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ABSTRACT: The study investigated the photochemical
transformation of carboxylated multiwalled carbon nanotubes
(COOH-MWCNTs), an important environmental process
affecting their physicochemical characteristics and hence fate
and transport. UVA irradiation removed carboxyl groups from
COOH-MWCNT surface while creating other oxygen-
containing functional groups with an overall decrease in total
surface oxygen content. This was attributed to reactions with
photogenerated reactive oxygen species (ROS). COOH-
MWCNTs generated singlet oxygen (1O2) and hydroxyl
radical (•OH) under UVA light, which exhibited different
reactivity toward the COOH-MWCNT surface. Inhibition
experiments that isolate the effects of •OH and 1O2 as well as
experiments using externally generated •OH and 1O2 separately revealed that •OH played an important role in the
photochemical transformation of COOH-MWCNTs under UVA irradiation. The Raman spectroscopy and surface functional
group analysis results suggested that •OH initially reacted with the surface carboxylated carbonaceous fragments, resulting in
their degradation or exfoliation. Further reaction between •OH and the graphitic sidewall led to formation of defects including
functional groups and vacancies. These reactions reduced the surface potential and colloidal stability of COOH-MWCNTs, and
are expected to reduce their mobility in aquatic systems.

■ INTRODUCTION

The remarkable electronic, mechanical, and optical properties
of carbon nanotubes (CNTs) have enabled a wide range of
promising applications.1 The annual production of CNTs in the
United States has exceeded 2000 tons in 2011.1 The fast
growing production and potential widespread use in consumer
and industrial products (e.g., electronics, composite materials,
and sporting equipment) may result in significant environ-
mental exposure and calls for careful assessment of their
potential risk to human health and ecosystems. The fate,
transport, and toxicity of CNTs need to be carefully studied to
assist risk assessment as well as mitigate potential hazards.
Environmental transformation of CNTs could lead to

changes in their physicochemical properties that govern their
mobility and toxicity. Several studies have investigated the
potential routes of CNT transformation or degradation under
natural conditions, most of which focus on enzyme-catalyzed
degradation processes.2−4 Peroxidase enzymes, mainly horse-
radish peroxidase and myeloperoxidase, were reported to
degrade single-walled carbon nanotubes (SWCNTs) and
multiwalled carbon nanotubes (MWCNTs) in the presence
of trace amount of H2O2.

3,4 The degradation was attributed to
the high oxidative potential of peroxidases and their byproducts
such as hypochlorite.2 However little is known about the abiotic
transformation of CNTs in the environment. Our recent study
reported that COOH-MWCNTs lost surface oxygen-contain-

ing functional groups under UVA irradiation in aqueous
solutions.5 Many carbon based nanomaterials including full-
erenes, graphene oxides, and carbon nanotubes possess unique
photochemical properties. Fullerene nanoparticles are able to
generate 1O2 through energy transfer within solar spectrum,
which in turn oxidizes fullerene molecules, resulting in water-
soluble fullerene derivatives and eventually mineralization.6−11

Graphene oxide behaves similar to a semiconductor photo-
catalyst under UV light, generating electron−hole pairs which
leads to graphene oxide with less oxygen content and CO2 and
H2 evolution.

12 Certain CNTs (e.g., carboxylated SWCNT and
MWCNT) were found to produce ROS when exposed to UVA
light or near-infrared light.5,13,14 ROS have similar or higher
oxidative potential than the oxidants involved in the enzyme-
catalyzed degradation processes and are produced right on the
CNT sidewall, where they have easy access to reactive sites. We
hypothesize that COOH-MWCNTs will undergo photo-
chemical transformation under solar irradiation by reacting
with self-generated ROS, and such transformation will lead to
changes in their physicochemical characteristics and con-
sequently fate and transport in the environment.
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In this study, we examined our hypothesis and investigated
mechanisms of the photochemical transformation of COOH-
MWCNTs under UVA light, the major UV component in
sunlight. ROS generation by COOH-MWCNTs under UVA
light was quantified using probe molecules, and their respective
impacts on COOH-MWCNT surface chemistry and colloidal
stability were examined using individual, externally generated
ROS. Experimental data showed strong evidence that self-
generated ROS played critical roles in the photochemical
transformation of COOH-MWCNTs under UVA irradiation,
which led to reduction in surface oxygen mainly through
removal of carboxyl groups. Such transformation reduced the
surface potential and consequently colloidal stability of COOH-
MWCNTs, suggesting reduced mobility in the aquatic
environment.

