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Abstract. Heterogeneous reaction kinetics involving organic
aerosol and atmospheric oxidants such as ozone can be enhanced under visible or UV irradiation in the presence of a
photosensitiser, with subsequent implications for the climate,
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for uniform irradiation of the organic substrates. The I-RCFR
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Introduction

Condensed phase organic material is ubiquitous in the atmosphere and can constitute a significantly large portion
(20–90 %) of the submicron atmospheric aerosol mass fraction (Kanakidou et al., 2005; Zhang et al., 2007; Hallquist
et al., 2009). Biomass burning is a large source of trace gases
and organic aerosol to the atmosphere, and it has a source
strength that is comparable to fossil fuel burning (Crutzen
et al., 1979; Logan et al., 1981; Crutzen and Andreae, 1990).
Biomass burning aerosol (BBA) can have significant effects
on air quality and human health, and it can directly affect the
atmosphere through scattering and absorption of radiation,
or indirectly through influencing cloud radiative properties
by impacting underlying microphysics (Hobbs and Radke,
1969; Ramanathan et al., 2001; Pope et al., 2009; Levin et al.,
2010; Dusek et al., 2011; Engelhart et al., 2012).
Although BBA represents a complex mixture of inorganic and water soluble/insoluble organic compounds, some
species are common in BBA and can be applied as biomolecular markers for source apportionment of biomass burning plumes (Hawthorne et al., 1988, 1989; Simoneit, 2002;
Robinson et al., 2006b; Fu et al., 2012). Two such biomolecular markers are the hemicellulose decomposition product
levoglucosan (1,6-anhydro-β-D-glucopyranose, C6 H10 O5 )
and the substituted phenol 5-nitroguaiacol (2-methoxy-5nitrophenol, C7 H7 NO4 ) (Hawthorne et al., 1988, 1989; Simoneit, 2002; Robinson et al., 2006b; Fu et al., 2012). To assess the aerosol source strength, biomolecular markers employed in apportionment studies should be inert with respect to chemical reaction during atmospheric transport. In
the atmosphere, however, BBA particles are exposed to gas
phase oxidants such as O3 , resulting in multiphase chemical reactions, which can cause chemical and physical modification of the particles, a process known as chemical ageing (Hennigan et al., 2010; Kessler et al., 2010; Hennigan
et al., 2011; Knopf et al., 2006, 2011; Shiraiwa et al., 2012).
It has been shown that O3 can be photochemically created
in BB plumes, with reported concentration levels as high as
100 ppb (Delany et al., 1985; Andreae et al., 1988; Crutzen
and Andreae, 1990; Ziemke et al., 2009; Konovalov et al.,
2011; Dupont et al., 2012; Martins et al., 2012; Akagi et al.,
2013). Therefore, heterogeneous oxidation reactions inside
a BB plume can cause chemical modification of particles and
biomolecular marker species, potentially having subsequent
effects on source apportionment (Robinson et al., 2006b; Lin
et al., 2010). Chemical ageing may also enhance aerosol toxicity, as well as yield changes in aerosol hygroscopicity, affecting cloud formation processes (Finlayson-Pitts and Pitts,
2000; Maria et al., 2004; Rudich et al., 2007; Andreae, 2009;
Jimenez et al., 2009; Hennigan et al., 2011; Wang and Knopf,
2011). It has been shown recently that there can be significant
degradation and volatilisation of typical BBA species such
as levoglucosan, abietic acid, and 5-nitroguaiacol through
heterogeneous oxidation reactions (Hennigan et al., 2010;
Atmos. Chem. Phys., 13, 6507–6522, 2013

