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The atmospheric aging of soot can significantly modify its composition and microstructure, likely leading to
changes in its effects on climate and health. The photochemical aging process of soot by Os under
simulated sunlight was investigated using in situ attenuated total internal reflection infrared spectroscopy.
Simulated sunlight could markedly enhance the aging of soot by Oz, which produced various oxygen
containing species such as lactones, anhydrides, ketones and aldehydes. Elemental carbon (EC) showed
minor reactivity toward Os. The organic carbon (OC), which was mainly composed of various polycyclic
aromatic hydrocarbons (PAHs) and some unidentified components, played a key role in the photochemical
aging of soot by Os. The kinetics of aromatic species on soot can be well described by a pseudo-first order
reaction. The fitting results of the pseudo first-order rate constant (ki ops) @s a function of Oz concentration
demonstrated that the photochemical reaction of soot with Oz followed the Langmuir—Hinshelwood
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1. Introduction

Soot particles, which derive from the incomplete combustion of
fossil fuels and biomass, are generally composed of elemental
carbon (EC) and organic carbon (OC)."? They play an important
role in global climate change. The global greenhouse effect of
soot has been estimated to be the second strongest after CO,
due to the absorption of radiation, which directly influences the
radiative budget of the atmosphere.>” They can also affect the
precipitation by serving as cloud condensation nuclei (CCN).
However, there is great uncertainty in the climatic impacts of
soot since its morphology, composition and structure can be
significantly changed during the atmospheric aging process.®™

Over the past several decades, most studies have focused on
the uptake kinetics of O; on soot because of its potential
contribution to O3 consumption in the upper troposphere
and lower stratosphere.'®® However, a rapid deactivation of
soot was usually observed under dark conditions due to the
depletion of reactive sites, suggesting that the reactivity of soot
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was too low to affect gas-phase O; concentrations. Recently, it
was found that ultraviolet light can significantly enhance the
uptake of O; on various organic molecules such as benzo-
phenone, phenol, pyrene and humic acids.?* > There may be some
photosensitive compounds on soot, so light may also promote
the heterogeneous reactivity of soot with trace gas species such
as NO, and O;. Indeed, Monge et al. have demonstrated a strong
enhancing effect of ultraviolet light on the uptake of NO, on the
soot surface.”®> Upon irradiation, the reactivity of soot toward
NO, remained persistent over several hours in contrast to
measurements in the dark.*® Zelenay et al have found that
passivated soot was shown to be reactivated under irradiation
with a 4-fold higher steady-state O; uptake rate as compared to
that in the dark.”*

At present, little is known regarding how soot participates
and what modification of soot takes place during these aging
processes. Only a few reports have investigated the changes of
composition and microstructure of soot during the reaction
with O; in the dark or under irradiation.>®** Using infrared
spectroscopy, it was detected that the reaction with O; in the
dark led to the decrease in organic carbon in soot, with a
corresponding increase in ketone, lactone, and anhydride
species.” UV/Vis light could enhance the decrease of aromatic
and aliphatic carbon as soot was exposed to 03.>* It should be
pointed out that the heterogeneous aging process of soot by O,
under irradiation has not been entirely clear.

In this work, in situ attenuated total internal reflection
infrared (ATR-IR) spectroscopy was used to investigate the
heterogeneous aging of soot by O; under simulated sunlight.
It was observed that the photoenhanced aging of soot by O,
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generated various oxygen-containing species, followed by the
consumption of aromatic compounds. The reactivity of elemental
carbon and organic carbon in soot toward O; was examined via the
heating and extraction experiments. The aging kinetics of soot by
O; were also analyzed in detail.

2. Experimental section
2.1. Soot production

Soot was produced by the combustion of n-hexane (AR, Sinopharm
Chemical Reagent Lo., Ltd) in a co-flow diffusion burner, which has
been described in our previous reports.>>>” The burner consisted
of a diffusion flame maintained by an airflow, which could be
exactly controlled using mass flowmeters. The airflow was a
mixture of high purity oxygen and nitrogen, and the oxygen
content was 21.5%. The fuel transport was achieved using a
cotton wick extending into the liquid fuel reservoir. The fuel/
oxygen ratio was expressed as the molar ratio of the consumed
fuel to the introduced oxygen, and was fixed to be 0.10.