■ MATERIALS AND METHODS
Materials. COOH-MWCNTs (>95%, PD15L1-5-COOH)

were purchased from NanoLab, Inc. (Newton, MA) with
reported diameter and length to be 15 ± 5 nm and 1−5 μm,
respectively. They were produced by refluxing pristine
MWCNTs synthesized by chemical vapor deposition in a
concentrated HNO3/H2SO4 mixture. Terephthalic acid (TPA,
>99%) was purchased from Acros Organics (New Jersey,
U.S.A.). Furfuryl alcohol (FFA, 98%), 2,3-bis(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT,
>90%), 2-hydroxyterephthalic acid (HTPA, 97%), Rose Bengal
(95%), 2,2,2-trifluoroacetic anhydride (TFAA, >99%), 2,2,2-
trifluoroethanol (TFE, >99%), N,N′-di-tert-butyl-carbodiimide
(DTBC, >99%), and 2,2,2-trifluoroethylhydrazine (TFH, 70 wt.
% solution in water) were purchased from Aldrich Chemicals
(Milwaukee, WI). All other chemicals were reagent grade.
Deionized water (18.2 MΩ·cm resistivity at 25 °C) was
produced by a Barnstead Epure water purification system
(Dubuque, IA).
Preparation of COOH-MWCNT Stock Suspension. The

aqueous COOH-MWCNT stock suspension was prepared by
direct sonication. Forty milligrams of COOH-MWCNT was
added to 400 mL deionized water in a 500-mL glass beaker.
The mixture was placed in an ice bath and sonicated with a
sonicating probe (Vibra-Cell VCX 500, Sonics & Material,
Newtown, CT) at 100 W for 30 min. A stable suspension was
obtained after sonication and was stored in dark at room
temperature until use.
Photochemical Reaction Experiments. Photochemical

reaction experiments were carried out in a Luzchem LZC-4 V
Photoreactor (Luzchem, Ottawa, Ontario, Canada). Eight 8W
black-light lamps (EIKO F8T5/BL, 4 on each side) with an
emitting spectrum in the UVA range (centered at 350 nm)
were employed to mimic the UVA fraction of the solar
spectrum. The total light intensity at the center of the reactor
where the sample suspension was located was measured to be
2.4 mW/cm2 using a radiometer (Control Company, Friends-
wood, TX). This intensity is comparable to the UVA intensity
of sunlight measured at the ground level on a sunny day in
Houston, Texas. In most experiments, a 500-mL glass beaker
containing 400 mL of 10 mg/L COOH-MWCNTs with
unadjusted pH (5.7 ± 0.3) was placed at the center of the
photoreactor and exposed to the irradiation for predetermined
periods of time. For experiments under anoxic conditions, 100
mL COOH-MWCNT suspension (10 mg/L) in a 150-mL glass
bottle was purged with N2 for 1 h and sealed before irradiation.
A parallel sample without N2 purge was irradiated in a 150-mL

glass bottle with the cap open. The dissolved oxygen (DO)
concentration in the suspension was measured by a dissolved
oxygen meter (YSI 550A, YSI Incorporated). After irradiation,
the CNTs in the suspension were collected by filtering the
suspension through a 0.1-μm PVDF membrane (Millipore,
Billerica, MA). The CNTs retained on the membrane were
thoroughly washed with deionized water. In the L-histidine
inhibition experiment, CNTs were washed with 100 mL
deionized water for 3 times and 100 mL methanol for 8 times
(Supporting Information Figure S1). Samples were dried in
vacuum at 80 °C for 24 h before further analysis.