Kessler et al., 2010; Knopf et al., 2011; Shiraiwa et al.,
2012). The reactive uptake coefficient, γ , or the probability that a gas-to-particle collision results in loss of that gas
molecule due to reaction, of O3 with levoglucosan and 5nitroguaiacol can be on the order of 10−5 in the absence of
irradiation (Knopf et al., 2011). The corresponding oxidative powers (γ · [O3 ]) can be on the order of 3.3 × 107 and
2.0 × 108 molecule cm−3 , respectively, assuming 100 ppb of
O3 in a BB plume (Knopf et al., 2011). Compared to the oxidative power of OH with levoglucosan, 5.9 × 106 assuming
γOH = 0.52 and [OH] = 0.46 ppt (Yokelson et al., 2009; Slade
and Knopf, 2013), heterogeneous reactions of O3 with compounds typical of BBA and thus particle and species degradation could be significant; however, volatilisation of condensed phase species is expected to be much less for reactions involving O3 compared to OH (Slade and Knopf, 2013).
In summary, it is highly likely that BBA particles undergo
chemical ageing by O3 during atmospheric transport, with
subsequent implications for source apportionment calculations.
Chemical ageing of BBA by gas phase oxidants can be amplified due to the presence of a photosensitiser. A photosensitiser is a light-absorbing compound that can further enhance
heterogeneous kinetics through photosensitive interactions
with other species (George et al., 2005; Jammoul et al., 2008;
Sosedova et al., 2011). A photosensitising compound can absorb radiation and transfer its excitation energy to a neighbouring molecule that might not have otherwise absorbed radiation (Vione et al., 2006; Hoffmann, 2008; Gómez-Alvarez
et al., 2012). This activated molecule can then undergo
other processes such as oligomerisation, HONO formation,
or chemical ageing (Gómez-Alvarez et al., 2012). Humiclike substances (HULIS) are commonly present in BBA and
have been shown to possess photosensitive properties (Facchini et al., 2000; Mayol-Bracero et al., 2002; Gelencsér
et al., 2003; Lukács et al., 2007; Schmidl et al., 2008a,b; Fors
et al., 2010; Konovalov et al., 2012). The presence of HULIS
in BBA may enhance degradation of biomolecular markers
if they are able to absorb the excitation energy of the photosensitiser and subsequently react more efficiently with atmospheric oxidants. Concentrations of HULIS can be highly
variable in BB smoke, i.e. 0.6–5.8 wt % of HULIS in wood
combustion smoke compared to 1.6–21.2 wt % from burning
leaves (Schmidl et al., 2008a,b). The effect of varying the
amount of photosensitiser in a photosensitised reactive uptake measurement has not been explored in detail.
It has been shown experimentally that phenols can efficiently quench the excited triplet state of a photosensitiser,
such as an aromatic carbonyl compound, in solution (Canonica et al., 1995; Anastasio et al., 1997; Canonica et al.,
2000). However, it is expected that these types of reactions
may be even more efficient at the surface of aerosol particles due to enhanced light intensity at the surface (Nissenson et al., 2006). Although phenolic and polyphenolic
compounds are ubiquitous in the atmosphere, they can be
www.atmos-chem-phys.net/13/6507/2013/
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significantly enhanced in BB plumes, and have been suggested as tracers for BBA sources (Rogge et al., 1998; Fine
et al., 2001). Recent studies have shown that reactive uptake
of gas phase oxidants by adsorbed phenolic and polyphenolic compounds such as catechols, gentisic acid, tannic acid,
4-phenoxyphenol, and phenol in the presence of a photosensitiser can be significantly enhanced when exposed to ultraviolet (UV) or visible (VIS) radiation compared to dark conditions (George et al., 2005; Jammoul et al., 2008; Net et al.,
2010; Sosedova et al., 2011).
Previous studies have observed that γ can have a linear
dependence on VIS and UV photon flux, but some measurements were limited in the VIS photon flux intensity compared to the sun’s total VIS irradiance (Stemmler et al., 2006;
Jammoul et al., 2008; Brigante et al., 2008; D’Anna et al.,
2009; Baduel et al., 2011; Sosedova et al., 2011; Zelenay
et al., 2011). Previous studies have also shown that the uptake
of gas phase oxidants may follow a Langmuir–Hinshelwood
(LH) type reaction mechanism, where the oxidant first adsorbs on the organic substrate and subsequently reacts, yielding γ values that are reduced at high oxidant concentrations
(Stemmler et al., 2007; Jammoul et al., 2008; Brigante et al.,
2008; D’Anna et al., 2009; Net et al., 2010; Baduel et al.,
2011; Sosedova et al., 2011; Zelenay et al., 2011). A recent
modelling study by Konovalov et al. (2012) indicated that
there may be a positive feedback between the O3 loss rate
and O3 mixing ratio because of this inverse dependence of γ
on O3 concentration (Konovalov et al., 2012).
This study will explore the effect of using the humic acid
Pahokee peat (PP) as a proxy for atmospheric HULIS acting as a photosensitiser on γ of O3 with solid films of levoglucosan (LEV) and 5-nitroguaiacol (NG) when exposed to
UV and VIS radiation. We employ a novel irradiated rectangular channel flow reactor (I-RCFR) coupled to a custombuilt chemical ionisation mass spectrometer (CIMS) to determine photosensitised heterogeneous kinetics. The advantage of this approach is the capability to uniformly irradiate the organic substrate and conduct reactive uptake measurements at atmospherically relevant O3 concentrations and
at low pressures, thereby decreasing diffusion-limiting effects. The presented study will also explore the effect of
varying the amount of photosensitiser by investigating 1 : 1,
1 : 10, and 1 : 100 mixtures by mass of PP and NG. We
will also investigate a 10 : 1 : 3 mixture by mass of LEV,
NG, and PP. Although we do not know the triplet redox
potential of PP and NG, NG is expected to efficiently absorb excitation energy from PP due to its phenolic structure,
and therefore have enhanced reactivity towards ozone. Previous studies suggest that photosensitisers such as methylene blue, benzophenone, 3’-methoxyacetophenone, and 2acetonaphthone possess triplet redox potentials larger than
+1.10 V (vs. normal hydrogen electrode) (Canonica et al.,
2000; Sosedova et al., 2011), whereas, e.g., 4-nitrophenol
possesses redox potentials smaller than at −1.02 V (vs. Ag
electrode) (Silvester et al., 2006). This indicates the likeliwww.atmos-chem-phys.net/13/6507/2013/
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hood that triplet excited states of PP can accept electrons
from NG, allowing this energy transfer. We also investigate the effect of irradiation intensity on γ . This study employs a photon flux similar to that received by the sun
for both VIS (8p = 1.0 × 1017 photons cm−2 s−1 ) and UVA (8p = 5.6 × 1015 photons cm−2 s−1 ) radiation (Gueymard
et al., 2002). Lastly, we will also explore the effect of O3
concentration on γ at atmospherically relevant oxidant concentrations.
2
2.1

