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ABSTRACT: Carbon nanomaterials from various sources are the important
component of PM2.5 and have many adverse effects on human health. They are
prone to interact with other pollutants and subsequently age, defined here as changes
in chemical properties. In this work, we investigated the aging process of various
carbon nanoparticle samples such as Special Black 4A, Printex U, single-walled carbon
nanotubes, and hexane flame soot by ambient air and studied the evolution of their
oxidation potential. We found that coatings of inorganic and organic species
dominated the aging process of carbonaceous particles by ambient air. The amounts
of disordered carbon and C−H functional groups of aged carbonaceous particles
decreased during the aging process; meanwhile, the contents of sulfate and nitrate
showed significant increases. In addition, the oxidation potential measured by the
dithiothreitol assay remarkably declined as a function of aging time with ambient air evidently because of heterogeneous
reactions between SO2 and NO2, as well as the coating with organic vapors. This work is important for understanding the
oxidation potential changes of carbonaceous particles during atmospheric transport.

1. INTRODUCTION

Soot particles (black carbon) originating from incomplete
combustion of fuels are an important component of
atmospheric particulate matter.1 For example, it contributed
around 5.5% of particular matter (PM) in Xi’an, China. China
and India may account for 25−35% of the global soot
emissions,2 and the emission of soot in China reached 1.81 ×
106 ton per year.3 In general, carbon black and other carbon
nanomaterials, such as Printex U, Special Black 4A (SB4A),
and carbon nanotubes, are also widely used in the manufacture
of paint, rubber, electrically conductive plastics, printer ink,4,5

and cosmetics6 among other commercial products. The
difference among these materials has been explained else-
where.7 In this work, we generally call them carbon
nanomaterials. Epidemiological studies have proved that
carbonaceous aerosol is associated with many diseases, such
as cardiovascular dysfunction,8 cancer,9 and respiratory
diseases.10 Soot particles have been classified as a carcinogen
by the World Health Organization (WHO).11 Therefore, a
high health risk might result from exposure to carbon
nanomaterials12 because these particles can ultimately enter
the human body.

Once emitted into the atmosphere, carbon nanomaterials are
prone to undergoing atmospheric aging by other atmospheric
pollutants, such as by direct physical adsorption or
condensation of pollutants,13 and heterogeneous reactions
with trace gases such as SO2,

14 NOx,
15 and O3

16 and so on.
Many laboratory studies have investigated the aging processes
of soot particles by active species such as OH, O3, NO2, NO3,
N2O5, HNO3, and H2SO4,

17−23 and the oxidation of carbon
nanomaterials by O3 and OH radicals.24−26 Both formation of
surface products including carbonyls, carboxylic acids, esters,27

epoxides,26 R−NO2, and R−ONO28 and sulfuric acid14,29 have
been observed during these aging processes. Aging of soot in
the atmosphere has also been observed in field campaign
studies such as Calnex, Cares, and Milagro.13

Reactive oxygen species (ROS) generation and the
induction of oxidative stress is the most plausible paradigm
to explain the in vivo and in vitro toxic effects of inhaled nano-
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PM.30 Therefore, oxidative potential (the ability to produce
ROS) is used as an indicator to evaluate oxidative stress of
particles to the body.31,32 The dithiothreitol (DTT) assay is
widely used to quantify the oxidative potential of particles.33,34

A few laboratory studies have found that heterogeneous
reaction of carbonaceous aerosol with SO2 causes a decrease in
oxidation potential characterized by the DTT decay rate1,35

because of the consumption of oxidative active sites, along with
the decrease of CO and increase of C−H on the surface of
black carbon;14,36 whereas other studies have observed an
increase in oxidation potential after black carbon is aged by
O3.

16,37,38 In addition, it has been found that coating by sulfate
leads to a decrease, whereas coating by steroids leads to an
increase in the oxidation potential of carbonaceous aerosol.38

The aging processes of carbon nanomaterials in the real
atmosphere are more complicated than those simulated in a
laboratory. This means the oxidation potential change of
carbon materials in the atmosphere might be different from
that observed in a single reaction.35,39 Therefore, it is necessary
to understand how the oxidation potential of these carbon
materials changes when they are exposed to the various
pollutants present in the atmosphere.
In the current study, the evolution of oxidation potential of

carbon nanomaterials because of aging by ambient air has been
investigated as characterized by the DTT decay rate. The
oxidation potential of these samples was compared with that of
samples aged by SO2, NO2, a mixture of NO2 and SO2,
toluene, and organic aerosol (OA) to understand their role in
the aging process in ambient air. The functional groups,
chemical composition, and microstructure of carbonaceous
materials were characterized by a Fourier transform infrared
(FTIR) spectrometer, Raman spectroscopy, ion chromatog-
raphy (IC), and aerosol mass spectrometry to understand the
aging process.