ROS Measurements. Production of 1O2, O2
−, and •OH

was characterized using respective ROS probes under the same
irradiation conditions used in the photochemical reaction
experiments. 100 mL suspension of 10 mg/L COOH-
MWCNTs with the respective ROS probe was covered with
vented parafilm, stirred, and irradiated by UVA light at ∼2.4
mW/cm2 provided by six 4W black-light lamps (EIKO F4T5/
BL, centered at 350 nm, three on each side) in a custom-made
photoreactor. Sample aliquots of 5 mL were withdrawn at
predetermined times and filtered through 0.2-μm pore size
PTFE syringe filters (Millipore, Billerica, MA) before analysis
of the remaining probe compound or reaction product. For
•OH analysis, samples were filtered through 30 K MWCO
centrifugal filters (Amicon Ultra, Millipore, Massachusetts)
because the measurement was highly sensitive to remaining
CNTs and fragments even at trace amount. Before sampling,
deionized water was added to compensate the volume loss due
to evaporation. Blank experiments were run using solutions
containing only the ROS probes under the same irradiation
conditions described above; dark control experiments were also
performed for each CNT/ROS probe combination.
FFA, XTT, and TPA were used as probes for 1O2, O2

−, and
•OH, respectively. 1O2 generation was quantified by the loss of
FFA15 added at an initial concentration of around 0.2 mM. At
this concentration, FAA is specific to 1O2.

16,17 The remaining
FFA in the filtered samples was analyzed by an HPLC
(SHIMADZU, Japan) equipped with a C18 column (Ecilipse
XD8, Agilent) and a UV detector at 218 nm. The mobile phase
comprised 30% acetonitrile and 70% 0.1 wt % phosphoric acid
and was run at 0.5 mL/min.
O2

− production was determined by the generation of XTT
formazan at an XTT initial concentration of 0.05 mM.13,18 The
0.05 mM XTT solution was filtered through 0.45-μm
membrane before use. The formation of XTT formazan was
monitored using a SHIMADZU UV−vis spectrophotometer at
470 nm.
The production of •OH was characterized using a

fluorescence probe, TPA.19,20 TPA was dissolved in 2 mM
NaOH, stirred for 24 h, filtered through a 0.45-μm membrane,
and added to the COOH-MWCNT suspension at 458 μM. The
reaction between •OH and TPA produces HTPA, which was
analyzed by fluorescence spectroscopy (HITACHI F-2500,
Japan) with excitation and emission wavelengths of 315 and
425 nm, respectively.

Reactions with Externally Generated ROS. As shown
later, the COOH-MWCNTs generate more than one ROS
under UVA irradiation, but at very low concentrations. To
study the reactions between COOH-MWCNTs and individual
ROS within a reasonable time frame, external ROS sources
were used. •OH was generated by UV photolysis of H2O2. 50
mL 100 mg/L COOH-MWCNTs was mixed with 50 mL 30%
H2O2 in a 150-mL glass beaker and exposed to UVA irradiation
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at 2.0 mW/cm2 in the Luzchem LZC-4 V Photoreactor. After
predetermined time, the suspension was filtered through a 0.1-
μm membrane, and CNTs were collected, washed with
deionized water, and dried in vacuum at 80 °C for 24 h before
further analysis.

1O2 was produced by photosensitizing Rose Bengal using
visible light from eight fluorescence lamps (SYLVANIA F8T5/
CW) in the Luzchem LZC-4 V Photoreactor. Oxygen was
continuously added into the solution containing 50 mg/L
COOH-MWCNTs and 12.5 μM Rose Bengal. After
predetermined reaction time, the CNTs were collected by
filtering the suspension through a 0.1-μm membrane, and
washed with 100 mL methanol for 6 times to remove adsorbed
Rose Bengal. The samples were further washed with deionized
water and dried in vacuum at 80 °C for 24 h before analysis.
Characterization of COOH-MWCNTs. The surface

