 summarize
the physical properties of the nCgy suspension during the
21-day exposure. The unchanged particle size and morphol-
ogy suggest negligible release of soluble phototransformation
products from the particles.

Figure 2 illustrates changes in the UV/vis spectrum of
nCgo during the 7-day irradiation. All absorbance spectra
showed maxima at 270 and 350 nm, and a broad band
between 410 and 555 nm, suggesting the presence of Cg in
the form of aggregated clusters (12). The absorbance between
200 and 800 nm slowly decreased as irradiation time
increased, although the extent of this decrease varied with
wavelengths. For example, a 20% reduction in the absorbance
at 350 nm, which is commonly used for nCsy concentration
measurement, was observed after 7 days of irradiation, while
the absorbance spectrum of the dark control remained
unchanged. An excellent correlation between the UV ab-
sorbance at 350 nm and Cgy concentration of the dark control
samples was also obtained (SI Figure S2), indicating that the
reduction in UV absorbance observed in the irradiation
experiment could be attributed to a reduction in Cg
concentration due to photochemical transformation of Cg,
in agreement with the observation from nCg, concentration
measurement by the toluene extraction method. Quantita-
tively, however, the reduction in UV absorbance at 350 nm
(20%) was much lower than that in the extracted Cgy (95%)
after 7 days of irradiation. An increase in irradiation time
from 7 to 21 days resulted in an additional 17% reduction in
UV absorbance at 350 nm, while the extracted Cg concen-
tration decreased from 5 to 3% of the initial concentration.
Two factors potentially contribute to such discrepancy.
Firstly, the intermediate product(s) of photochemical trans-
formation absorbs light in the wavelength range of 200—800
nm and undergoes further transformation; secondly, the
photochemical transformation reactions on the nCgy nano-
particle surface reduce the recovery of toluene extraction.
The observed reduction in UV absorbance was also much
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slower than that reported by Lee et al. using UVC (254 nm),
which showed ~20% reduction in the absorbance at 350 nm
within 2—3 h (23). The difference is attributed to the higher
absorptivity of Cg at 254 nm and the higher intensity of
irradiation used in that study.

In order to examine the changes in chemical composition
of nCsy nanoparticles as a result of photochemical trans-
formation, XPS analysis was performed. Figure 3 compares
the binding energy spectra of C(1s) electrons in the dark
control (spectrum i) and the sample after 7 days of irradiation
(spectrum ii). The XPS spectra of both samples have one
C(1s) peak at 284.3 eV, which can be attributed to sp2
hybridized carbon in Cg. For the irradiated sample, however,
a broad shoulder at higher binding energies was observed,
indicating the presence of highly oxidized carbon. Spectral
deconvolution suggests the presence of mono-oxygenated
carbon (C—O) at 285.6 eV and dioxygenated carbon (C=0
or O—C—0) at288 eV at 19 and 15%, respectively, of the total
carbon. These functionalities are the same as those reported
by Lee et al. (23) for nCg suspensions irradiated by UVC at
254 nm. In addition, the XPS spectrum of the irradiated
sample was similar to that of fullerol, a reference fullerene
derivative, (spectrum iv, Figure 3), indicating the similarity
in surface chemistry to fullerol.

It should be noted that XPS only probes the outer surface
of the particles with a penetration depth of 3—5 nm. In order
to determine whether the photochemical transformation
occurred throughout the nCgy particles, the core of the
particles was further analyzed by XPS after 1 min of Argon
ion etching (3 kV) to a depth of approximately 3 nm from the
particle surface. After the etching, the two peaks at higher
energy levels disappeared (spectrumiiii, Figure 3). In contrast,
the spectrum of the fullerol sample remained essentially
unchanged after the same etching process (SI Figure S3).
This suggests that oxidation of nCs during the 7-day
irradiation occurred only on the outer surface of the
nanoparticles. The core of the nanoparticles was still un-
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FIGURE 4. ATR-FTIR spectra of (i) Cg powder, (ii) nCq after
7-day irradiation, and (iii) fullerol powder.