2. MATERIALS AND METHODS
2.1. Chemicals. Carbonaceous materials are commonly

composed of elemental carbon (EC) and extractable organic
and inorganic compounds.40 In order to more fully understand
the aging process of carbon materials by ambient air and the
subsequent evolution of oxidation potential, four samples
including SB4A and Printex U representing carbon black,
single-walled carbon nanotubes (SWCNTs) representing
engineered carbon nanomaterials, and n-hexane soot represent-
ing black carbon were used in this work. SB4A and Printex U
were obtained from Evonik Engineers, whereas SWCNTs
(with outer diameter of 1−2 nm, length of 5−30 μm) were
supplied by Aladdin. Soot particles were produced by flame
combustion of n-hexane (Sinopharm) at a fuel-to-oxygen ratio
of 0.148.14,41 DTT was provided by Sigma-Aldrich. 5,5′-
Dithiobis-(2-nitrobenzoic acid) (DTNB) was purchased from
Alfa Aesar. Disodium hydrogen phosphate dehydrate and
sodium dihydrogen phosphate dehydrate were supplied by
Sinopharm.
2.2. Aging of Carbonaceous Materials. The carbon

nanomaterial (∼30 mg) was dispersed on a Teflon filter (ϕ 47
mm) using a scalpel to keep every portion of the filter covered
with particles and of almost uniform thickness. Then, the
sample was exposed to ambient air at a flow rate of 2.0 L
min−1. The ambient air was drawn from the roof of a four-story
building (around 15 m from the surface) at the Research
Center for Eco-Environmental Sciences, CAS in Haidian
district, Beijing, China. The site is about 200 m away from

Shuangqing Road. There is no obvious point-source pollution
nearby. Particles in the ambient air were removed upstream
using a Teflon filter. The exposure time varied from 0 to 7 days
and the exposure experiments were performed in June 2018.
According to the average concentrations of SO2, NO2, and

O3 reported by the China National Environmental Monitoring
Centre (http://www.cnemc.cn/sssj/), the corresponding
average concentration is 3, 49.5, and 180 μg/m3, respectively.
To keep the same exposure (c·t) of a pollutant in the flow tube
as that in the ambient air, the flow rate was adjusted according
to the concentration in the cylinders (76 mL/min for 1.44 ×
103 μg/m3 SO2, 5 mL/min for 1.04 × 103 μg/m3 NO2), and
mixed with zero air to reach a total flow of 2.0 L min−1 passing
through the filters containing carbon nanomaterials. Therefore,
1 h of exposure for each pollutant under the experimental
condition is equivalent to 1 day of exposure in ambient air. We
used an ozone generator (UV-185, Jingxinhe, China) to
produce ozone at a concentration of 23.0 ppm for aging carbon
materials. In order to study the effect of coating by OA and
organic vapors on the oxidation potential of the carbon
nanomaterials, OA-containing air was produced by oxidation
of toluene (about 60 ppb) by OH (produced by photolysis of
hydrogen peroxide) in a 15 L flow tube reactor.42−44 OH
concentration was around 1.73 × 109 molecules cm−3, which
was estimated according to the loss rate of toluene, the
residence time (112.5 s), and the rate constant of toluene by
OH (5.63 × 10−12 cm3 molecule s−1).45 OA concentration was
estimated to be around 43 μg m−3 according to the loss of
toluene from 60 to 20 ppb with the SOA yield of 26%46 from
oxidation of toluene by OH. The flow rate was 8 L/min. Then,
the carbon nanomaterials were exposed to OA-containing air
from the flow tube. It should be noted that unreacted toluene
and the intermediates also presented in the outflow of the flow
tube reactor. Therefore, this experiment actually represented
the aging process of carbon materials by both OA and organic
vapors. In addition, blank experiments were performed by
purging the samples with zero air at the same flow rate.

