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< Reactions of O3 with anthracene on TiO2 and Asian dust were photo-enhanced.
< Anthraquinone can react with O3 quickly in the presence of light.
< Reactions of O3 with anthracene adsorbed on Asian dust proceed by the LeH mechanism.
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a b s t r a c t

The heterogeneous reactions of O3 with anthracene adsorbed on TiO2 and on Asian dust storm particles
were investigated in the dark and in the presence of light. The reaction rate constants of the hetero-
geneous reaction between O3 and anthracene adsorbed on TiO2 were increased by a factor of 1.5 in the
presence of light compared to the dark conditions. Anthraquinone, which was identified as the main
surface product of anthracene reacted with O3 in the dark, can react with O3 quickly in the presence of
light. The reactions on Asian dust storm particles exhibited pseudo-first-order kinetics for anthracene
loss, and the reactions between O3 and anthracene adsorbed on Asian dust storm particles proceed by
the LangmuireHinshelwood mechanism in the dark and in the presence of light. At extremely high
ozone concentrations, the degradation of anthracene is enhanced by a factor of 3 in the presence of light
compared to the dark conditions.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are mainly originated
from the incomplete combustion of fossil fuels (petroleum, natural
gas and coal) and biomass burning. Because of the high allergenic,
mutagenic, and carcinogenic properties of PAHs (Finlayson-Pitts
and Pitts, 1997), their transport and transformation in the envi-
ronment attracted considerable interest over the past several de-
cades (Bernstein et al., 1999; Fioressi and Arce, 2005; Fox and Olive,
1979; Matsuzawa et al., 2001; Pitts et al., 1980). Photolysis and
ozonation are themost important transformation pathway formost
PAHs adsorbed on natural substrates in the environment.

Photolysis of PAHs led to the formation of photo-oxidation
products and photodimers (Barbas et al., 1994; Dabestani et al.,
1995). Photochemical behaviours of PAHs are dependant not only
on their molecular structures but also the physicalechemical
properties of the substrate on which they are adsorbed.
: þ86 10 62923563.
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Carbonaceous particles can inhibit the photoreactivity of PAHs,
while mineral particles can accelerate the photoreactivity of PAHs
(Behymer and Hites, 1985; Dunstan et al., 1989; Korfmacher et al.,
1980; Wang et al., 2005).

PAHs ozonation has been investigated on a variety of substrates,
including phenylsiloxane oil (Kwamena et al., 2007), soot (Pöschl
et al., 2001), azelaic acid (Kwamena et al., 2004), octanol and dec-
anol (Kahan et al., 2006), NaCl (Gloaguen et al., 2006), pyrex glass
(Kwamena et al., 2006), different coated aqueous surfaces
(Mmereki et al., 2004) and mineral oxides (Ma et al., 2010). Under
dark conditions, the rate of ozonation is highly influenced by the
nature of the substrate and on the dispersion of the PAHs over the
surface. These reactions proceed by a LangmuireHinshelwood
mechanism, in which ozone adsorbs to the surface prior to reac-
tion and the rate of reaction is dependant upon the surface con-
centration of PAHs and ozone.

To date, only a few studies have investigated the effect of solar
radiation upon the heterogeneous ozonation of PAH adsorbed on
solid surfaces (Cope and Kalkwarf, 1987; Prokopenko and Osipov,
2003; Schutt et al., 1996; Styler et al., 2009). Styler et al. (2009)
rights reserved.
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found the reaction between solid pyrene surface and ozone was
enhanced in the presence of near-UV radiation (300e420 nm).
However, the effect of visible irradiation (400e700 nm) on the
heterogeneous ozonation of PAHs was not clear at present. In the
present work, the heterogeneous reactions of gas-phase ozonewith
anthracene adsorbed on mineral dust particles in presence and
absence of visible light were studied using attenuated total
reflection Fourier transform infrared (ATR-FTIR) and gas chroma-
tography mass spectrometry (GCeMS) technique. The results will
help for understanding the chemical behaviour of PAHs in the
atmosphere.