derivatized Cg. This is consistent with the small changes of
UV/vis absorbance shown in Figure 2, supporting our
hypothesis that photochemical transformation on nCs
surface reduces toluene extraction efficiency and the Ce
concentration determined by the toluene extraction method
overestimates the photochemical reaction rate. Since there
was no change in particle size and morphology during the
same period, this result also indicates that the photochemical
oxidation products on the particle surface were not soluble
in water and hence not released from the particles. This differs
from the finding of Hou and Jafvert (20) and Lee et al. (23)
that nCe particle size decreased with irradiation time. This
may be attributed to the difference in reaction kinetics due
to different irradiation intensity and time as well as nCg
preparation method and hence nCg particle properties.

ATR-FTIR characterization of nCy suspensions after
irradiation provides further evidence for photochemical
oxidation of nCq particle surface (Figure 4). The IR spectrum
of pristine Cgy showed two sharp peaks at 1180 and 1430
cm™!, attributed to the C—C vibration of Cg (spectrum i).
The IR spectrum of the reference fullerol (spectrum iii)
exhibited several broad peaks at 3400 cm™! (O—H), 1710cm™!
(C=0), 1590 cm™! (C=C), 1370 cm ™! (C=C or C—O—H), and
1060 cm™! (C—0). These spectra are consistent with previ-
ously reported data for Cs powder as well as nCs (26, 27)
and fullerols (28, 29). Similar to that observed in XPS analysis,
the IR spectrum of the irradiated sample (spectrum ii) showed
the same absorbance peaks as those of fullerol. These same
absorbance peaks were reported for Cg oxidized by ozone
(24) or upon UVC irradiation (23). Unlike these previous
studies, however, two sharp peaks at 1180 and 1430 cm™!
corresponding to the parent Cq vibrations were also observed
in the spectrum of the product. This confirms that the core
of the particles is still underivatized Ceo.

Role of Dissolved Oxygen. The oxidative nature of the
photochemical transformation process suggests the involve-
ment of an oxidant, e.g., dissolved oxygen in water. Irradiation
experiments under anoxic conditions found that nCg
transformation was negligible in the absence of oxygen, in
contrast to the rapid decrease in extracted Cg, concentration
in the presence of dissolved oxygen (SI Figure S4). This is
consistent with previous studies using both UVA and UVC
irradiation (20, 23).

Effect of NOM on Photochemical Transformation Ki-
netics. Natural organic matter (NOM) is ubiquitous in the
aqueous environment. nCg in the aqueous environment will
inevitably encounter NOM, which is known to readily adsorb
onto nCg surface (25, 30). To examine the effect of NOM on
nCg photochemical transformation, irradiation experiments
were also performed in the presence of SRHA as a model
NOM. Results are presented in Figure 5. Without irradiation,
the toluene-Mg(ClO,), extraction method was able to recover
97—99% of Cg from the nCgp suspension in the presence of
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SRHA, suggesting that nCs was chemically intact in the
presence of SRHA and SRHA did not interfere with toluene
extraction of Cgp. However, the presence of SRHA significantly
reduced the photochemical transformation rate of nCe, as
demonstrated by the higher extracted Cg concentration
compared to that in the absence of SRHA. This inhibitive
effect was more profound at higher SRHA concentrations.
After 7 days of irradiation, the extracted Cg was 7, 24, and
40% of the initial concentration with 0, 5, and 10 mg/L SRHA,
respectively. NOM is known to generate reactive oxygen
species (ROS) upon photosensitization (31, 32). There have
been many studies demonstrating enhanced photodegra-
dation of organic chemicals in the presence of NOM due to
NOM mediated ROS formation (19, 33). On the other hand,
NOM can also reduce photodegradation rate through both
light screening and ROS scavenging (19, 34). In our study,
the observed inhibitive effect of NOM on nCg, transformation
suggests that NOM mediated photochemical transformation
was not an important pathway. Instead, light screening and
scavenging of ROS by humic acid adsorbed on nCg, surface
are more prominent mechanisms.