Experimental
Apparatus

Uptake experiments were conducted using an I-RCFR with
controlled irradiance coupled to CIMS based on previous
setups (Fig. 1) (Knopf et al., 2007, 2011). The I-RCFR is
rectangular in shape, allowing us to study the reactivity of
a substrate with dimensions of 9.0×14.9 cm2 . Either a quartz
trough or a sand-blasted glass block can be inserted to study
the uptake of gas phase oxidants by liquids or highly viscous/amorphous solid films, respectively. The bottom of the
flow reactor is equipped with a cooling jacket to control
the temperature of the uptake experiments. Temperatures reported in this study are of the substrate surface. This was determined with a thermocouple directly contacting the glass
block while the flow reactor was under low pressure and gas
flow was present. Temperatures of the gas were also recorded
to determine the mean thermal velocity of the gas molecules.
The temperature measurements were performed in the dark
and under VIS and UV irradiation.
The top cover of the flow reactor is made of quartz glass to
allow maximum transmission (90 % for VIS and UV) of irradiance to the reactive substrate. The quartz is covered with
black vinyl for the dark reactive uptake measurements. The
distance between the reactive surface and the inside of the
cover is 7 mm. The O3 enters the flow reactor through a 1/800
outer diameter movable injector with a u-shaped end, resulting in two gas flow exits to enhance lateral mixing of the
O3 downstream of the flow reactor. Carrier gases were introduced through two inlets at the back of the flow reactor
and allowed to thoroughly mix laterally by use of a mixing
barrier.
2.2