2.3. DTT Assay. The DTT assay is an indirect and one of
chemical methods besides several others [such as electron
paramagnetic resonance (EPR) spectroscopy and ascorbic acid
(AA) assay] to quantify the redox cycling capacity of
carbonaceous materials.47,48 The rate of DTT loss is correlated
with the ability of samples to cause oxidative stress. The details
of the DTT assay test have been described in our previous
study.39 Briefly, the samples were suspended in phosphate
buffer (0.1 M, pH 7.4) and sonicated with an input power of
300 W for 30 min. The suspension was mixed with DTT at 37
°C and the decay rate of DTT as a result of redox reaction with
5,5′-dithiobis-(2-nitrobenzoic acid) was determined according
to the decrease of absorbance at 412 nm. The reaction between
the DTT buffer solution and DTT was performed as a blank
control experiment.

2.4. Particle Characterization. FTIR and Raman spectra
were utilized to analyze changes in the functional groups and
disorder degree of carbonaceous materials at different aging
times, respectively. Exactly weighted SB4A (∼150 μg) was
diluted with ∼150 mg KBr powder, then ground, and further
pressed into a translucent sheet for transmission FTIR
measurements. The IR spectra with resolution of 4 cm−1

were collected using an FTIR spectrometer equipped with a
high-sensitivity mercury cadmium telluride detector. The
Raman spectra of carbon nanomaterials were analyzed by
using a UV resonance Raman spectrometer (UVR DLPC-DL-
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03) as described in a previous study.41 A continuous diode-
pumped state (DPSS) laser beam at 532 nm with about 40
mW power was used as the exciting radiation. The laser spot
had a diameter of 25 μm focused on the surface of the sample.
No modification of the sample was observed during measure-
ments. The Raman spectra were recorded with a resolution of
2.0 cm−1.
BC samples (1 mg) at different aging times were dispersed

in 10 mL of ultrapure water and sonicated for 30 min. Then,
the sulfate and nitrate contents in the carbonaceous materials
were analyzed by IC (ICS-2100) based on standard curves
obtained using a standard solution purchased from Sinopharm.
The particles subjected to different aging processes were
dispersed by using a small-scale particle disperser (TSI, SPDD-
3433) into a high-resolution laser ablation time of flight mass
spectrometer (customized by company AeroMegt GmbH,
Germany) to statistically analyze the composition change of
the carbon nanomaterials because of aging. One hundred
statistical mass spectra were selected for analysis.

3. RESULTS AND DISCUSSION
3.1. Oxidative Potential of Carbon Nanomaterials

Aged by Ambient Air. Figure 1 shows the changes of the

DTT decay rates of SB4A, Printex U, SWCNTs, and hexane
flame soot as a function of aging time in ambient air. For fresh
carbon nanomaterials, their corresponding DTT decay rates
were 221.3 ± 6.7, 199.7 ± 4.7, 128.6 ± 12.6, 31 ± 1.9 pmol
min−1. This means that carbon nanomaterials from different
sources are active to form ROS. Because a longer sonication
time (30 min) was utilized to obtain a high degree of
dispersion,49 the measured DTT decay rates for SB4A, Printex
U, and SWCNTs in this work were much higher than the
reported value measured with short sonication time (0−10
min)1,50 in the literature. For example, the rate was 31 pmol
min−1 g−1 for Printex U without sonication35 and 361 and 59.3
pmol min−1 g−1 for SWCNTs.39 The DTT activities of hexane
soot (31 ± 1.9 pmol min−1 g−1) was similar to those of soot
particles reported in the literature, such as gasoline emission
particles (25 ± 3 pmol min−1 μg−1)51 and methane flame soot
(33.3 pmol min−1 μg−1).52 The differences between the soot
particles and the other three samples also implies the stronger
oxidation stress induced by engineered carbon nanomaterials
compared with flame combustion soot particles.