2.2. Aging experiment of soot

The in situ ATR-IR spectra were recorded using a NEXUS 6700
spectrometer (Thermo Nicolet Instrument Corp.), a Fourier
transform infrared (FT-IR) spectrometer equipped with a high-
sensitivity mercury-cadmium-telluride (MCT) detector cooled by
liquid nitrogen and an attenuated total internal reflection infra-
red (ATR-IR) cell. Soot particles from the diffusion flame were
directly deposited onto the ZnSe crystal of the ATR-IR cell, which
flitted very fast within the same time (2-3 seconds) at 4 cm over
the flame during soot deposition. The mass of soot deposited on
the ZnSe crystal was very small compared to that of the ATR-IR
cell, and thus it cannot be measured due to the limitation of
measurement technique. A quartz glass was used to seal the
ATR-IR cell. A xenon lamp of 500 W with continuous emission in
the 350-700 nm range and a dominant wavelength at 480 nm
was employed to simulate sunlight. The spectra of the xenon
lamp and sunlight are similar and have been compared
elsewhere.?*° The irradiation intensity at the soot surface was
25 mW cm 2. Before the reaction with Os, the soot was purged by
100 mL min~* N, for 1 h at 298 K. Then, O; (100 ppb-2 ppm)
was introduced into the ATR-IR cell, with a total flow rate of
100 mL min~". The O; was generated by irradiating a mixed flow
of high purity O, and N, using a mercury lamp with emission
wavelengths of 185 and 254 nm. The concentration of O; was
measured using an ozone monitor (Model 202, 2B Technology).
The spectra of soot were recorded (100 scans, 4 cm™ " resolution)
using the blank ZnSe crystal as the reference. The experiments
were carried out at 298 K under atmospheric pressure.

2.3. Reactions of elemental carbon and organic carbon with O;

To remove organic carbon (OC) without modifying the bulk
elemental carbon (EC), fresh soot was heated to 300 °C in pure N,.>
After being ultrasonically dispersed in H,O, soot was deposited
on the ZnSe crystal and purged by 100 mL min~' N,. When
the absorption peaks of H,O were no longer observed, O; was
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introduced and infrared spectra were recorded. In addition,
the ultrasonic extraction of fresh soot was also performed in
n-hexane, which easily volatilizes due to its low boiling point
and shows no reactivity towards O; under simulated sunlight.
To avoid the oxidation of the organic components, the extrac-
tions were carried out for 10 min in the dark. The reactivity of
the extracts from fresh soot and the corresponding dried soot
residues toward O; was examined in the ATR-IR cell after
evaporating the solvent.

2.4. GC-MS analysis

The compositions of the extracts of fresh soot and soot aged by O;
were analyzed using GC-MS. The column was a HP 5MS (internal
diameter 0.25 mm, length 30 m, and film thickness 0.25 pm). The
injection volume of the sample was 1 pL. The inlet temperature was
280 °C. The temperature program for the analysis has been
described in our previous studies.”®*' The interface temperature
was maintained at 280 °C during the analysis.

3. Results and discussion

3.1. Compositional changes of soot by ozonization

Fig. 1 shows typical ATR-IR spectra of fresh soot (black line) and
soot aged by O; in the dark (blue line) and under simulated
sunlight (red line). The band at 3038 cm ™" was related to the
aromatic C-H (Ar-H) stretching vibration, while the three
bands at 880, 840, and 754 cm ™ * were ascribed to the modal
vibration of substituted aromatic compounds.**~** The peak at
1440 cm™ ' was derived from the unsaturated CH, scissor
vibration.** Several oxygen containing functional groups were also
detected. The main characteristic band at 1594 cm ™" was assigned
to carbonyl groups bonded to an aromatic ring (Ar-C=0).>*°
Another carbonyl group at 1722 cm ™' was attributed to ketone
species (C=0).>**

After exposure to Oz for 20 h, the surface species on soot
exhibited obvious changes. As shown in Fig. 1, the peak intensity
of Ar-H (3038 cm™ ') decreased remarkably, whereas it is greatly
increased for C=0 (1722 ¢cm™ ') and Ar-C=0 (1594 cm ).
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Fig. 1 ATR-IR spectra of fresh soot and soot aged by Oz (2 ppm) for 20 h
in the dark and under simulated sunlight.
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Fig. 2 Temporal changes of ATR-IR spectra in the range of 1850-1500 cm™ for soot exposed to 2 ppm Os under simulated sunlight (A) and temporal
changes in the integrated areas of peaks at 1768, 1728, 1690, 1620 and 1594 cm™~* (B).