Uptake measurements

The pseudo-first-order loss of the oxidant to the organic substrate was determined using two different methods. The first
method employs monitoring the loss of the gas phase species
as the injector was instantaneously pulled back 10 or 12 cm
over the reactive substrate. The change in the gas phase oxidant’s concentration was then monitored as a function of exposure time (∼ 10 min). The steady-state O3 signal is used
for calculation of γ . In some instances, e.g. for validation of
literature values, we used the initial drop in the O3 signal to
Atmos. Chem. Phys., 13, 6507–6522, 2013
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Fig. 1. Schematic representation (not to scale) of the irradiated rectangular channel flow reactor (I-RCFR) coupled to the chemical ionisation
mass spectrometer. Irradiation source distance above the I-RCFR is adjustable.

calculate γ . The second method monitors the loss of the gas
phase species as the injector is pulled back over the organic
substrate in increments of 3 cm until reaching 12 cm. These
methods will be termed pullback and stepwise, respectively,
for the remainder of the manuscript. At least 6 independent
experiments were conducted for each investigated species or
mixture. For each pullback experiment a freshly prepared organic substrate was applied. For the stepwise method, a fresh
substrate was used at the beginning of the experiment, but
was not changed for each stepwise increment during the experiment.
2.3

Irradiation source

The VIS irradiation source used is a 400 W GrowBright highpressure sodium (HPS) lamp, fit inside an air-coolable reflector (HTG Supply). The UV irradiation source used is
a 400 W Eliminator high-pressure mercury vapour blacklight
bulb, also fit inside an air-coolable reflector. The lamps are
positioned above the flow reactor in such a way that they
can be moved closer or farther away, allowing for a change
in the photon flux reaching the reactive substrate. The light
sources are positioned directly above the flow reactor so that
the zenith angle is 0 ◦ C. The spectral irradiance reaching the
reactive substrate was determined using a USB 2000 spectrometer coupled to a 50 µm optical fiber (Ocean Optics). The
spectrometer was calibrated using an HL-2000-CAL calibrated tungsten lamp (Ocean Optics). A UV-VIS neutral density filter with an optical density of 3.0 and a wavelength
range of 200–700 nm was used between the optical fiber and
the irradiation source to avoid saturation of the spectrometer
detector. The measurements were performed with the quartz
cover between the fiber optics and the irradiation source.
For the UV irradiance measurements, a UV bandpass filter
with a centre wavelength of 360 nm was used to eliminate
all wavelengths except the main peak at 365.7 nm. This filter
was positioned on top of the quartz cover during UV uptake
Atmos. Chem. Phys., 13, 6507–6522, 2013

experiments to eliminate possible influences from VIS irradiation.
2.4

Oxidant generation, detection, and flow conditions

The gases N2 and He were first passed through a carbon filter (Supelco, Supelcarb HC) and a Drierite trap cooled with
liquid nitrogen to remove any possible organic contamination. O2 was passed through a Drierite trap cooled by a liquid ethanol/dry ice mixture. O3 was generated by passing
a flow of O2 over a UV source (Jelight, model #600) before
entering the flow reactor. The flow of the O2 /O3 mixture varied between 1 and 5 cm3 min−1 at standard temperature and
pressure (STP). A He gas carrier flow of about 50 cm3 min−1
STP entered the flow reactor and was allowed to thoroughly
mix laterally. Typical flow velocities inside the I-RCFR were
60–65 cm s−1 . This resulted in Reynolds numbers of about
0.04, indicating laminar flow conditions. O3 was detected as
O−
3 (m/z = 48) by the mass spectrometer after chemical ion−
isation by SF−
6 (m/z = 146). SF6 was generated by passing
a trace amount of SF6 in about 1 L min−1 STP N2 through
a 210 Po source (Knopf et al., 2005, 2011). O3 concentrations used in these reactive uptake measurements ranged
from 1.7×1011 to 1.9×1012 molecule cm−3 , representing 7–
75 ppb. Experiments were conducted at 2–3 hPa.
For validation purposes, the uptake of NO3 radicals by
linoleic acid (cis,cis-9,12-octadecadienoic acid) was measured. NO3 was generated by thermal decomposition of
N2 O5 , which was generated through the gas phase reaction
of NO2 with excess O3 , as discussed in detail in our previous
work (Knopf et al., 2006, 2011). NO3 was detected as NO−
3
− −
after chemical ionisation by SF−
6 or I . I was generated by
passing a trace amount of CH3 I in about 1 L min−1 STP N2
through a 210 Po source (Knopf et al., 2006, 2011).