2. Experimental

2.1. Sampling and particles characterization

TiO2, although being a minor component of mineral dust par-
ticles (Karagulian et al., 2006), was shown recently to be respon-
sible for the photochemical reactivity of atmospheric mineral
aerosols (Ndour et al., 2008). Therefore, it was chosen as the model
particles of mineral dust. TiO2 was purchased from commercial
sources (Degussa P25, SBET ¼ 50 m2 g�1). Asian dust storm particles
were collected in a clean jar on the roof of a building (about 20 m
high) of the Research Center of Eco-Environmental Sciences, CAS
(116.3� E, 39.9� N, Beijing), on 16e17 April 2006, during a heavy
dust storm. The size distribution measured by laser size analysis
showed that the d0.5 of the particles was 20 mm. The BET area
determined from nitrogen adsorptionedesorption isotherms at
77 K using Nitrogen BrunauereEmmetteTeller (BET) physisorption
(Micromeritics ASAP 2000) was 5.43 m2 g�1.

2.2. Sample preparation and storage

Before adsorption of PAHs, particles were cleaned three times by
ultrasonication in the mixture of dichloromethane and n-hexane
(Chromatographic Grade), followed by drying at room temperature.
The concentration of PAHs in the extract of cleaned particles and
the pure solvent can not be detected by the gas chromatographye
mass spectrometer (Agilent 6890/5973).

Anthracene was adsorbed on particles by the impregnation
method. Approximately 1.0 g of cleaned dust particles was added to
20.0 mL of n-hexane containing 500 mg of anthracene. Approxi-
mately 0.1 g of cleaned TiO2 particles was added to 20.0 mL of n-
hexane containing 5 mg of anthracene. After stirred homoge-
neously, the solvent was slowly evaporated using a rotary evapo-
rator at 303 K. Finally, the particles were dried at room temperature
for 4 h. To avoid the photodegradation of adsorbed PAHs, all par-
ticles were stored in amber glass flasks at 255 K in the dark.

2.3. O3 generation and detection

O3 was generated by a homemade quartz O3 generator, in which
a mixed flow of dry O2 and N2 was irradiated by a mercury lamp
with wavelength of 185 and 254 nm. The concentration of O3 in the
feed gas was controlled by varying the ratio of O2 to N2 passing
through the mercury lamp and was detected by an O3 monitor
(Model 202, 2B Technology).

2.4. In situ attenuated total reflection Fourier transform infrared
(ATR-FTIR)

The IR spectra were recorded on a NEXUS 6700 (Thermo Nicolet
Instrument Corporation) FTIR, equipped with a homemade in situ
attenuated total reflection Fourier transform infrared (ATR-FTIR)
and a MCT detector. All experiments were performed at 293 K. The
coated TiO2 sample was suspended in distilled water at a concen-
tration of 1 mg mL�1. The suspension was treated for 10 min in an
ultrasonic bath; 1 mL of this suspension was spread on the ZnSe
crystal and purged with N2 overnight to remove water. The total
flow rate was 100 mL min�1, and the concentration of O3 was
2 ppm. The light was obtained by a 500 W xenon lamp (Beijing
TrusTech Science and Technology Co., China) equippedwith a liquid
light guide and quartz lens. The radiant flux density was measured
with a radiometer (Photoelectric Instrument Factory of Beijing
Normal University). The light intensity was 25 mw cm�2 during the
experiment. Temperature changes for the reactor, measured by a
thermocouple, were typical 5 K. The ZeSe crystal is used as the
background to get the absorption spectra. The reference spectrum
was measured in a synthesized air stream at 293 K. All spectra
reported were recorded at a resolution of 4 cm�1 for 100 scans.