In particular, the ozonized soot under simulated sunlight dis-
played more significant changes in the peaks at 3038, 1722 and
1594 cm ™ * than that in the dark. This definitely demonstrates that
simulated sunlight can dramatically enhance the heterogeneous
aging of soot by O;. Zelenay et al. also observed the role of UV/Vis
light in enhancing the reaction of soot with O; using NEXAFS
spectra, in which the absorption bands for aromatic and aliphatic
carbon decreased for soot exposed to both O, and light.*

Fig. 2A displays temporal changes of ATR-IR spectra in the
range of 1850-1500 cm ™' when fresh soot was exposed to O
under simulated sunlight. Several overlapping peaks in Fig. 2A
were identified and analyzed. These peaks were ascribed to
oxygen-containing groups, including aliphatic C=O such as
lactones or anhydrides (1768 cm™ '), ketones (1728 cm™ ') and
aldehydes (1690 cm '), and aromatic C—0 (Ar-C=O0) such as
aromatic aldehyde, aromatic ketone, and aromatic quinone
(1620, 1594 and 1555 cm ™~ ').>**7° To obtain the integrated
areas, the curve fitting was performed and is summarized in
Fig. S1 (ESIY). Fig. 2B shows the dynamic changes of integrated
areas for peaks at 1768, 1728, 1690, 1620, 1594 and 1555 cm ™.
The integrated areas of lactones or anhydrides (1768 cm™),
ketones (1728 cm™ "), aldehydes (1690 ecm™'), and Ar-C=O
(1620, 1594 and 1555 cm™ ") continuously increased with irradiation
time. These results confirm that the photochemical aging of soot
by O; produces various oxygen containing compounds and their
concentrations increase with irradiation time, which results in
an increase in the O/C atomic ratio of soot.

3.2. Reactivity of elemental carbon and organic carbon towards O;

1t is well known that soot mainly consists of elemental carbon (EC)
and some organic carbon (OC), the reactivity of which was examined
by heating and extraction experiments. EC can be obtained by
heating fresh soot at 300 °C in pure N, to cause the loss of OC.>
After being exposed to O; under simulated sunlight, only slight
changes in the peaks at Ar-H (3038 cm™ "), C=0 (1729 cm ') and
Ar-C=0 (1594 cm ') were observed in the ATR-IR spectra of EC
(Fig. S2, ESIt). This suggests that EC showed a minor photochemical
reactivity toward Oj.

OC usually includes various saturated and unsaturated
hydrocarbons, polycyclic aromatic hydrocarbons (PAHs), and
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partially oxidized organic compounds.’*®?” On the basis of

thermal gravimetric analysis (TGA), the OC content of fresh
soot was measured to be 34.4 mg g . When exposed to O;
under simulated sunlight, the extracts derived from the extrac-
tion of fresh soot in n-hexane exhibited a great decrease in the
peak of Ar-H (3038 cm™ ') as well as an obvious increase in
the peaks of C=0 (1769, 1720 and 1685 cm™ ') and Ar-C=0
(1628 and 1594 cm ') in the ATR-IR spectra (Fig. 3). These were
the same as the changes on the fresh soot after the reaction
with O; under irradiation. After being extracted by n-hexane,
when the dried soot residue reacted with O; under simulated
sunlight, it only showed a weak increase of peaks assigned to
carbonyl C=0 (Fig. S3, ESIY), indicating its very low reactivity
toward O3. These results confirm that the photochemical aging
of soot by O3 primarily results from the ozonization of OC. In
addition, OC was also a main contributor to the aging of soot by
0, and NO, under irradiation.?>**