www.atmos-chem-phys.net/13/6507/2013/
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2.5

Substrate preparation

Pure PP substrates were prepared using a 1 mg mL−1 aqueous solution. PP only partially dissolves in water, leaving
some particulate matter suspended in the solution. Pure LEV
substrates were prepared using a 1.00 wt % aqueous solution,
and pure NG substrates were prepared using a 1.00 wt % solution in methanol. One : one (1 : 1) by mass PP/LEV substrates were prepared as a 1.00 wt % aqueous solution, and
1 : 1, 1 : 10, and 1 : 100 by mass PP/NG substrates were prepared as 1.00 wt % solutions in methanol. Ten : one : three
(10 : 1 : 3) by mass LEV/PP/NG substrates were prepared as
a 1.00 or 2.00 wt % solutions in methanol. Organic solutions
were deposited on the glass block in ∼ 0.6 mL increments,
and solvents were allowed to completely evaporate in a particle free environment. The thickness of the organic film is
estimated to be ∼ 0.2–0.4 µm based on the amount of applied solution. Evaporation of the organic substrate under the
experimental conditions may be possible, but is assumed to
be of minor importance according to estimations of the evaporative flux (Cussler, 2010). This is corroborated by visually
insignificant changes of the organic substrates after an uptake
experiment, similar to previous findings (Knopf et al., 2011;
Slade and Knopf, 2013). Continuous evaporation of significant amounts of organic molecules would result in a continuous supply of unreacted surface sites, not supported by
our findings of an LH type reaction mechanism, as described
below.
2.6

Absorbance measurements

Absorbance measurements were conducted using a Cary 1
UV-VIS spectrophotometer. A 1 mg mL−1 aqueous solution
of PP was centrifuged to remove particulate matter suspended in the solution. The absorbance of a 1 wt % aqueous solution of LEV was measured, but the results are not
reported due to a complete lack of absorbance in the 300–
700 nm wavelength regime. The absorbance of NG was determined by dissolving in both a 0.01 M HCl or a 0.01 M
NaOH solution to account for effects of solution pH on absorbance. The effect of changing the solution pH on the uptake of O3 was not explored in this study.
2.7

Chemicals

Listed below are the chemicals, the corresponding purities, and manufacturer used in our studies: He (UHP),
N2 (UHP), O2 (UHP), and SF6 (99.998 %), all acquired
from Praxair; 2-methoxy-5-nitrophenol (97 %), 1,6-anhydroβ-D-glucopyranose (99 %), cis-9-octadecenoic acid (99 %),
cis-9,cis-12-octadecadienoic acid (97 %), and methanol
(99.9 %), all acquired from VWR; canola oil (not determined) and Pahokee peat humid acid reference 1R103H (International Humic Substances Society). Millipore water (rewww.atmos-chem-phys.net/13/6507/2013/
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sistivity > 18.2 M cm) was used for preparation of aqueous
solutions.
3
3.1

Results and discussion
Light source characterisation

The spectral irradiance of the light sources as well as a standard solar spectrum tilted 37◦ from the sun, as given by
the American Society for Testing and Materials (Gueymard
et al., 2002), are shown in Fig. 2. The total irradiances from
the sun are 1.0 × 1017 photons cm−2 s−1 from 400 to 700 nm,
and 5.6 × 1015 photons cm−2 s−1 from 300 to 400 nm. The
total irradiance for the visible lamp integrated from 400 to
700 nm is 5.9×1017 photons cm−2 s−1 at a distance of 7.6 cm,
and the total irradiance for the UV lamp integrated from 300
and 400 nm is 8.1 × 1015 photons cm−2 s−1 at a distance of
5.1 cm. As shown in Fig. 2, the bulk of the photon flux density for the visible lamp lies between 550 and 650 nm. However, previous studies use fluorescent lamps which have significant photon flux from 400 to 500 nm (Jammoul et al.,
2008; D’Anna et al., 2009). Furthermore, the sun emits irradiation continually in the visible wavelength regime, indicating that our VIS light source may lack shorter wavelength
irradiation compared to the sun. Also shown in Fig. 2, the
photon flux from the UV irradiation source peaks from 362 to
372 nm. However, the sun continually emits irradiation in the
UV-A wavelength regime, again indicating that our UV light
source may lack shorter wavelength irradiation compared to
the sun.
The total irradiance was also measured as a function of
distance from the reactive substrate for each of the lamps, as
shown in Fig. 3. Our setup allows for the variation of the total
VIS and UV photon flux by at least an order of magnitude.
3.2