Whatever the source of the carbon nanomaterials, the DTT
decay rates of these four samples decreased monotonically as a
function of aging time by ambient air. For example, the DTT
consumption rates of SB4A, Printex U, hexane flame soot, and
SWCNTs after being aged for 5 days were about 0.44, 0.64,
0.68, and 0.36 times as the corresponding unaged carbona-
ceous materials. This is similar to our previous findings that the
DTT decay rate of SWCNTs decreased markedly after
exposure to ambient air, in experiments carried out in winter
Toronto.39 This means that the toxicities of carbonaceous
materials regarding the oxidation potential should significantly
decrease after aging by ambient air during transport in the
atmosphere. The relative decay rates of SB4A, Printex U,
hexane flame soot, and SWCNTs because of ambient air aging
were 6.6, 7.8, 8.2, 9.5% day−1, respectively. Engineered
nanomaterials showed much larger decay rates compared to
hexane flame soot. This should be partially related to the
higher metal content in engineered carbon nanomaterials and
different structure and functional groups among these
particles.7,49 As shown in Figure 1, whatever the type of
carbon nanomaterials, the DTT decay rate linearly decreased
as a function of aging time with the similar relative decrease
rate constant (0.080 ± 0.012 day−1). This means that the
decay of the ROS production ability of carbon nanomaterials
can be described like a zero-order reaction. The half lifetime
for the ROS production ability of carbon nanomaterials is 6.25
± 1.32 days, which is comparable to the lifetime of fine
particles in the troposphere. This also means a high health risk
for people living in the emission source regions of carbon
nanomaterials. However, it should be noted that these particles
still showed strong DTT decay rates even after being aged for 7
days. This means aged carbonaceous materials may still be
active for producing ROS if these particles enter the human
body.
At the present time, transition metals, EC, humic-like

substances, quinones, and epoxides have been identified as the
reactive sites for ROS generation on particle (including black
carbon) surfaces.7,53,54 In addition, environmentally persistent
free radicals (surface-stabilized metal−radical complexes
characterized by an oxygen-centered radical) have also been
identified in different sources of particles including biomass or
coal combustion, diesel and gasoline exhaust, ambient PM2.5,
and polymers.55,56 The presence of transition metals such as
Fe, Co, Cu, and Ni and specific reactive groups including
quinones and epoxides on the BC materials’ surface are key
drivers of ROS generation.57 Quantum dots can also induce
ROS on BC particles. Our previous works have found that
different BC materials showed different transition-metal
contents, whereas the soluble metals contributed little to the
DTT decay rates of these BC materials.7,49 Although the ROS
production ability among these black carbon materials might
be influenced by the difference in their transition-metal
contents, we would not consider the possible influence of
transition metals on ROS production because the metal
contents should not change during aging investigated in this
work. Therefore, modification of the surface functional groups,
microstructure of element carbon, and chemical composition
as well as their possible influence on ROS production from the
same kind of carbon materials will be discussed in the
following sections.

3.2. Change of Chemical Composition during Aging
in Ambient Air. To understand the evolution of oxidation
potential during aging, IR and Raman spectra were collected to

Figure 1. Relationship between DTT activities and aging time of
carbonaceous materials’ exposure to ambient air (SB4A, Printex U,
SWCNTs, and hexane soot).
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analyze the changes in the functional groups and carbon
structure of the carbonaceous materials. Figure S1 shows the
first-order Raman spectra of Printex U at different aging times.
In Figure S1, the well-known bands of carbonaceous materials
near 1360 (D band) and 1580 cm−1 (G band) can be
observed. The D band corresponds to disordered graphite,
whereas the G band is a typical feature of crystalline graphite.
The first-order Raman spectra can be divided into five bands
(D1, D2, D3, D4, and G, centered at about 1360, 1620, 1500,
1180, and 1580 cm−1, respectively).41,58,59 The D1 band is
derived from the A1g symmetric mode of the disordered
graphite lattice at the edge of the graphene layer. The D2 band
arises from the E2g symmetry stretching mode of the
disordered graphite lattice of the surface graphene layer. The
D3 band is attributed to the amorphous carbon fraction of
carbonaceous materials. The D4 band originates from the C
C and C−C stretching vibrations of the polyene-like structure
or the A1g symmetric mode of the disordered graphite lattice.
The G-band is related to the E2g symmetric vibration mode of
the ideal graphite lattice.
Here, we mainly focused on three bands (D1, D2, and G)

and the intensity ratios ID1/IG, ID2/IG, and ID4/IG in order to
understand the evolution of the microstructure of the carbon
materials during aging. As shown in Table S1, compared to
fresh carbonaceous materials, the values of ID1/IG, ID2/IG, and
ID4/IG decreased slightly after aging by ambient air. This
suggests that aging by ambient air leads to a decrease in the
disorder degree of carbon nanomaterials. This can be ascribed
to production of new species on the edges and surface of
graphene layers59,60 and/or the coating of species on these
sites. It also implies that the reactive sites for ROS generation
on carbon nanomaterials might be highly related to disorder
carbon. Coating of other species on these reactive sites might
explain the observed decrease of oxidation potential.
The IR spectra was used to further characterize structural