The compositions of the n-hexane extracts from fresh and
ozonized soot were examined by GC-MS. As shown in Fig. 4, the
extracts predominantly consisted of PAHs with 3-5 rings
including anthracene, phenanthrene, 4H-lyclopenta[def Jphen-

anthrene, fluoranthene, pyrene, benzo[ghi]fluoranthene,
0.05
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1720 0005
0.04 |-
1685 00
\ -0015 3038
qg 003 B \‘ 0020 3080 3060 3040 3020
£ time | 1769 \/_
2002
<
N
0.01
__/_/\/
~—"
0.00 .
1800 1750 1700 1650 1600 1550
Wavenumber/cm

Fig. 3 Temporal changes of ATR-IR spectra in the range of 1800-1550 cm™
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n-hexane extracts from fresh soot toward Oz (2 ppm) under simulated sunlight.
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Fig. 4 Total ion chromatogram of the n-hexane extracts of fresh soot
and soot aged by Oz (4 ppm, 20 h) under simulated sunlight.

cyclopenta[cd|pyrene, and some unidentified compounds. After
the reaction of soot with O;, the amount of PAHs mentioned
above greatly decreased, which coincided with the decrease in
Ar-H in the ART-IR spectra. Using aerosol mass spectrometry,
Antifolo et al. also observed that PAH-like species within the
soot particles decayed upon ozone exposure in the dark.*® This
determines that PAHs play important roles in the photochemical
aging of soot by O;. PAHs can absorb sunlight due to their extensive
n-orbital systems.>® The enhanced uptake of O; on benzophenone,
pyrene and humic acid has been reported under ultraviolet light
irradiation.?* > The degradation of organic compounds by the
reaction with Oj, including veratraldehyde, 4-phenoxyphenol and
3,4,5-trimethoxybenzaldehyde, was also photoenhanced in the
presence of ultraviolet or visible light.***!

3.3. Reaction kinetics of soot with O;

According to the experimental results, an electron transfer reaction
may happen between adsorbed O; and electronically excited species
such as PAHs and aromatic structures with carbonyl functional
groups, which likely contributes to the enhanced aging of soot by O;
under irradiation. A similar process has been proposed to explain
the light-induced enhancement in the heterogeneous reaction of O;
with pyrene,®! which is an important reactant responsible for the
photochemical aging of soot by O; (Fig. 4).

The photodissociation of gas-phase O; may generate some
reactive species such as O('D), O(*P), 0,(b'Z,"), and O,(a'Ay),*
which may cause the loss of O; but also enhance the aging of
soot. If the loss of gas-phase O; is mainly attributed to its
photodissociation when Oj; is exposed to soot under irradia-
tion, it will not depend on the reaction time and the soot mass.
Nevertheless, it has been observed that the loss of O; on soot
under irradiation was dependent of the reaction time and the
soot mass.”® This suggests that reactive species originating
from the photodissociation of O; should play a minor role in
the loss of Oz and the aging of soot.

The Langmuir-Hinshelwood (L-H) mechanism is usually
employed to describe the heterogeneous reactions of materials
with trace gases.”*™*® This mechanism suggests that O; is in
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rapid equilibrium between the gas phase and the surface, and
the reaction then takes place among the adsorbed species.
According to the L-H mechanism and experimental results,
two possible reaction paths were proposed as follows:

k
O3 + S ﬁ O3(ads) (1)
hv
O3(ads) +R kl_’ P (2)
2

where S is surface adsorption sites, R is surface reactive species,
O3 is gaseous O3, O is adsorbed O3, and P is the product. The
reaction rate of surface reactive species is described by eqn (3),

d[R]

T = _k2 X [03(ads)] X [RL (3)
where k, is the second-order rate constant, and ¢ is the reaction
time. Assuming that the concentration of adsorbed O; remains
constant when the soot surface changes after the reaction, a pseudo
first-order reaction can be assumed using eqn (4),

d[R]

dz = _kl,obs X [RL (4)

where ky gbs =k X [O3(aqg)] is the pseudo first-order rate constant. If
the integrated areas of the peaks in the ATR-IR spectra are directly
proportional to the surface concentration, [R] can be replaced by
the integrated areas.

