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’ INTRODUCTION

Carbon black (CB) is the product of incomplete combustion of
hydrocarbon feedstock and is an important technological material.
It is used as a pigment in paints, inks, and toners, a reinforcing
agent in rubber and polymers, a conductivity enhancer in poly-
mers, an adsorbent, and a support for catalysts. The many
industrial uses of CB and carbonaceousmaterialsmake it necessary
to tailor their physical and chemical properties. Surface functio-
nalization of CB is an active area of research; in particular, using
ozone to introduce oxygen functionalities.1�7

Carbon black is also chemically similar to the carbonaceous
component of environmentally relevant particles such as soot
and coal fly ash.2,8 There is considerable research activity in the
use of nanoparticles in biological systems,9 and the physiological
effects of CBs, particularly their toxic and inflammatory response,
are of interest.10,11

In this study, two commercial CBs, Flammruss 101, a lamp black
(F101, prepared by burning liquids with a restricted air supply and
quenched by deposition on a cool surface), and Printex 90, a furnace
black (P90, made by partial combustion of residual aromatic oils,
and quenched bywater) were examined.The hypothesis behind this
study is that methods of manufacture of CBs determine their
chemical reactivity, as evidenced by oxidative functionalization
and toxicology properties, as measured by interaction of the CBs
with murine macrophages. Because of their technological relevance,
there have been numerous studies on toxicity and effects of work-
place exposure to CBs. Of particular interest is the report of a lack of

lung tumor formation in mice upon inhalation exposure to P90, as
compared to controls.12 For intratracheally administered F101 and
P90 in rats, the tumor incidence was higher in rats exposed to P90 at
21% (10 out of 48 rats) compared to 8% (4 out of 48 rats) exposed
to F101.13 In this study, we report that the evolution of surface
oxygen functionality upon ozonation influences surface charge,
morphology, size, and toxicity. The cytotoxicity and inflammatory
properties of CBs and correlations with the surface chemistry are
also relevant to occupational and environmental exposure.

’EXPERIMENTAL SECTION

Physicochemical Characterization. F101 and P90 CB particles
(from Degussa) were characterized as obtained, and after ozono-
lysis. Ozonolysis of F101 and P90 was performed over a 4-h period
using an Enaly EOZ-300Y corona discharge ozone generator
(Ozone Solutions, Hull, Iowa) that produces approximately 40
mg of ozone per hour in a stream of 20% oxygen. The generator was
supplied with a flow of approximately 100 mL/minute compressed
air that had been passed through a hydrocarbon trap and a desiccant.
The ozone generator was connected to the tip of a buret, which was
loaded with 500 mg of CB (fluid bed geometry).
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X-ray photoelectron spectroscopy was performed using a Kratos
Ultra Axis spectrometer with a monochromatic Al Kα source.
Spectral analysis was performedusingCasaXPS software.Ultraviolet
photoelectron spectroscopy was performed using a He (I) ultra-
violet light source with a helium pressure of∼5� 10�8 Torr. The
EPR spectrometer (Bruker EMX X-band) was operated at the
X-band (9.87GHz)with 10mWmicrowave power, 1Gmodulation
amplitude, receiver gain of 1.0� 105, 21.5 s scan time, and 42 s time
constant with a 120 G sweep width.
A Perkin-Elmer Spectrum 400 FTIR spectrometer was fitted

with a Pike Technologies 100-mm gas cell with calcium fluoride
windows. The carbon samples were coated on the IR window and
exposed to ozone. Baseline-corrected spectra were translated to zero
at 2000 cm�1, a point at which all of the spectra had approximately
the same slope and no spectral features. Powders were pressed onto
the surfaces of Teflon discs and placed on the stage of a Renishaw
InVia Raman microprobe equipped with a 633 nm He�Ne laser.
Particles were imaged by transmission electron microscopy using a
Tecnai F20 transmission electron microscope. Dynamic light
scattering (DLS) and zeta potential measurements were made
using a Malvern ZetaSizer Nano instrument (sample loading 10
mg/L, 30 s sonication prior to use).
Macrophage Toxicity Studies. The murine alveolar macro-