changes during the aging of the carbonaceous materials. In
Figure 2, the peaks at 1852, 1692, and 1598 cm−1 were

assigned to anhydride, aromatic aldehyde, and diketone CO,
respectively.41,61,62 The peak at 1424 cm−1 was ascribed to the
unsaturated CH2 scissor vibration36,63 and the peak at 1293
cm−1 was derived from aromatic ester C−O−C.64 The peak at
1080 cm−1 was ascribed to SO4

2−65 and the peak at 1366 was
assigned as R−NO2.

62 The integrated areas for these peaks are
shown in Table S2. The intensity of CH2 group vibrations

continuously decreased during aging, which might be the result
of oxidation by O3 or OH radicals. The anhydride and
diketone CO groups increased in the first day of aging,
which can be explained by the occurrence of oxidation by
O3.

36,66 At the same time, the appearance of R−NO2 shows the
occurrence of heterogeneous reaction between NO2 and the
carbon nanomaterials.67 The fluctuation of the peaks because
of anhydride and diketone CO groups within the first 3 days
of aging indicates a balance between production and
consumption of oxygen-containing functional groups. The
R−NO2 peak was highly overlapped with that of SO4

2−; thus, it
was difficult to effectively integrate their peak areas. In
addition, the appearance of other functional groups such as
aromatic aldehyde CO (1692 cm−1) indicated that the
physical coating process by organics may also be an important
process in the aging.
Considering the appearance of sulfate and nitrate in the

infrared spectrum, IC was used to further quantify their
concentrations, and the results are shown in Figure 3. The

sulfate contents in fresh SB4A and Printex U were 959.8 and
1571.6 μg g−1, whereas the contents in SB4A and Printex U
after aging for 7 days were 1179.7 and 1623.5 μg g−1,
respectively. The nitrate contents in unaged SB4A and Printex
U were 315.0 and 224.1 μg g−1, respectively. After aging by
ambient air for 7 days, they increased to 449.6 and 654.1 μg
g−1, respectively. It is clear that the contents of sulfate and
nitrate increase with the aging process, and the nitrate content
increases more than sulfate.

3.3. Contribution of Surface Coatings to the
Oxidation Potential Reduction of Carbonaceous Mate-
rials Aged by Ambient Air. During atmospheric aging of BC
materials, coating by other pollutants and oxidation should be
the major two aging processes. When performing the aging
experiment by ambient air, we filtered the ambient air with a
Teflon filter. It means that oxidants such as O3 and gas phase
pollutants including SO2, NOx, and some volatile organic
compounds (VOCs) and so forth should participate in the
aging process. Therefore, we further investigated the influence
of these pollutants on the oxidation potential of carbon
nanomaterials.
Some studies have pointed out that the aging of black

carbon by high concentrations of ozone leads to an increase in
oxidation potential.35,38 Our previous work has found that
SWCNTs maintained almost constant DTT decay rates at

Figure 2. Comparison of IR spectra of SB4A samples’ exposure to
ambient air.

Figure 3. Content of sulfate and nitrate of SB4A and Printex U
exposure to ambient air.
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different O3 or OH exposures.39 As shown in Figure S2, O3
oxidized SB4A showed little influence on the DTT decay rate.
However, aging by ambient air in this work led to a decrease in
the oxidation potential of carbon nanomaterials. This means
the declined oxidation potential observed in Figure 1 cannot
be explained by oxidation of carbon materials by O3.
To confirm the role of uptake of SO2 and NO2 in the

evolution of oxidation potential during the ambient air aging
process, four carbonaceous materials (SB4A, Printex U, hexane
flame soot, and SWCNTs) were aged by a mixture of SO2 and
NO2. The exposure levels of SO2 and NO2 were the same as
those during exposure experiments in ambient air. As shown in
Figure 4, the change of DTT activity for particles aged by the