Derivation of reactive uptake coefficient

The reactive uptake coefficient, γ , is derived using the
method developed by Knopf and coworkers (Knopf et al.,
2007). As mentioned above, the loss of ozone is measured
as the injector is pulled back over a known distance of the
organic substrate. Assuming first-order kinetics, we can describe the relationship between distance and concentration as
follows:


kobs l
C(l) = C0 exp −
,
(1)
νavg
where C(l) is the O3 concentration at position l, l is the
length of the reactive substrate exposed to O3 , C0 is the concentration at l = 0, νavg is the average flow velocity, and kobs
is the observed first-order reaction rate constant. We determine kobs as the slope of the logarithmic change in the normalised O3 signal as a function of reaction time, t = l/νavg ,
as shown in Fig. 4. Efficient reactive uptake of O3 can result
in concentration gradients close to the substrate surface, and
Atmos. Chem. Phys., 13, 6507–6522, 2013
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thus diffusion effects must be considered. The diffusion coefficient of O3 in He is taken as 394 Torr cm2 s−1 at 298 K
(Moise and Rudich, 2000). Correction for concentration gradients in the vertical direction and in the direction of the bulk
gas flow is performed by numerical analysis of the laboratory
data following the method described by Knopf et al. (2007).
The analysis uses iterative measures to obtain the first-order
1st from the experimentally deterreaction rate constant, kw
mined kobs . γ is derived according to the first-order wall loss
rate constant (Hanson, 1998; Knopf et al., 2007):
(2)

where A is the geometric surface area of the organic substrate, V is the volume of the gas above the reactive sub1st is the first-order wall loss rate constant, and c is
strate, kw
the thermal molecular speed of O3 . Correction for diffusion
is on average < 15 % for the measured uptake coefficients.
The γ values reported in this study are steady-state γ values, meaning they were calculated from a steady O3 signal.
The initial γ was also determined for comparison with some
literature values, whereby the maximum drop in the O3 signal was used to calculate γ .

Fig. 3. Total irradiances for the VIS and UV irradiation sources as
a function of lamp distance from the organic substrate are shown as
closed and open circles, respectively. The open circles refer to the
right y-axis. Error bars denote 1σ of the mean irradiance and the
mean distance.
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rate constants are determined.

Validation

To validate the I-RCFR we measured γ of oleic acid (cis-9octadecenoic acid, C18 H34 O2 ), canola oil, levoglucosan, 5nitroguaiacol, and PP (under dark and UV irradiation conditions) with O3 and linoleic acid with NO3 , as shown in
Table 1. The uptake of O3 by liquid and solid oleic acid is
in agreement with previous studies within experimental uncertainty (Moise and Rudich, 2002; Zahardis and Petrucci,
Atmos. Chem. Phys., 13, 6507–6522, 2013

2007). The uptake of NO3 by linoleic acid is in agreement with a study by Zhao et al. (2011). The uptake of O3
by canola oil is, within experimental uncertainty, in agreement with a previous study by Knopf et al. (2007) that
utilised an RCFR. The preceding reactive uptake measurements were performed using the stepwise method. The uptake of O3 by LEV is in agreement with our previous study
using a rotating-wall flow-tube reactor (Knopf et al., 2011).
www.atmos-chem-phys.net/13/6507/2013/
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Table 1. Comparison of reactive uptake coefficients, γ , determined in this study with literature values for various liquid and solid organic
substrates and gas phase oxidants. Uncertainty is ±1σ .
Substrate
Oleic Acidh
Oleic Acidh
Canola Oilh
Linoleic Acidh
Pahokee Peat (dark)i
Pahokee Peat (UV)i
Levoglucosan (dark)j
5-Nitroguaiacol (dark)j