2.5. Gas chromatographyemass spectrometry (GCeMS)

All experiments were performed at 298 K. A total of 20.0 mg of
coated particles were evenly deposited on a Teflon disc (the geo-
metric surface area is 3.39 cm2), which was then placed in a quartz
reactor. Before O3 was introduced into the quartz reactor, O2/O3/N2
of a given concentrationwas flowed through another blank reactor.
When the concentration of O3 was stable, the feed gas was
switched to the reactor containing adsorbed PAHs for reaction. In
another independent experiment, particles were simultaneously
exposed to O3 and irradiated with simulated sunlight emitted from
a 500 W xenon lamp (Beijing TrusTech Science and Technology Co.,
China) at a distance of 13 cm from the reactor. The light intensity
was also 25mw cm�2 during the experiment. Temperature changes
for the flow reactor, measured by a thermocouple, were typical 1 K.

The reacted particle samples were ultrasonically extracted using
20.0 mL CH2Cl2 and were then filtered using a glass fibre filter,
which had been previously cleaned in the samemanner as the pure
mineral oxides. Subsequently, CH2Cl2 was evaporated and changed
to 1.00 mL n-hexane under a gentle stream of nitrogen gas at 293 K.

Analyses of PAHs samples were performed by a GCeMS. The
column was a HP 5MS (30 m � 0.25 mm i.d. � 0.25 mm film
thickness). The methodology for the analysis of PAHs is similar to
our previous study (Ma et al., 2010, 2011). The concentration of
PAHs in solutionwere measured based on an external standard and
the use of a calibration curve. The recovery obtained from spike and
recovery experiments for anthracene on dust particles was
(99.6 � 6.27)%. Therefore, GCMS areas were corrected for 100%
recovery before quantification with the calibration curve.

2.6. Chemicals

All chemicals were chromatographic grade and used without
further purification. CH2Cl2 and n-hexane were obtained from
Baker Analyzed and Dima Technology Inc. Anthracene (99%) and
anthraquinone (99.5%) were purchased fromAcros Organics and Dr.
Ehrenstorfer GmbH. Polynuclear aromatic hydrocarbon mix (the
purity of anthracene is 100% and the prepared and certified analyte
concentration of anthracene is 100 and 100.3 mg mL�1, respec-
tively), which was used as the standard for calibrations, was pur-
chased from AccuStandard, Inc. High purity N2 and O2 were
supplied by Beijing AP BEIFEN Gases Inc.

3. Results and discussion

3.1. Blank experiment

Since ZnSe crystal is the optical lens of ATR and an inert mate-
rial, the heterogeneous reaction between O3 and anthracene on it
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was regarded as that of the heterogeneous reaction between O3 and
pure anthracene particles. Firstly, the interaction between anthra-
cene and N2 was investigated in the absence and presence of light.
The infrared spectra of pure anthracene particles and dynamic
changes of the averaged integrated area of anthracene on ZnSe in a
flow of 100 mL min�1 dry N2 are shown in Figs. S.1 and S.2. The
intensity of bands assigned to anthracene decreased slightly under
dark conditions, while the intensity of bands assigned to anthra-
cene decreased evidently in the presence of light. No product peaks
were observed in the absence and presence of light. Therefore, it
can be attributed to the volatilization of anthracene from ZnSe
surface. More amount of anthracene volatilized from ZnSe surface
in the presence of light may be due to the slightly elevated of
temperature or light induced nonthermal desorption.

In situ ATR-FTIR spectra of anthracene on ZnSe exposed to O3 or
O3/light with synthetic air are displayed in Fig.1. The bands at 3048,
957, 855 and 726 cm�1 are the characteristic feature of anthracene
(Fig. 1A and B). The heterogeneous reaction between anthracene
and O3 in the darkwas slow, however, this reaction displayed a light
enhancement. As shown in Fig. 1C, several bands at 1776, 1715,
1679, 1591, 1336 and 1288 cm�1 were observed in the spectra. The
bands at 1679, 1591, 1336 and 1288 cm�1 are attributed to the C]O
stretching, C]C stretching, CeC stretching and ring deformation of
9,10-anthraquinone, respectively (Ball et al., 1996). The bands at
1776 and 1715 cm�1 can be assigned to the C]O stretching of
phthalic anhydride. These results indicate that anthracene can react
with O3 to form anthraquinone in the dark. Anthraquinone can
further react in the presence of light.
Fig. 1. Dynamic changes of in situ ATR-FTIR spectra for anthracene on ZnSe in a flow of 100
Light 2 h; (g) Light 3 h.
The dynamic changes of the integrated area of anthracene under
different conditions were shown in Fig. 2. The reaction between O3
and pure anthracene particles in the dark was slow but the reaction
exhibited an exponential behaviour in the presence of light. This
means that light can promote the reaction between O3 and pure
anthracene particles.