chemical composition of CNTs was characterized using X-ray
photoelectron spectroscopy (XPS). XPS analyses were carried
out using a PHI Quanteria SXM scanning X-ray microprobe
ULVAC-PHI with a 24.8 W X-ray source and a 200.0 μm X-ray
spot size at 45.0° (26.00 eV). The atomic concentrations of
different elements were quantified by the areas of correspond-
ing photoelectron peaks. The concentrations of three major
oxygen-containing functional groups including carboxyl,
hydroxyl and carbonyl were quantified using a chemical
derivatization method in conjunction with XPS.21,22 Functional
groups were quantified one at a time. The recipes of derivation
reagents were as follow: 1.0 mL TFE, 0.4 mL pyridine and 0.2
mL DTBC for carboxyl groups; 1.0 mL TFAA for hydroxyl
groups; and 0.4 mL TFH for carbonyl groups. Briefly, a piece of
CNT cake layer was placed in a 1.5 mL microcentrifuge tube
with cap removed. The derivation reagents for a specific
functional group were added into a glass reaction vessel
(Supporting Information Figure S2) and put in liquid nitrogen.
After the reagents were completely frozen, the reaction vessel
was withdrawn from the liquid nitrogen. The microtube
containing the CNT sample was immediately put into the
reaction vessel, which was evacuated using a vacuum pump and
sealed. The derivatization reaction was allowed to proceed for
24 h at room temperature, and the samples were analyzed
immediately by XPS. The atomic oxygen concentrations in
major oxygen-containing functional groups including carboxyl,
hydroxyl, and carbonyl was calculated from the C(1s), F(1s),
and N(1s) contents after derivatization and the surface carbon
concentration prior to derivatization. Oxygen associated with
other functional groups, termed residue oxygen, was calculated
from the difference between the total surface oxygen
concentration and that associated with the three major
oxygen-containing functional groups.
Raman spectra of CNT samples were acquired using a

RENISHAW in Via Raman microscope (RENISHAW, Hoff-
man Estates, IL) with a 514 nm laser focused through a 50×
objective lens. Each sample was scanned 10 times. The
hydrodynamic diameter of CNTs were measured five times at
23 °C by dynamic light scattering (DLS) using a Zen 3600
Zetasizer Nano (Malvern, Worcestershire, U.K.). The ζ
potential of CNTs in 1 mM NaCl solution was measured in
folded capillary cells (Malvern, Worcestershire, U.K.) by phase
analysis light scattering (PALS) at 23 °C. Ten measurements
were carried out for each sample.
Sedimentation Experiments. Sedimentation experiments

were conducted to characterize COOH-MWCNT colloidal
stability before and after reaction. Immediately before

sedimentation experiments, COOH-MWCNT samples were
resuspended in deionized water using a sonication cup horn
(Sonics & Material, Newtown, CT) at 100 W for 5 min. The
ionic strength of the suspension was adjusted to 10 mM using
NaCl to induce aggregation and sedimentation. Sedimentation
kinetics was characterized by monitoring light absorbance at
350 nm as a function of time using a SHIMADZU UV−vis
spectrometer.

■ RESULTS AND DISCUSSION
Changes in COOH-MWCNT Surface Chemistry under

UVA Irradiation. The hydrodynamic diameter of COOH-
MWCNTs in deionized water was 236 ± 4 nm, close to the
value reported in our previous study using the same preparation
method.23 The total surface oxygen concentration of COOH-
MWCNTs (O[Total]) before and after exposure to UVA light
is compared in Figure 1. UVA irradiation reduced the O[Total]

from 10.50 ± 0.69% to 8.58 ± 0.33% in 7 days. The decrease in
O[Total] after UVA irradiation agrees with our earlier study.23

In the meantime, oxygen associated with carboxyl groups,
O[COOH], decreased from 6.00 ± 0.17% to 2.72 ± 0.32%,
while O[OH] and O[CO] increased slightly and the residue
oxygen (O[Residue]) increased from 3.12 ± 0.72% to 4.09 ±
0.50%. Changes of COOH-MWCNT surface functionality
during UVA irradiation were previous studied by deconvolving
XPS C(1s) spectra.23 The C(1s) spectra of the initial and 7-day
irradiated COOH-MWCNT samples were deconvolved into
three peaks, representing underivatized, mono-oxygenated
carbon, and dioxygenated carbon. The percentage of
dioxygenated carbon (CO and O−C−O) was significantly
reduced by UVA irradiation, while mono-oxygenated (C−O)
and underivatized carbon slightly increased, consistent with our
results (Figure 1). While decarboxylation of COOH-MWCNTs
was suggested in this earlier study,5 the current study provides
direct evidence.