mixture of SO2 and NO2 showed a similar trend as those
exposed to ambient air (Figure 1). As discussed above, the
decrease rates of the DTT decay rates of SB4A, Printex U,
hexane flame soot, and SWCNTs were 14.5, 15.5, 1.9, and 12.2
pmol min−1 μg−1 day−1, respectively, after aging by ambient air
for 7 days. Similarly, they were 11.7, 10.8, 2.9, and 11.9 pmol
min−1 μg−1 day−1 after being aged by the mixture of SO2 and
NO2. For hexane flame soot and SWCNTs, aging by the
mixture of SO2 and NO2 almost explained the decay rates of
the oxidation potential in ambient air. However, aging by SO2
and NO2 only explained a part of the decay rates of the
oxidation potential of SB4A and Printex U by ambient air. This
means that other pollutants such as VOCs and OA might also
contribute to their oxidation potential decrease when carbona-
ceous materials are exposed to ambient air.
To further compare the composition changes during aging

processes by both ambient air and the mixture of the gaseous
SO2 and NO2, high-resolution laser ablation time of flight mass
spectrometry was used to analyze the molecular composition
changes. The normalized mass spectra are shown in Figure 5.
As can be observed, the clusters of EC such as C3, C4, C5, C6,
C7, and C8 showed little change after aging by ambient air and
the mixture of SO2 and NO2 for 7 days compared with the
corresponding fresh sample. Because the soft ionization
method was used, the content of molecular sulfate and nitrate
could be identified. As shown in Figure 5, the contents of SO2,
SO4

2−, HSO4
− SO4HSO4, and 2SO4

2− in the carbon
nanomaterials showed a slight increase after aging by both
ambient air and the mixture of SO2 and NO2, whereas the
content of NO3

− increased significantly under both exposure
conditions. The similarity in the surface products after
exposure to ambient air and to the mixture of SO2 and NO2

implies that heterogeneous reactions of NO2 and SO2 play a
very important role in the decrease of oxidation potential for
black carbon during aging processes in the atmosphere.
Previous work assumed that oxidative active sites might be

consumed by heterogeneous reaction SO2 on carbonaceous
aerosol, subsequently leading to a decrease in the DTT decay
rate.1,35 However, we further confirmed that the DTT decay
rate significantly decreased after SB4A was directly coated by
sulfate and nitrate (Figure S3). This means that coating by
products including sulfate and nitrate from heterogeneous
reaction of SO2 and NO2 on BC materials may block the
oxidation active sites and contributes to the decrease of ROS
production ability.
The effect of single components such as SO2 and NO2 on

the oxidation potential reduction of SB4A during the aging
process was also investigated. The control experiments were
carried out by purging the sample with zero air at the same
flow rate. For comparison, the DTT decay rates for particles
aged by ambient air and the mixture of SO2 and NO2 as a
function of exposure time are also shown in Figure 6. The
slight increase of DTT decay rate (2.5 pmol min−1 μg−1 day−1)
purged by zero air could be explained by desorption of surface
species from the carbon nanomaterials. Exposure to SO2, NO2,
toluene, and the mixture of OA/organic vapors all led to a
linear decline of the DTT decay rate for SB4A. The reduction
rates of the DTT decay rate for SB4A aged by SO2, NO2,
toluene, OA/organic vapors were 3.0, 6.6, 3.5, and 5.3 pmol
min−1 μg−1 day−1 (R2 = 0.796, R2 = 0.966, R2 = 0.927, R2 =
0.953). Compared to 11.7 pmol min−1 μg−1 day−1 (R2 = 0.999)
for SB4A aged by the SO2/NO2 mixture, it can be seen that the
oxidation potential reduction caused by the aging process of
mixed SO2 and NO2 is not the sum of the individual processes.

Figure 4. DTT activity changes for carbonaceous samples’ exposure
to the mixture of SO2 and NO2.

Figure 5. Normalized mass spectra of carbon materials’ exposure to
the mixture of SO2 and NO2 (A) and ambient air (B).
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This implies a synergistic effect that may be related to the
promotion of SO2 conversion to sulfate by NO2 when
compared to the reaction of SO2 alone.68 At the same time,
we found that toluene or an OA/organic vapor coating also
caused a reduction in oxidation potential. The combined
reduction rate of DTT decay rates by the SO2/NO2 mixture
(11.7 pmol min−1 μg−1 day−1) and toluene (3.5 pmol min−1