As seen in Fig. S4 (ESIf), the evolutions of the integrated
areas for aromatic compounds (Ar-H, 3118-2950 cm ') exhibited an
exponential decrease pattern with time, indicating that the reaction
may be described by the pseudo first-order kinetics. Ar-H was not
completely consumed and reached a plateau after the reaction with
O; for 8 h. It likely means that some Ar-H, which were not accessible
to O3 and thus did not participate in the reaction, should not be
considered in the determination of the reaction rate constant. The
mass of soot may affect the accessibility of the active sites for O,
because the soot thickness may influence the diffusion of O; into
inner layers of the soot. If the aging of soot by O; is a diffusion-
limited process, one soot sample should not exhibit different
reactivities in the dark and under irradiation (Fig. S4, ESIT). Different
functional groups in one soot sample also show different change
trends as they are exposed to O; (Fig. 2), further indicating that the
aging of soot by O; is not a diffusion controlling process.

The data of the integrated area were fitted using a pseudo
first-order exponential function as shown in eqn (5),****

Ay — A
In (ﬁ) = k],()bsl (5)

where 4, is the peak area at time ¢, 4, is the initial peak area,
and 4, is the peak area at the plateau in Fig. S4 (ESIt). A linear
relationship between the natural logarithm of peak areas and
time is displayed in Fig. 5, suggesting that the reaction of Ar-H with
O; follows the pseudo first-order kinetics. The k; b5 of Ar-H was
(0.43 £ 0.02) h™ ' in the dark, whereas it was (0.77 & 0.07) h™!
and larger by about 80% under simulated sunlight. This further
demonstrates that sunlight can significantly enhance the aging
of soot by O;.
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Fig. 5 Kinetics changes of Ar—H (3118-2950 cm™) on soot during the
aging process by 2 ppm Os in the dark and under simulated sunlight.

Fig. 6 shows the changes of k; o, of Ar-H as a function of O3
concentration. As expected, an enhancement of k; s Was observed
when the O; concentration was increased. This enhancement
became less significant at high O; concentration, which is consistent
with the L-H mechanism. The number of active sites on soot, which
are available for the reaction with O3, is limited, so that the soot
surface is saturated when a certain O; concentration is reached.
Assuming that the Oz adsorption on soot follows a Langmuir
isotherm, 0o, the fraction of active sites occupied by Oj, is given

by eqn (6),

K03 [03}
0o, = —— 8 6
O3 1 +KO3 [03]g7 ( )

where Ko, is the Langmuir adsorption constant of O;. The
reaction rate of surface species can be written as eqn (7),

d[R
% = —ks x [Os(aas)] X [R] = —ka x [S1] x 0o, x [R], (7)
where [S]; is the total number of surface active sites. Substituting

eqn (6) into eqn (7) yields

1.5

(A)

0'0 1 1 1 1
0 1 2 3 4
Ozone concentration (ppm)
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d[R] _ _kz[ST}KO.% [03(2)} X [R] (8)
dt 1 4 Ko, [03(g)]
Therefore, k; o5 can be expressed by eqn (9),
ka[St]Ko, |O
K1 obs = 2[ T] 03[ 3(%)] (9)

1+ Ko, [Osg)]

The relationship between k; o, and Oz concentration was
fitted according to eqn (9). As shown in Fig. 6A, the fitting
results (solid line) determine that the heterogeneous photo-
chemical aging of soot by O; follows the L-H mechanism. From the
fitting results, the maximum reaction rate (k,[Sr]) of Ar-H and Ko,
was determined to be (1.65 + 0.46) h™" and (1.48 + 0.30) x
10 em?, respectively.

The reactive uptake coefficient of O3 (y0,) on soot under
simulated sunlight was calculated by the following equation:**

Yo, = 4k1,obs (10)
700, [O3g ]
where ¢ is the cross-section of soot particles, and its average
value is estimated to be 7 x 107'* ecm®* wq, is the mean
molecular speed of O, in the gas phase (3.62 x 10" cm s ).
Fig. 6B shows the plots of 7 as a function of O3 concentration.
When the O, concentration was less than 500 ppb, the resulting
Vo, values were on the order of ~10"% which was close to the
previously reported value (5.8 x 10~%) for O; on soot after 60 h
under irradiation.>* By substituting eqn (9) into eqn (10), the
resulting eqn (11) can be used to fit the relationship between 7o,
and the O; concentration, as shown with the solid line in Fig. 6B.