3.2. Heterogeneous reaction between ozone and anthracene
adsorbed on TiO2

Heterogeneous reaction between O3 and anthracene adsorbed
on TiO2 was obviously faster than reaction between O3 and pure
anthracene particles. The dynamic changes of the integrated area of
anthracene under different conditions were shown in Fig. 3. The
volatilization of anthracene on TiO2 was neglectable in the dark.
This means that the interaction between anthracene and TiO2 was
strong. When the light was introduced to the reactor, the con-
sumption of anthracene in a flow of dry N2 was more evident than
that on ZnSe. Additionally, no product peaks was observed in the
spectra (data not shown). Dabestani et al. (1995) proposed that
anthracene can photo-dimerization on dry surface of SiO2 and
Al2O3 in the absence of oxygen. Therefore, the consumption of
anthracene can be attributed to the volatilization and photo-
dimerization of anthracene on TiO2 in the presence of light. The
heterogeneous reaction between O3 and anthracene on TiO2 was
obviously faster than that on ZnSe in the dark. This suggests that
the reactivity of anthracene with O3 is determined by the nature of
the substrate. The concentration of anthracene was steady after
mL min�1 2 ppmv O3 þ air (a) O3 0 h; (b) O3 1 h; (c) O3 2 h; (d) O3 3 h; (e) Light 1 h; (f)



Fig. 4. Dynamic changes of the integrated area of anthracene and anthraquinone on
TiO2 in a flow of 100 mL min�1 2 ppmv O3 þ air.

Fig. 2. Dynamic changes of the integrated area of anthracene on ZnSe under different
conditions.
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three hours of dark reaction, but anthracene can be further
consumed in the presence of light (Fig. 3).

In situ ATR-FTIR spectra of anthracene on TiO2 exposed to O3 or
O3/light with synthetic air are displayed in Fig. S.3. The dynamic
changes of the integrated area of anthracene and anthraquinone on
TiO2 in a flow of 100 mL min�1 2 ppmv O3 þ air were shown in
Fig. 4. With the reaction proceeding, the integrated area of
anthracene decreased while the integrated area of anthraquinone
increased in the dark. When the light was introduced to the reactor,
integrated area of anthraquinone decreased immediately. Blank
experiments indicate that the decay of anthraquinone on TiO2 in
the presence of light was not attributed to the increase of tem-
perature (Fig. S.4). These results suggest that anthraquinone can
react with O3 quickly in the presence of light.

Because of the fast reaction between O3 and anthracene adsor-
bed on TiO2 in the dark, anthracene was almost consumed
completely after 3 h. The effect of light on the heterogeneous re-
action between O3 and anthracene adsorbed on TiO2 was further
investigated. Fig. 5 shows the dynamic changes of the integrated
area of anthracene on TiO2 in 100 mL min�1 2 ppmv O3 in synthetic
air in the absence and presence of light. The heterogeneous reac-
tion between O3 and anthracene adsorbed on TiO2 displayed a light
enhancement. Under the assumption of linearly relations between
Fig. 3. Dynamic changes of the integrated area of anthracene on TiO2 in a flow of
100 mL min�1 dry N2 or 2 ppmv O3 þ air.
the concentration of anthracene and the integrated area of
anthracene, the estimated reaction rate constants was increased by
a factor of 1.5 in the presence of light. Additionally, the reaction
extent was promoted by light.
3.3. Heterogeneous reaction kinetics between ozone and
anthracene adsorbed on Asian dust storm particles