phage cell line (MH-S) was purchased from the American Type
Culture Collection (Manassas, VA), and propagated as described
previously.14 Cells were plated in 24 well plates at a density of 1�
105 cells/well. Carbon blacks were suspended in PBS, sonicated for
30 s and added to confluent murine macrophage monolayers at a
concentration ranging from 2.5 to 10 μg/cm2. Cells treated with 1%
Triton-100 (Sigma) served as a positive control for lactate dehy-
drogenase (LDH) release assays, while cells treated with E. coli
lipopolysaccharide (LPS, Sigma) served as the positive control for
tumor necrosis factor-alpha (TNF-α) ELISAs. Supernatants were
collected from each well and clarified by centrifugation at 16 000
RCF for 2min to pellet uninternalized carbon nanoparticles. Lactate
dehydrogenase and TNF-α secretion was measured via ELISA
assays as described previously.14 ELISA assays for IL-1β were also
carried out according tomanufacturer’s instructions (R&DSystems,
Minneapolis, MN). There was no interference of CB on the assays,
and these results are shown in Supporting Information.

’RESULTS

Characterization of CB and Its Reaction with Ozone. Mor-
phology. Transmission electron microscope images of the two

carbon samples are shown in Figure 1. Flammruss 101 comprises
well-defined primary particles that have an average diameter of
∼100 nm, with little surface “roughness”, whereas P90 has more
“roughness” on its surface. These micrographs are consistent
with the Heckman and Harling model of CB structure.15 The
morphologies of P90 and F101 were not noticeably changed after
4 h of ozone exposure (Figure S1, Supporting Information). The
surface areas of P90 and F101measured by BETwere 320 and 33
m2/g, respectively. Upon ozonation for 4 h, the surface areas
changed to 316 and 44 m2/g for P90 and F101, respectively.
Size and Surface Charge. Figure 2a shows that the average

hydrodynamic diameter of untreated Printex 90 was ∼180 (
0.7 nm in water at pH 5, with an average zeta potential of
∼26.3 ( 1.9 mV. The positive zeta potential reflects a basic
carbon black surface.16 This basicity is also reflected as an
increase in the pH of ultrapure water from pH 6.7 to 7.1 with
suspended P90 (50 mg/mL). For F101 (Figure 2b), the initial

Figure 1. TEM images of (a) untreated P90 and (b) untreated F101.

Figure 2. Changes in particle diameter (dashed) and zeta potential
(solid) for (a) P90 and (b) F101 upon exposure to ozone (particles
dispersed in water).
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size in water was ∼724 ( 71 nm and the zeta potential was
negative at ∼ �4 ( 1.2 mV. This is indicative of an acidic
surface,16 and reflected in the decrease in pH from 6.7 to 4.2
when 50 mg/mL F101 was added to ultrapure water. These
samples were highly polydisperse (polydispersity index PDI
ranging from 0.2 for P90 to 0.5 for F101). Though TEM
indicates primary sizes of both the CB were <100 nm, the CBs
are significantly agglomerated.
Upon exposure to ozone, dramatic changes were observed in

the surface charge and size. With increasing exposure to ozone,
the zeta potential of P90 became less positive, and the agglom-
erate size increased and reached a peak of 1.8 ( 0.43 μm in the
40�80 min exposure time. With further ozonation, the size
decreased to ∼110 ( 3.5 nm and the zeta potential reached
∼ �35.3 ( 1.6 mV. Upon ozonation of F101 (Figure 2b), the
zeta potential fell from ∼ �4 to ∼ �30.5 ( 0.4 mV in the first
20 min and the average agglomerate diameter decreased from
∼724 to ∼598 ( 112 nm. The zeta potential remained nearly
constant upon further ozone treatment as the average diameter
of the particle agglomerates stabilized to ∼468 ( 40 nm. The
ozonated F101 samples were highly polydisperse with PDI ranging
from0.4 to 0.6, whereas for ozonated P90, the PDIs ranged from 0.1
to 0.3, except for the highly agglomerated sample at 60 min, which
had a PDI of 0.9 (indicating a very broad particle distribution).
Raman Spectroscopy. Raman spectra of P90 and F101 were

generally similar, with the spectrum for ozonated P90 shown in
Figure 3a. Themost prominent features of the spectrumare bands at
∼1350 and 1580 cm�1, the “D1” band and “G” band, respectively.
Three other bands used for curve fitting are at 1180 (D4), 1500