4kt
awo, (1 + Ko, [O3g)])

(11)

Yo,

4. Environmental implications

The heterogeneous photochemical aging of soot by O; may
have significant effects on its physical and chemical properties

35

B)
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Fig. 6 (A) Changes of k; ops Of Ar—H (3118-2950 cm™) as a function of Oz concentration. The data were fitted to eqn (9). (B) Uptake coefficients of Os
(703) calculated from kq ops in graph (A) using eqn (10) as a function of Oz concentration. The data were fitted to egn (11).

This journal is © the Owner Societies 2016

Phys. Chem. Chem. Phys., 2016, 18, 24401-24407 | 24405


http://dx.doi.org/10.1039/C6CP03938C

Published on 01 August 2016. Downloaded by RESEARCH CENTRE FOR ECO-ENVIRONMENTAL SCIENCES, CAS on 18/09/2016 07:24:34.

Paper

in the atmosphere. The hygroscopicity of soot was directly
related to the extent of surface oxidation."® Liu et al. found that
the ozonization reaction in the dark resulted in an enhancement
of hygroscopicity of soot due to the formation of oxygen-
containing surface species.® Brooks et al. observed that exposure
to ozone facilitated ice nucleation at warmer temperatures and
increased heterogeneous nucleation rates on soot.*” Therefore,
plenty of oxygen containing functional groups, which originated
from the reaction of soot with O; under simulated light, may
significantly enhance the interaction of soot with water and
promote the properties of soot as cloud condensation nuclei
(CCN) and ice nuclei (IN). The atmospheric lifetime of aged soot
may be also shortened via wet deposition.

Black carbon (BC) and light-absorbing organic carbon
(brown carbon, BrC) play important roles in the earth’s radiative
balance. BrC can enhance BC’s light absorption, which strongly
depends on the ratio of BrC to BC.**>° Moreover, Saleh et al.
have reported that the contribution of BrC to light absorption is
associated with its chemical compositions.>® According to our
results, the OC components on soot aged by O; under irradiation
are greatly modified. This may change the solar absorption
properties and warming effect of soot. It has been found that
aged soot due to photooxidation showed a stronger light absorp-
tion than fresh soot.>”

Soot particles also pose a health risk by causing and enhan-
cing respiratory, cardiovascular, and allergic diseases. Recently,
a few studies have investigated the changes in the toxicity of
soot aged by 05.>*°'>® As measured using dithiothreitol (DTT)
assays, ozonized soot exhibits an increase in the redox cycling
ability and toxicity compared to fresh soot.*®'~>* Antifiolo et al.
have provided the mechanistic connection between the increased
redox cycling ability of ozonized soot and its chemical composition,
which involves a decrease in PAH-like species and an increase in
quinones.®® In this study, it is confirmed that PAHs on soot have a
more significant decay upon ozone exposure under irradiation,
with a corresponding increase in aromatic carbonyls. Thus, it is
reasonable to deduce that the photochemical aging process of soot
by O; may markedly enhance the toxicity of soot.

5. Conclusions

Sunlight can dramatically enhance the heterogeneous aging
process of soot by Oj, leading to the formation of various
oxygen-containing species such as lactones, anhydrides, ketones
and aldehydes. Both the 300 °C-heated soot and dried soot
residues after being extracted by n-hexane exhibited little reac-
tivity to O3, suggesting that OC should be the main contributor
to the photochemical aging of soot by O;. Based on GC-MS
analysis, OC mainly consisted of PAHs and some unidentified
species, which were consumed during the photochemical aging
of soot by Os. The kinetics of the reaction between O; and Ar-H
on soot exhibited a pseudo first-order reaction behavior. Com-
pared to the apparent rate constant (k; ops) of Ar-H in the dark,
k1 0bs increased by 80% under simulated sunlight. According to
the relationship between k; o5 and O3 concentration, it is highly
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likely that the Langmuir-Hinshelwood mechanism is responsible
for the photochemical aging of soot by Os.
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