Figure 1. Surface oxygen (atomic %) and its composition on the initial
and 7-day UVA-irradiated (7DUV) COOH-MWCNT surfaces. Error
bars represent standard deviation. Star signs (*) denote statistically
significant difference (p < 0.05, t-test) from the initial condition.
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ROS Production by COOH-MWCNTs. Our results show
that COOH-MWCNTs generated notable amount of 1O2 and
•OH, but little O2

− during UVA irradiation (Figure 2). No
significant amount of XTT formazan was generated during 69 h
of UVA irradiation (data not shown), suggesting little O2

−

production.

Figure 2a presents FFA concentration as a function of
reaction time. In dark conditions, FFA, the 1O2 probe, was
stable both with and without COOH-MWCNTs. In the
absence of COOH-MWCNTs, 6.6% FFA was lost after 47.3
h irradiation due to volatilization. FAA degradation was much
faster in the presence of 10 mg/L COOH-MWCNTs, with a
12.4% loss in the same time period, suggesting production of
1O2 by the CNTs. After adjusted for volatilization using the
UVA irradiated FFA control data, the pseudosteady-state
concentration, [1O2]ss, was calculated to be 2.31 × 10−15 M.
This value is comparable to [1O2]ss generated by carboxylated
and polyethylene glycol functionalized SWCNTs (3.3 × 10−14

and 1.46 × 10−14 M, respectively) exposed to a UVA light at
higher intensity.13

The production of HTPA from reaction of TPA with •OH is
shown in Figure 2b. In dark conditions, small amount of HTPA

was formed, indicating that COOH-MWCNTs might be able to
oxidize TPA without photoexcitation. During UVA irradiation,
the HTPA concentration increased with increasing irradiation
time in the presence of COOH-MWCNTs, while little HTPA
was formed in the absence, indicating photogeneration of •OH
by COOH-MWCNTs. The pseudosteady-state concentration
[•OH]ss, was calculated to be 2.00 × 10−19 M, much lower than
previous reported for carboxylated SWCNTs (1.58 × 10−15 M)
exposed to a UVA light at higher intensity.13

It is worth noting that the actual ROS production by
COOH-MWCNTs is difficult to quantify due to the micro-
heterogeneous distribution of ROS in solutions.24,25 The short
lifetime of 1O2 and

•OH (∼4 μs and ∼nanoseconds in water,
respectively26,27) leads to very limited diffusion length. Thus a
steep ROS concentration gradient is expected from the CNT
surface to the bulk solution. Earlier studied have reported that
the 1O2 concentration inside and near the irradiated humic acid
macromolecules was 2−3 orders of magnitude higher than the
value measured in the bulk aqueous phase using FFA.24,28 As a
result, the ROS could have much greater impact on CNT
surface chemistry than that expected based on the measured
bulk concentrations as they were generated and consumed right
on the CNT surface. The photoactivity of CNTs was also
reported to depend on their surface functionality and defects.13

Unfunctionalized CNTs were found to exhibit no ROS
production under UVA light; while carboxylated and poly-
ethylene glycol functionalized CNTs were both photo-
active.13,14 Therefore, loss of surface oxygen-containing groups
during UVA irradiation may gradually reduce the photoactivity
of the nanotubes.

Inhibition Experiments. To further reveal the reaction
mechanisms, three sets of inhibition experiments were
conducted and the results are summarized in Figure 3. In the
first experiment, L-histidine was used to scavenge both 1O2 and
•OH.29 In the presence of 10 mM L-histidine, there was no

Figure 2. FFA loss, representing 1O2 generation (a), and HTPA
generation, representing •OH generation (b) as a function of
irradiation time with and without the presence of 10 mg/L COOH-
MWCNTs and UVA light. Error bars represent standard deviation.