As discussed above, the ozonation rate of PAHs is highly influ-
enced by the nature of the substrate. Therefore, Asian dust storm
particles were chose as substrate to investigate the heterogeneous
reaction of anthracenewith O3. Anthraquinonewas identified as the
main surface product of anthracene reacted with ozone (Fig. S.5).
The kinetics of the heterogeneous reaction between O3 and
anthracene adsorbed on Asian dust storm particles were deter-
mined by monitoring the loss of anthracene as a function of O3
exposure time at 298K. Thedegradationof anthraceneonAsiandust
storm particles showed an exponential pattern (Fig. 6), which sug-
gests that the reactions are reasonably described by pseudo-first-
order kinetics. Therefore, the experimental data were fitted using
pseudo-first-order exponential functions shown in equation (1),
Fig. 5. Dynamic changes of the integrated area of anthracene on TiO2 in a flow of
100 mL min�1 2 ppmv O3 þ air.



Fig. 6. The change of normalized concentration of anthracene adsorbed on Asian dust
storm particles under different conditions at 298 K: (,) in N2 flow, (B)
w1.37�1014molecules cm�3O3 in the absenceof light, (6)w1.37�1014molecules cm�3

O3 in the presence of light.

Fig. 7. Pseudo-first-order rate constants (k1,obs) as a function of gas-phase O3 con-
centration for the reactions of O3 and anthracene adsorbed on Asian dust storm
particles (B) under dark conditions, (,) under solar light irradiation. The dashed line
and solid line represent the fit of the experimental observations to the modified
LangmuireHinshelwood mechanism (Eq. (3)).
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½PAH�t
½PAH� ¼ ½PAH�plateau

½PAH� þ ½PAH�0 � ½PAH�plateau
½PAH�
Table 1
Kinetic parameters for the reaction of ozone with anthracene adsorbed on Asian
dust storm particles under different conditions.

Conditions k1,max (10�3 s�1) KO3
(10�13 cm3)

Dark 0.61 � 0.06 3.30 � 1.62
Light 1.91 � 0.24 0.57 � 0.20
0 0 0

� exp
��k1;obs � t

�
(1)

where [PAH]t is the concentration of adsorbed PAH at a given time,
[PAH]0 is the initial concentration of adsorbed PAH, [PAH]plateau is
the concentration of adsorbed PAH at the plateau shown in Fig. 6,
and k1,obs is the apparent rate constant of the pseudo-first-order
reaction. The k1,obs values were (3.52 � 0.53) � 10�4 s�1 and
(1.29 � 0.13) � 10�3 s�1 in the absence and presence of light,
respectively. The reaction rate in the presence of light was almost
four times faster than that in the absence of light. The values of
k1,obs was 2 orders of magnitude lower than that on SiO2, a-Al2O3
and a-Fe2O3 measured under similar conditions (in the absence of
light) (Ma et al., 2010). Many hypotheses were put forward to
explain these phenomena. One possibility is that Asian dust storm
particles were aged in the atmosphere or the structures of dust
particles were different with that of mineral oxides. Additionally,
the reaction between O3 and anthracene on other component of
Asian dust storm particles except SiO2, a-Al2O3 and a-Fe2O3 may be
slow. As can be seen in Fig. 6, the degradation of PAHs reached a
plateau on Asian dust storm particles, which suggested that the
anthracenewas not being deposited as a smooth, uniform layer, but
more likely as clumps or islands.