(D3), and 1620 (D2) cm�1. Raman spectra of CBs have been
investigated in detail and there is agreement in band assign-
ments.8,17,18 Disorder or defect (D) bands are at 1620 cm�1 (D2),
assigned to surface graphene disorder, the 1500 cm�1 (D3) band
assigned to carbon with functional groups, 1350 cm�1 (D1) band
assigned to graphene layer edges, and the 1180 cm�1 (D4) band
assigned to CdC vibrations of polyene-like structures. The band at
1580 cm�1 (G) arises from the ideal graphitic lattice vibration.
Figure 3b plots the relative intensities of these five bands for P90 and
F101 before and after treatment with ozone. More marked changes
were observed for P90, with significant increase in D3 due to
formation of surface functional groups, at the expense of graphene
bands (G and D2).
Infrared Spectroscopy. The infrared spectra of P90 and F101

were similar. There are three bands: a weak band at∼1730 cm�1,
and sharper bands at∼1590 and∼1240 cm�1. The band around

Figure 3. (a) Raman spectrum of P90 after ozonolysis, showing bands
characteristic of commercial carbon blacks. (b) Relative area comparison
of Raman bands of ozonated and untreated P90 and F101.

Figure 4. (a) Difference spectra of P90 exposed to ozone, taken at 40-
min intervals, starting at 40 min (front) and finishing at 240 min (back).
(b) Curve fitting of the infrared difference spectrum of P90 exposed to
ozone for 240 min. (c) Plot of the areas of integrated bands of P90
difference spectra vs ozonolysis time.
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1730 cm�1 is assigned to a mix of carbonyl functionalities, and
the band at 1590 cm�1 corresponds to aromatic ring
stretching.19,20 The band at 1240 cm�1 can arise from lactones,
ethers, and the symmetric bend of hydrogen atoms on adjacent
double-bonded carbon atoms.5,21

To evaluate the changes taking place during ozonation,
difference spectra of P90 and F101 were obtained between the
ozonated samples and the starting material. The data for P90 is
shown in Figure 4. Data for F101 is shown after 240 min of
ozonolysis in Figure S2, and the evolution of bands as a function of
reaction timewith ozone is shown for P90 in Figure 4a. The changes
from ozonation were more marked in P90 as compared to F101
(the band at 1600�1650 cm�1 is five times as intense in P90 as
compared to F101), and could be readily followed upon ozonation.

The spectra were deconvoluted into 8 bands as shown in Figure 4b.
The major bands are at 1775, 1720, 1630, 1605, 1320, and
1288 cm�1. The band at 1775 cm�1 has been assigned to carbonyl
groups on strained functionality like lactones and acid anhyd-
rides.19,22,23 The band centered at ∼1720 cm�1 has been assigned
to carboxylic acids.19,22 The bands at 1630 and 1605 cm�1 represent
conjugated carbonyls and the carbon backbone, respectively, with
the band at 1600 cm�1 being enhanced by the carboxyl group.
Intensity in the ∼1600 cm�1 region can also arise from CdO
vibrations conjugatedwith large ring structures (>25). Vicinal�OH
groups are also reported to promote intensity of this band.19,22