Figure 3. Surface oxygen (atomic %, O[Total]) of COOH-MWCNTs
before and after UVA irradiation in deionized water (3DUV, 7DUV),
10 mM L-histidine (7DUV Histidine) or Na2SO3 (7DUV Na2SO3),
and under aerobic (14DUV Aerobic) or anoxic (14DUV Anoxic)
conditions. Note that the 14DUV Aerobic and 14DUV Anoxic
samples were irradiated in glass containers different from other
samples which attenuate more UVA light. Error bars represent
standard deviation. Star signs (*) denote statistically significant
difference between linked data points (p < 0.05, t-test).
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significant change in O[Total] after 7 days of irradiation,
suggesting that 1O2 and/or

•OH played an important role in
the photochemical transformation of the COOH-MWCNTs.
The irradiation was also carried out under anoxic conditions
(DO = 0.68 mg/L). Because 1O2 is reported to be produced by
a type II photosensitization reaction where the photoexcited
CNTs transfer energy to dissolved O2,

13 its production is
expected to be suppressed in anoxic condition. A previous study
showed that phototransformation of fullerene nanoparticles was
inhibited in anoxic condition due to limited 1O2 formation.

10

However, O[Total] after 14 days of UVA irradiation, 8.37 ±
0.50%, was similar to that after a parallel experiment under
aerobic conditions (DO = 5.33 mg/L). The result suggested
that reaction with 1O2 was not an important mechanism for the
photochemical transformation of COOH-MWCNTs. On the
other hand, •OH is reported to be photogenerated through
either reactions between oxidized carbon nanotubes and water
or electron transfer to molecular oxygen.13,14 The similar
phototransformation in aerobic and anoxic conditions suggest
that the latter is not an important pathway. UV excited
SWCNTs were previously suggested to be able to react with
water to yield •OH.30 It is possible that COOH-MWCNTs may
photogenerate •OH through the same pathway. Another
possible mechanism is that highly oxidized CNT sidewall
fragments possess photoactivity similar to graphene oxide,
which can be excited by UVA light to generate electron−hole
pairs.12 The electron holes can either directly react with
COOH-MWCNTs or form •OH with water, both leading to
the oxidation of COOH-MWCNTs. Significant mineralization
of COOH-MWCNTs was detected during UVA irradiation
(Supporting Information Figure S3), consistent with the
oxidation process induced by ROS. Irradiation experiments
were further carried out in the presence of an electron hole and
•OH scavenger, Na2SO3.

31,32 As shown in Figure 3, the
COOH-MWCNT phototransformation was inhibited by 10
mM Na2SO3, consistent with the hypothesized role of electron
holes and/or •OH in photochemical transformation of COOH-
MWCNTs. However, the relative contribution of each
mechanism requires further investigation.
Reactions of 1O2 and •OH with COOH-MWCNTs. To

better isolate the effects of 1O2 and
•OH and to accelerate the

reactions, external sources of 1O2 and
•OH were used to react

with COOH-MWCNTs.
Rose Bengal was excited by visible light to produce 1O2 at a

steady state concentration of 7.27 × 10−12 M. As shown in
Figure 4, there was notable increase in O[OH], O[CO] and
O[Residue] on the COOH-MWCNT surface, while O-
[COOH] decreased from 6.00 ± 0.17% to 3.94 ± 0.31%
after 3 days of reaction. These trends agree with the
corresponding changes in surface functional groups during
the photo reaction experiment. The increase in O[OH],
O[CO] and O[Residue] is also consistent with previous
experimental studies and density functional theory calculations,
which showed that 1O2 can oxidize pristine SWCNT to
produce surface oxides such as cycloaddition and epoxy
structures.30,33,34 However, the O[Total] of COOH-MWCNTs
had no significant change after reactions with 1O2. This shows
that 1O2 contributes to both surface oxide formation and
decarboxylation.