In previous study, we found the reaction between O3 and
anthracene adsorbed on SiO2, a-Al2O3 and a-Fe2O3 proceeds by the
LangmuireHinshelwood mechanism (Ma et al., 2010). In order to
clarify the surface reaction mechanism of O3 with anthracene
adsorbed on Asian dust storm particles, the k1,obs at different gas-
phase O3 concentrations were measured. As shown in Fig. 7, the
plot of k1,obs is nonlinearly related to gas-phase O3 concentration,
which is consistent with the modified LangmuireHinshelwood
reaction mechanism. This mechanism involves the reaction of
surface species in which one reactant (i.e. the PAHs) is adsorbed on
the particle surface while a second reactant (i.e. O3) is in equilib-
rium between the gas phase and the surface. The surface reaction
takes place between two adsorbed species on the surface of the
substrates. This kind of mechanism was observed for the reaction
between surface-bound PAHs and O3 on different substrates (Kahan
et al., 2006; Kwamena et al., 2006, 2007, 2004; Ma et al., 2010;
Mmereki et al., 2004; Pöschl et al., 2001).
In the modified LangmuireHinshelwood mechanism, the k1,obs
can be interpreted as (Kahan et al., 2006; Kwamena et al., 2006,
2007, 2004; Mmereki and Donaldson, 2003; Mmereki et al., 2004;
Pöschl et al., 2001, 2007)

k1;obs ¼ k2½SS�sKO3
½O3�g

1þ KO3
½O3�g

(2)

where [SS]s is the surface concentration of ozone adsorption sites,
KO3

is the Langmuir adsorption equilibrium constant for O3, i.e. the
ratio of rate constants between the adsorption and desorption of O3
(ka;O3

/kd;O3
), [O3]g is the gas-phase concentration of O3. From this

equation, it is evident that k1,obs is dependant on both the number
of surface sites and the gas-phase concentration of O3. The k2[SS]s
represents the maximum pseudo-first-order rate constant of
anthracene at high O3 concentration (qO3

/1), and is replaced with
k1,max. Then equation (2) can be rewritten as (Kwamena et al., 2006,
2007, 2004)

k1;obs ¼ k1;maxKO3
½O3�g

1þ KO3
½O3�g

(3)

Fig. 7 shows the fitting curves based on equation (3) using
nonlinear least-squares fitting. The fitting parameters, including
KO3

and k1,max are listed in Table 1. The errors for these parameters
were obtained from the statistical errors of the nonlinear least-
squares fitting.

The fitting parameters (KO3
and k1,max) for the reactions between

O3 and anthracene adsorbed on Asian dust storm particles are
summarized in Table 1.

At an atmospherically relevant ozone mixing ratio of about
60 ppb, the first order rate constant of anthracene degradation at
the Asian dust storm particles surface is 1.48 � 10�4 s�1 in the
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presence of light. At extremely high ozone concentrations (see the
plateau in Fig. 7), the degradation of anthracene is enhanced by a
factor of 3 in the presence light compared to the dark conditions.

4. Conclusions

In this study, heterogeneous reactions of O3 with anthracene
adsorbed on TiO2 and Asian dust storm particles were investigated
in the presence and absence of light at room temperature. The
consumption of anthracene on TiO2 in a flow of dry N2 in the
presence of light may be caused by the volatilization and photo-
dimerization. The ozonation products of anthracene (anthraqui-
none) can react with O3 quickly in the presence of light. The reac-
tion rate constants on TiO2 were increased by a factor of 1.5 in the
presence of light.

The values of k1,obs for heterogeneous reaction between O3 and
anthracene adsorbed on Asian dust storm particles was 2 orders
of magnitude lower than that on SiO2, a-Al2O3 and a-Fe2O3

measured under dark conditions. This work showed that the re-
actions between ozone and anthracene adsorbed on Asian dust
storm particles proceed by the LangmuireHinshelwood mecha-
nism in the dark and in the presence of light. At extremely high
ozone concentrations, the degradation of anthracene is enhanced
by a factor of 3 in the presence of light compared to the dark
conditions. Thus, heterogeneous photochemical reaction of ozone
with anthracene adsorbed on mineral dust needs to be considered
into accurate models for estimation the reactive fate of PAHs in
the atmosphere.
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