Oxidant
O3
O3
O3
NO3
O3
O3
O3
O3

T /K

γa

γ

293
273
298
298
293
296
293
293

(6.5 ± 1.2) × 10−4

(7.5–73) ×10−4b
(5.2 ± 0.1) × 10−5c
(6.5–9.3) ×10−4d
(0.53 ± 0.12)e
(3.6 ± 1.9) × 10−6f
(5.5 ± 1.4) × 10−5f
(1.3 ± 1.2) × 10−5g
(8.3 ± 6.7) × 10−5g

(5.8 ± 2.5) × 10−5
(6.2 ± 0.6) × 10−4
(0.28 ± 0.25)
(3.5 ± 2.1) × 10−6
(1.7 ± 0.5) × 10−5
(1.7 ± 1.5) × 10−5
(1.0 ± 0.4) × 10−5

a This study. b Zahardis and Petrucci (2007). c Moise and Rudich (2002). d de Gouw and Lovejoy (1998). e Zhao
et al. (2011). f D’Anna et al. (2009). g Knopf et al. (2011). h γ values were determined using the stepwise method. i γ
values were determined from the steady-state O3 signal. j γ values were determined using initial drop in O3 signal
(see text for more details).

The reactive uptake coefficient of O3 with NG is very close
to the study by Knopf et al. (2011), and the minor difference
may be due to differences in the morphology of the organic
substrate surfaces. It is important to note that the γ values of
LEV and NG with O3 were determined using the initial drop
of the O3 signal, as in the previous study. Steady-state reactive uptake of O3 by PP under dark conditions is in agreement
with a study by D’Anna et al. (2009). Under UV irradiation,
however, the steady-state reactive uptake of O3 is lower than
previously determined by D’Anna et al. (2009). This can be
attributed to a lower total irradiance reaching the substrate,
i.e. 8.1 × 1015 photons cm−2 s−1 in this study compared to
2.4×1016 photons cm−2 s−1 applied by D’Anna et al. (2009).
The authors have determined that decreasing the photon flux
causes γ to decrease; thus a lower γ in our study can be expected.
3.4
3.4.1

Reactive uptake of ozone
Dark experiments

Steady-state reactive uptake coefficients of O3 were determined in complete darkness, under dry conditions, and with
atmospherically relevant O2 levels. The temperature of the
organic substrate was 20.0 ◦ C. Under these conditions each
substrate can be assumed to be in a highly viscous or amorphous solid state (Mikhailov et al., 2009; Knopf et al., 2011).
All dark experiments were performed using the pullback
method. As shown in Table 2, γ of the LEV substrate is
(3.6 ± 2.7) × 10−6 . Such a low γ can be expected when
considering the low reactivity of the gas phase reaction between O3 and alcohols (Atkinson and Carter, 1984). Steadystate-derived γ of NG is (5.7 ± 2.5) × 10−6 , about a factor
of 2 lower compared to γ determined by applying the initial drop in the O3 signal. The PP substrate yielded a γ of
(3.5 ± 2.1) × 10−6 , which is in agreement with the value reported by D’Anna et al. (2009). γ obtained from the 1 : 1
www.atmos-chem-phys.net/13/6507/2013/

PP/LEV substrate is similar to γ determined from the individual LEV and PP substrates, within experimental error. γ
derived from the 1 : 1, 1 : 10, and 1 : 100 PP/NG substrates
are all similar to γ determined from the individual NG and
PP substrates, within experimental error. γ of the 10 : 1 : 3
LEV/PP/NG substrate exhibited a higher uncertainty, and the
resulting γ values are similar to that of the individual substrates within the experimental error. The larger uncertainty
may be caused by differences in surface composition of the
organic substrate.
3.4.2