•OH was generated by direct photolysis of H2O2 with a UVA
source, and the [•OH]ss was measured to be the 5.53 × 10−16

M. Compared to this high external [•OH]ss, the impact of ROS
generated by COOH-MWCNTs was expected to be negligible.

The O[Total] and the distribution of major oxygen-containing
functional groups after reacting with •OH are presented in
Figure 5. The O[total] decreased gradually with increasing
reaction time and reached a plateau at ∼5% O after 11 h.
Reactions between MWCNTs and H2O2 in dark had much less
influence on the CNT surface oxygen content as H2O2 was a
much weaker oxidant than •OH (Figure 5a). To rule out the
possibility that the plateau was due to H2O2 depletion, another
experiment was performed (denoted as pentagram in Figure
5a) in which COOH-MWCNTs were harvested after 16.5 h,
resuspended in a fresh 15% H2O2 solution and reacted for
another 7.5 h. The O[total] measured (4.90 ± 0.14%) was
similar to that measured without H2O2 replenishment,
suggesting the plateau was not caused by H2O2 depletion.
The oxygen-containing functional groups have different
reactivity toward •OH depending on their nature and location.
However, given the high oxidative potential of •OH (E0 = 2.3
V),35 it is unlikely that these oxygen-containing groups (∼ 5%
O) are inert to •OH. Reactions with •OH are hypothesized to
both add (by oxidizing carbon) and remove (by decarbox-
ylation) oxygen as shown in eqs 1−4.36,37

Figure 4. Surface oxygen (atomic %) and its composition on the
original and 72 h 1O2-treated COOH-MWCNTs surfaces. Error bars
represent standard deviation. Star signs (*) denote statistically
significant difference (p < 0.05, t-test) from the initial condition.
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The •OH can oxidize graphitic carbon to generate oxygen-
containing functional groups (eqs 1−3); meanwhile it also can
remove carboxyl groups and generate CO2, as supported by the
observed mineralization of COOH-MWCNTs under UVA light
(Supporting Information Figure S3). We speculate that this
dynamic process reached equilibrium after 11 h at around 5%
O. Figure 5b shows that COOH-MWCNTs continuously lost
carboxyl groups upon reaction with •OH, while concentrations
of other oxygen-containing functional groups have no
distinguishable trend.
The changes in COOH-MWCNT surface structure was

studied by Raman spectroscopy. COOH-MWCNTs have three
characteristic modes: the radial breathing mode, the tangential
mode (G-band (∼1585 cm−1)) and the D mode (∼1353
cm−1). The D mode is the most studied feature, and its
intensity is commonly associated with defects or amorphous
carbon.38,39 The G-band, on the other hand, is typically
associated with well-ordered sp2 carbon on the graphitic

sidewall. The intensity ratio of these two bands, ID/IG, was
suggested to be a sensitive indicator for the abundance of
defects.40 The ID/IG of COOH-MWCNTs slightly increased
from 0.915 to 0.921 after 72 h of reactions with 1O2. This is
consistent with the finding that reactions with 1O2 introduced
oxygen-containing functional groups, resulting in more defects.
Interestingly, the ID/IG value sharply decreased from 0.915 to
0.779 in the first 2 h of reaction with •OH and increased
afterward (Figure 6). Such nonmonotonic change of ID/IG

value was also observed in enzyme-catalyzed degradation of
oxidized MWCNTs and was attributed to the exfoliation of
highly oxidized graphitic lattice from the nanotube surface.4

The COOH-MWCNTs used in this study is modified from
pristine MWCNTs by sulfuric/nitric acids treatment. It has
been reported that a large portion of the carboxyl groups
created by acid treatment is on carboxylated carbonaceous
fragments (CCF) on the nanotube surface.39 We speculate that
the initial decrease of ID/IG and O[COOH] is caused by the
degradation or exfoliation of CCF, which is known to lower the
D-band intensity as the inner graphitic sidewall is exposed.39

The following increase of ID/IG is attributed to the formation of
defects (e.g., functional groups and vacancies) on the graphitic
sidewall, which has been observed in many studies when
pristine CNTs underwent surface oxidation.36,37,41,42 The ID/IG
continued to rise after 11 h of reaction when the surface oxygen
remained constant, suggesting formation of new oxygen
containing functional groups and vacancies (from decarbox-
ylation), which may eventually lead to the degradation of the
CNT structure.