Photochemical Transformation of Fullerol. Because of
the similarity between the surface of phototransformed nCg
and fullerol as demonstrated in the XPS and ATR-FTIR results,
fullerol was used as a reference compound for the inter-
mediate phototransformation products formed on nCe
surface. Additional experiments using fullerol were carried
out to indirectly investigate the long-term photochemical
fate of nCgy. The initial TOC concentration of the fullerol
samples was kept the same as that of nCg suspensions used
in experiments described above (i.e., 3.8 mg C/L). Figure 6a
presents the changes in the UV/vis spectrum of the fullerol
suspension during 21 days of irradiation. Unlike nCg, the
fullerol suspension does not have any absorbance maximum
in the wavelength range of 200—800 nm. However, it does
exhibit significant UV absorbance in this wavelength range.
The reaction products are expected to have a lower level of
oxygenation or hydroxylation than fullerol and hence UV/
vis absorbance between that of nCsy and fullerol. This suggests
that the UV absorbance of the irradiated nCg, (Figure 2) is
partly attributable to photochemical oxidation products on
nCg surface. Therefore, direct measurement of UV absor-
bance may overestimate Cgo concentration. With irradiation,
the UV/vis absorbance of the fullerol solution decreased with
time, indicating decreased s-conjugation presumably due
toincreased hydroxylation or oxygenation of the sp2 carbons,
which has been shown to lighten the color of aqueous fullerol
solutions (35). The originally yellow color solution became
almost colorless after 21 days of irradiation.

Reduction in TOC was observed during irradiation of the
fullerol solution, showing mineralization of fullerol due to
photochemical oxidation. Changes in UV absorbance (at 350
nm) and TOC concentration of fullerol as a function of
irradiation time are presented in Figure 6b. Both the UV
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absorbance and TOC in the first week of irradiation could
be described by a pseudo-first order reaction with rate
constants 0f 4.6 x 1073 h™! (> =0.90) and 1.8 x 103 h™! (R?
= 0.97), respectively. The greater reduction in UV/vis
absorbance (58% in absorbance at 350 nm after 7 days) and
the substantial loss in TOC of the fullerol suspension
compared to the nCg suspension indicate that fullerol is
more susceptible to photochemical transformation. After 7
days of irradiation, the UV/vis absorbance continued to
decrease following the pseudo-first order reaction kinetics,
whereas the TOC concentration appeared to reach a plateau.
From the data shown in Figure 6, it is estimated that
approximately 60% of the initial TOC will remain as non
UV-absorbing compounds. These results are consistent with
the study by Kong et al. (36), which reported 47% miner-
alization of fullerol during simulated solar irradiation .
Photochemical Transformation of nCg and Its Envi-
ronmental Implication. Our study showed that photo-
chemical transformation of nCg occurred at significant rates
under UVA irradiation at intensity similar to sunlight in the
presence of oxygen. The nCg surface was oxygenated/
hydroxylated, resulting in intermediate products similar to
fullerol. Unlike that observed with UVC irradiation (23), no
significant release of soluble reaction products was observed
within 3 weeks of irradiation. The photochemical oxidation
reaction was limited to the surface of the nCyy nanoparticles
for an extended period of time (e.g., 21 days) with the particle
core unchanged. Changes in particle surface chemistry led
to decrease in Cg extraction efficiency by the toluene-
Mg(ClO,), method, suggesting that the existing analytical
method for Cs may not be applicable to environmental
samples in which nCg, particle surface is altered by pho-
totransformation. These changes are expected to alter nCgp
transport behaviors including aggregation and deposition
as well as bioavailability and toxicity. Therefore, photo-
chemical transformation processes should be considered

carefully in environmental fate and transport modeling and
risk assessment of Cg. Experiments with fullerol as a
hydroxylated intermediate reaction product demonstrated
the potential of mineralization of Cs over long-term ir-
radiation, although a large fraction of transformation prod-
ucts remained as non-UV absorbing soluble compounds,
whose chemical nature and environmental impact are
unknown. In addition, photochemical transformation of
fullerol may limit its potential application as a photocatalyst
for water treatment (37, 38).
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