Bands formed at 1320 and 1288 cm�1 were assigned to C�O
single bonds in strained and unstrained cyclic ethers, respec-
tively.19,20 Figure 4c is a plot of the intensity of the four major
bands as a function of ozonation time. The 1630 and 1720 cm�1

bands increase with similar slopes, whichmight be expected since
they are related. The strained carbonyl groups at 1775 cm�1

appear rapidly but then saturate, indicating that the sites at which
initial carbonylation takes place are the most reactive.
Surface Spectroscopy. X-ray photoelectron spectra (XPS) in

the C 1s region were similar for P90 and F101. The changes upon
ozonation for P90 are shown in Figure S3. The O 1s shows a
broad peak at 532.5 eV (shown in the left inset in Figure S3). The
C 1s region was deconvoluted into five peaks. They represent C�C
andC�Hbonded carbon,C�Oandether carbon, carbonyl carbon,
carboxyl carbon, and a πfπ* shakeup satellite,1,24,25 with binding
energies of ∼284.8, 285.4, 287.5, 288.9, and 291.0 eV, respectively
(seen clearly in the inset for the last four peaks in Figure S3). The
πfπ* shakeup satellite peak arises from the interaction of the
excited C1s electron with the π electrons of the aromatic structure.
The quantitative distribution of the various functionalities is shown
in Figure 5 for P90 and F101, before and after ozonation. Upon
reactionwith ozone, there was an increase inCdO functionalities atFigure 5. Relative area of C 1s XPS peaks before and after ozonolysis.

Figure 6. X-Band spectra of untreated solid (a) F101and (d) P90, ozonated solid (b) F101and (e) P90, and ozonated samples exposed to PBS buffer (c)
F101and (f) P90.

http://pubs.acs.org/action/showImage?doi=10.1021/es202984t&iName=master.img-005.jpg&w=240&h=169
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the expense of theπfπ* shakeup peak, indicating that the graphitic
surfacewas getting oxidized. The oxygenation of the surfacewas also
reflected in the 9-fold O:C ratio increase for P90 and 5.7-fold
increase for F101. The decrease in graphitic character upon ozona-
tion was also reflected in the ultraviolet photoelectron spectra
(UPS). Figure S4 shows the UPS data with a shoulder on the C
2p band at∼3 eV attributable to p�π character, which disappeared
on ozonation.
EPR Spectroscopy. The EPR spectra of P90 and F101 as-

obtained and after treatment with ozone are shown in Figure 6
(raw data are shown in Table S1, Supporting Information).
Stable free radicals were detected on F101 with spin content of
2.8( 0.8�108 spins/mg (Figure 6a), whereas for P90, the signal
was very weak (<2.2( 0.8 � 103 spins/mg) (Figure 6d). Upon
ozonation, in both CBs, the free radical content increased, for
F101 to 5.8( 0.6� 108 spins/mg (Figure 6b), and for P90 to 4.4
( 0.9� 104 spins/mg (Figure 6e). In the case of ozonated F101,
the EPR signal of the solid decreased upon exposure to PBS
buffer to 1.1( 0.1� 108 spins/mg (Figure 6c), whereas in P90,
the signal increased to 1.7( 0.1� 106 spins/mg (Figure 6f). The
g values in all cases were in the range of 2.0022�2.0028, typical of
graphitic compounds.19 To examine whether the freshly ozo-
nated CB samples release soluble radicals upon contact with
PBS buffer, spin trapping experiments were carried out,
using DEPMPO as the spin trap.26,27 As shown in Figure 7,
there is a difference in the spin pattern for the radicals observed in

solution between the ozonated F101 and P90. In the case of F101,
the data is best simulated by a C-centered radical adduct (aN =
14.4, aH = 21.4, aP = 46.1, g = 2.0056) and for P90 an O-centered
radical adduct (aN = 14.0, aH = 13.2, aP = 47.2, g = 2.0056). Upon
addition of ethanol to P90, the DEPMPO spin pattern suggests
the formation of α-hydroxyethylradical (C�centered: aN = 14.1,
aH = 20.9, aP = 46.4, g = 2.0056), indicating that 3OH radicals are
being formed upon exposure of ozonated P90 to water. Figure S5
shows that the as-obtained CBs also generate radicals upon con-
tact with PBS, but 15�30 fold less than the ozonated samples (P90:
0.22 μM/mg, ozonated P90: 6.1 μM/mg; F101: 0.62 μM/mg,
ozonated F101: 10.9 μM/mg, procedure described in Supporting
Information along with Figure S6).
Biological Activity of CB. Optical microscopy shows the ready