μg−1 day−1) was 15.2 pmol min−1 μg−1 day−1, which was very
close to the reduction rate observed for the DTT decay rate of
particles aged by ambient air (14.5 pmol min−1 μg−1 day−1).
These results mean that the synergistic effect between SO2 and
NO2 accompanied with coating by organic vapors should be
the major reasons leading to the reduction in the DTT decay
rate of black carbon aged by ambient air. It should be noted
that carbon nanomaterials were exposed to particle-free air,
whereas the mixture of OA and organic vapors from toluene
oxidation also lead to decrease of DTT decay rate. This means
the decrease rate of ROS production ability because of aging
by ambient air might be faster than that observed in Figure 1.
NO2 and SO2 are two important pollutants in China. Since

2010, China has been regarded as the country with the highest
emission levels of SO2 and NOx in the world69 and contributes
about 30% of global SO2 emissions.70 At the same time, VOC
emission is continuously growing in China, leading to high
ambient concentrations of VOCs, which leads to high mass
loading of ambient OA by photochemical oxidation.71 The
complex interaction between carbon nanomaterials and the
coexisted pollutants (SO2, NOx, and VOCs) in the atmosphere
will result in the quick aging of carbon nanomaterials, as
observed previously.29 This work means that the aging
processes of carbon black in the atmosphere should lead to a
decrease rather than increase in the oxidation potential of black
carbon. It also highlights the high health risk of people exposed
to unaged carbonaceous materials.
As being thoroughly discussed in a recent review paper,72

many cell-based assays and cell-free assays can be applied to
oxidation potential measurement with different suitability to
the type of ROS and particles. DTT assay is a chemically based
method to measure the oxidation potential of particles like
EPR73 and AA assay. The DTT assay only reflects the
chemically produced ROS related to particles, whereas cell-
based assays should also reflect the biological interaction
between the particles and cells.72 Although it is difficult to
directly compare the oxidation potential of particles measured

by different methods because of their different sensitivities to
the ROS species,74,75 this work is still meaningful to
understand the evolution of the intrinsic oxidation potential
of carbon black nanomaterials because of aging in the
atmosphere. In the future, it is necessary to evaluate the
changes of oxidation potential by various assays and to figure
out the linkage between the evolution of oxidation potential
and cytotoxicity.
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(50) Antiñolo, M.; Willis, M. D.; Zhou, S.; Abbatt, J. P. D.
Connecting the oxidation of soot to its redox cycling abilities. Nat.
Commun. 2015, 6, 6812.
(51) Geller, M. D.; Ntziachristos, L.; Mamakos, A.; Samaras, Z.;
Schmitz, D. A.; Froines, J. R.; Sioutas, C. Physicochemical and redox
characteristics of particulate matter (PM) emitted from gasoline and
diesel passenger cars. Atmos. Environ. 2006, 40, 6988−7004.
(52) Holder, A. L.; Carter, B. J.; Goth-Goldstein, R.; Lucas, D.;
Koshland, C. P. Increased cytotoxicity of oxidized flame soot. Atmo.
Pollut. Res. 2012, 3, 25−31.
(53) McWhinney, R. D.; Zhou, S.; Abbatt, J. P. D. Naphthalene
SOA: redox activity and naphthoquinone gas-particle partitioning.
Atmos. Chem. Phys. 2013, 13, 9731−9744.
(54) Li, N.; Sioutas, C.; Cho, A.; Schmitz, D.; Misra, C.; Sempf, J.;
Wang, M.; Oberley, T.; Froines, J.; Nel, A. Ultrafine particulate
pollutants induce oxidative stress and mitochondrial damage. Environ.
Health Perspect. 2003, 111, 455−460.
(55) Balakrishna, S.; Lomnicki, S.; McAvey, K. M.; Cole, R. B.;
Dellinger, B.; Cormier, S. A. Environmentally persistent free radicals
amplify ultrafine particle mediated cellular oxidative stress and
cytotoxicity. Part. Fibre Toxicol. 2009, 6, 11.
(56) Dugas, T.; Lomnicki, S.; Cormier, S.; Dellinger, B.; Reams, M.
Addressing emerging risks: scientific and regulatory challenges
associated with environmentally persistent free radicals. Int. J. Env.
Res. Public Health 2016, 13, 573.
(57) Shvedova, A. A.; Pietroiusti, A.; Fadeel, B.; Kagan, V. E.
Mechanisms of carbon nanotube-induced toxicity: Focus on oxidative
stress. Toxicol. Appl. Pharmacol. 2012, 261, 121−133.
(58) Sadezky, A.; Muckenhuber, H.; Grothe, H.; Niessner, R.;
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