Impact of OH on the Stability of COOH-MWCNTs. Our
previous study found that UVA irradiation reduced the negative
surface potential and colloidal stability of COOH-MWCNTs in
NaCl solutions,5 which was attributed to the loss of carboxyl
groups as shown in Figure 1. Figure 7a presents the
sedimentation curves of COOH-MWCNTs after reacting
with •OH for various period of time. The initial COOH-
MWCNTs were very stable in 10 mM NaCl due to their highly
negatively charged surfaces. The stability of COOH-MWCNTs
gradually decreased with increasing reaction time with •OH.
This decrease in stability is consistent with the change in

Figure 5. Surface oxygen (atomic %) (a) and the distribution of major
oxygen-containing functional groups (b) on initial and •OH-treated
COOH-MWCNTs surfaces as a function of reaction time with •OH.
Error bars represent standard deviation. Each reaction time represents
an independent experiment. Star signs (*) denote statistically
significant difference (p < 0.05, t-test) from the initial condition.

Figure 6. Intensity ratio of the D mode and the G mode of COOH-
MWCNT Raman spectra, ID/IG, as a function of reaction time with
•OH.
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surface ζ potential (Figure 7b). Reactions with •OH reduced
the negative surface ζ potential of COOH-MWCNTs, leading
to weaker electrostatic repulsion and hence faster aggregation
and sedimentation. To better understand the role of surface
functionality in COOH-MWCNT mobility, the relationships
between O[Total] or individual functional groups and the
stability were examined. Pristine MWCNTs and MWCNTs
with low O[Total] were known to be unstable in aqueous
phase and the stability of MWCNTs can be improved by
increasing O[Total].43,44 However, the stability of COOH-
MWCNTs did not correlate well with the O[Total]. It
continued to decrease after 11 h of reaction, when O[Total]
remained stable. On the other hand, a good correlation was
found between the O[COOH] and the stability of COOH-
MWCNTs (Figure 7a and Supporting Information Figure S4).
Considering that carboxyl groups are the main oxygen-

containing functional groups that dissociate at the experiment
pH, they are expected to be the major factor that controls the
surface charge and the stability of COOH-MWCNTs. The
results agree with our previous study of COOH-MWCNT
stability before and after UVA irradiation23 as well as earlier
studies examining the influence of surface functionality on the
stability of acid modified MWCNTs.43,45 The change of surface
oxygen-containing functional groups is also expected to
influence the interactions between COOH-MWCNTs and
natural organic matter46 which is reported to strongly stabilize
MWCNTs through steric repulsion.46,47 These results highlight
the important role of ROS-mediated transformation of COOH-
MWCNTs in their environmental transport. On the other
hand, aggregation of fullerenes was found to significantly inhibit
their ability to generate ROS in UVA light due to self-
quenching.8,9 Destabilization of COOH-MWCNTs during
ROS-mediated transformation may also lead to reduced
photoactivity.

Environmental Implication. This investigation reveals
that COOH-MWCNTs undergo photochemical transformation
at significant rates under UVA irradiation at intensity similar to
that in sunlight. Thus COOH-MWCNTs are expected to be
reactive and their surface chemistry is dynamic in natural
aquatic systems. Such dynamic transformation is expected to
have significant implications for CNT fate and transport
modeling and risk assessment. The photochemical trans-
formation processes are mediated by ROS. In natural aquatic
environments, ROS can be generated by nitrite and nitrate
photolysis, natural organic matter photosensitization and
photo-Fenton reactions. Interactions between CNTs and
these ROS generation processes and their importance relative
to ROS photogeneration by CNTs themselves need further
investigation. Findings from this study also provide some
insight on the fate of CNTs in advanced oxidation processes for
water treatment. For instance, the [•OH]ss in the H2O2/UVC
process is usually orders of magnitude higher than the [•OH]ss
generated by the H2O2/UVA process used in this study. CNTs
in the water/wastewater stream are therefore expected to be
oxidized or even mineralized during the H2O2/UVC process.
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