uptake of CBs in the macrophages (a typical micrograph with
F101 and P90 is shown in Figure S7). In the RPMI + FBS media
used in these assays, the zeta potentials for ozonated P90 and
F101 were�11.3( 0.2 and�12.6( 0.5 mV, with sizes of 218(
4 and 554 ( 9 nm, respectively. For the nonozonated P90 and
F101 in media, zeta potentials were �11.2 ( 0.4 and �11.5 (
0.2 mV and sizes were 262 ( 5 and 511 ( 9 nm, respectively
(Figure S8 shows a characteristic light scattering and zeta
potential data for F101 in media). Protein adsorption from the
media is bringing about significant change in the surface charge,
especially for P90, which in the as-obtained form inwater exhibited a
positive charge. Similar changes in charge were reported for a series

Figure 7. X-band spectra of (a) carbon-centered adduct of DEPMPO generated from ozonated aqueous F101 (DEPMPO�R, 95%, aN = 14.4,
aH = 21.4, aP = 46.1, g = 2.0056); (b) hydroxyl adduct of DEPMPO generated from ozonated aqueous P90 (DEPMPO�OH, aN = 14.0, aH = 13.2,
aP = 47.2, g = 2.0056); (c) α-hydroxy ethyl adduct of DEPMPO generated from ozonated aqueous P90 in ethanol (DEPMPO�R, 98%, aN = 14.1, aH = 20.9,
aP = 46.4, g = 2.0056). (a)0, (b)0, and (c)0 are the corresponding simulations from which the hyperfine constants were obtained.
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of oxide nanoparticles suspended in cell culture media, all of which
exhibited comparable negative zeta potentials.28 Cytotoxicity of the
CBs toward macrophages was measured with the lactate dehydro-
genase assay. The results are shown in Figure S9. The assay
indicated that untreated and ozonated samples of Printex 90 and
Flammruss 101were only slightly cytotoxic. At exposures of 2.5�10
μg F101 or P90 per cm2 plate area, with or without treatment of
particles with ozone, cell death was less than 10%. Upon interaction
with macrophages, Printex 90 caused a release of 20�40 pg of the
inflammatory cytokine TNF-α per mL of cell media, and F101
resulted in the release of 40�70 pg TNF-α per mL, as shown in
Figure 8. For comparison, levels of TNF-α produced by cells in
response to stimulation with LPS were 680 pg per mL. Ozone
treatment of the CBs had minimal influence on the inflammatory
response of exposed cells, as measured by production of TNF-α.
IL-1β production by cells treated with either CB ( ozone was
negligible (data not shown). In all cases, the supernatants were
examined for the biological assays after the removal of the CB, and
Figure S10 demonstrates that, in this procedure, the CB did not
interfere with the cytotoxicity assay.

’DISCUSSION

Two facts emerge from this study: the enhanced reactivity of
P90 to ozone, as indicated by Raman, IR, and XPS, and the
stronger inflammatory response to F101 upon exposure to
macrophages. These results form the basis of this discussion.

Chemical Reactivity. The Raman data shown in Figure 3b
suggest that the graphene layers are the primary reaction sites
(decrease of intensity of the bands G and D2), resulting in
increase of band D3. The decrease in intensity of theπ�π* shake
up peaks shown by XPS also confirms that the reaction is
happening on the graphene layers, and changes in peaks in the
C 1s region indicate that the reaction products are primarily
oxygen functionalities (Figure 5).
Though both of the CBs have graphene content, the different

behavior of P90 must stem from its more reactive graphene
structures. The UPS data indicate higher intensity π�π* peaks
(Figure S4) in P90. Graphene layers are known to have basic
properties, and explain the positive zeta potential in as-obtained
P90, and graphene has also been proposed as sites for ozone
adsorption.29 TEM and the higher surface area of P90 indicate
more disorder and thus possible higher reactivity (Figure 1).
Infrared spectroscopy shows that the strained carbonyls on P90
have higher intensity after first 30 min of ozonation as compared
to the other carbonyl groups (Figure 4b, c), indicating that the
sites responsible for the strained carbonyls are more reactive.
Eventually, the production of carboxylic acid groups overtook the
production of strained carbonyl species, consistent with previous
chemical titration results.7

Because the oxygen functionality development upon ozona-
tion takes place at different rates on the P90 surface, it indicates
that there is a distribution of adsorption sites.7,30 The edges of
structural units might functionalize more easily than the faces,
and may be responsible for the strained carbonyl groups;
whereas, the conversion of the faces to carbonyl groups is slower
and continues with time (Figure 4c).
Development of the negatively charged functionalities upon

ozonation altered the zeta potential to more negative values for
F101 and caused some deagglomeration (due to electrostatic
repulsion between particles) as seen in Figure 2b. For P90, increase
in negatively charged functionality with ozonation balanced the
positively charged functionality in the starting material leading to a
more neutral particle and increase in hydrodynamic diameter.
Eventually, the zeta potential becamemore negative with ozonation
and the particle size decreased (Figure 2a).
In both F101 and P90, there is an increase in free radical

concentration upon ozonation, in contrast to studies on soot.31

As compared to freshly prepared soot (1015 spins/mg), the spin
concentrations in F101 (∼108) and P90 (<103) are considerably
smaller. With freshly prepared soot, the spin concentration was
proposed to decrease upon ozonation because of spin pairing
interactions with paramagnetic O2, and does not appear to be
taking place with the CBs. Instead, an increase in free radical
content is observed with ozonation of the CBs which is con-
sistent with reaction of ozone with aromatic and olefinic com-
pounds. Both F101 and P90 contain graphene. These func-
tionalities will react with ozone to generate ozonides, leading to
the “Criegee” intermediate and possible radical formation.32,33

Upon reaction with water, both CBs should form hydroxyl
radicals. In the case of F101, the 3OH appear to be reacting
with the CB surface and releasing C-centered radicals into
solution. In the case of P90, only the 3OH radicals are observed.
It is unclear as to why there is this difference, both CBs have low
levels of adsorbed PAH’s, though F101is reported to have slightly
higher levels than P90 (F101 < 0.1%, P90 < 0.04%).13

Biological Properties. Neither P90 nor F101, in the parent
form or in the oxidized form, elicited a strong cytotoxic response
from exposed macrophages, with fewer than 10% of the cells

Figure 8. TNF-α assays formacrophages given the same treatment with
P90 (top) and F101 (bottom) with and without ozonation (LPS serves
as positive control).
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dying. There is, however, an inflammatory response for both
parent and oxidized particles. The lack of cytotoxic response and
the mild inflammatory response are consistent with previous
studies.11,34 Any dependence of the cytotoxicity or inflammatory
response for P90 based on initial surface charge (positive to
negative upon ozonation) could not be determined since protein
adsorption (from the media) on the CB made the surface charge
similar for both ozonated and nonozonated samples. F101
provokes a stronger inflammatory response from macrophages
than P90. The only structural correlation we find is the EPR data
(Figure 6,7), which shows higher inherent free radical contents in
F101 in its native form, upon ozonation, and exposure to water,
being at least 2 orders of magnitude higher compared to P90.
Persistent free radical content and its influence on toxicity of
airborne fine particulates have been noted, with the proposed
mechanism being redox cycling of semiquinone radicals.35,36

Both F101 and P90 in their native form release free radicals upon
contact with water and the ozonated samples release an order of
magnitude more radicals in solution. The solids also retain free
radicals with spin content on F101 > P90. The role of the
solution radicals released by the CBs upon contact with water on
the biological effects observed here is unclear. It is likely that the
radicals formed in solution immediately react with themedia, and
may not make it into the macrophages. However, the solid
samples, on the other hand, will carry the persistent free radicals
into the cell, and the higher levels of inflammatory markers in
F101 over P90 correlate with the higher spin content of F101.
In conclusion, the method of manufacture has a profound

influence on the CB. With the furnace black sample (P90), there
ismore structural disorder and amore reactive surface. Itsmethod of
manufacture involves a water quenching step, whichmay play a role
in its surface properties. The lampblack sample (F101) formed via
deposition on a cool surface has more entrapped persistent free
radicals, is more ordered and less reactive.
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