Visible irradiation experiments

Steady-state γ values measured in the presence of VIS
irradiation were conducted under dry conditions, with
atmospherically relevant O2 , and with substrate temperatures of 23 ◦ C. Most experiments were conducted using the
pullback method; however, some of the experiments using
the 1 : 1 PP/NG substrate were conducted with the stepwise
method for comparison. These two methods yielded similar γ values, within experimental error. As shown in Table 2, γ for the pure PP solution is enhanced by more than
a factor of 2 when exposed to VIS irradiation. This is expected due to the photosensitive properties of humic acid,
and is similar to the effects observed by D’Anna et al. (2009).
However, the enhancement in γ determined here is smaller
than that reported by D’Anna et al. (2009), which may be
due to differences in the spectral distribution of the irradiation source used in this study. As shown in Fig. 5, PP absorbs radiation more strongly at lower visible wavelengths,
but the visible irradiation source used in our study provides
the strongest irradiation between 550 and 650 nm. The uptake of O3 by the pure LEV and NG substrates yields no enhancement when exposed to VIS irradiation. As stated previously, LEV does not absorb radiation in the experimental
wavelength regime. As shown in Fig. 5, NG absorbs only
at wavelengths smaller than 400 nm under acidic conditions
Atmos. Chem. Phys., 13, 6507–6522, 2013
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Table 2. Steady-state reactive uptake coefficients, γ , of organic substrates representative of BBA compounds with O3 under dry conditions
and with atmospherically relevant O2 levels. γ was determined in the dark and under VIS and UV irradiation. O3 concentrations ranged
between 3.5 × 1011 and 6.0 × 1011 molecule cm−3 , and substrate temperatures ranged between 20 and 23 ◦ C. Uncertainty is ±1σ .

400

γdark × 10−6

γVIS × 10−6

γUV × 10−5

Pahokee Peat
Levoglucosan
Nitroguaiacol
1 : 1 Pahokee Peat/Levoglucosan
1 : 1 Pahokee Peat/Nitroguaiacol
1 : 10 Pahokee Peat/Nitroguaiacol
1 : 100 Pahokee Peat/Nitroguaiacol
10 : 1 : 3 Levoglucosan/
Pahokee Peat/Nitroguaiacol

(3.5 ± 2.1)
(3.6 ± 2.7)
(5.7 ± 2.5)
(2.0 ± 0.9)
(2.7 ± 1.2)
(4.3 ± 1.8)
(2.5 ± 0.8)
(8.5 ± 4.5)

(8.6 ± 0.8)
(4.3 ± 2.1)
(6.7 ± 4.7)
(6.8 ± 4.2)
(23.8 ± 13.0)
(17.2 ± 11.5)
(3.8 ± 0.9)
(27.7 ± 8.7)

(1.7 ± 0.5)
(0.6 ± 0.4)
(3.6 ± 1.6)
(1.1 ± 0.2)
(2.8 ± 0.8)
(2.3 ± 0.6)
(3.8 ± 1.2)
(1.4 ± 0.5)

500

600

700

1.2

1.2

1.0

1.0

0.8

0.6

0.6

0.4

0.4

0.2

0.2

-5

0.8

pure NG

0.0
300

400

500

600

0.0
700

(pH = 2) and at wavelengths smaller than 500 nm under basic conditions (pH = 12). The sparsity of photon flux density
of our VIS irradiation source at wavelengths between 400
and 550 nm may explain the insignificant enhancement in γ
for pure NG when exposed to VIS irradiation. The addition
of the PP photosensitiser to LEV yields a higher mean γ under VIS irradiation; however, the uncertainty is too large to
corroborate an enhancement. Since uptake of O3 by pure PP
is enhanced under VIS irradiation, γ of the PP/LEV substrate
should be enhanced due to the presence of PP. However, PP
may be buried within LEV, thus hindering its phosensitising
properties and making it inaccessible for reaction with O3 .
Different levels of PP burial may explain the resulting range
in uncertainty. The addition of PP to NG yields enhanced
uptake of O3 by a factor of 3.6, as given in Table 2. This
Atmos. Chem. Phys., 13, 6507–6522, 2013
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Fig. 5. Comparison of relative absorbances as a function of wavelength. Aqueous Pahokee peat, centrifuged to remove particulate
matter, is shown in black, and 5-nitroguaiacol in a 0.01 M HCl solution (pH = 2) and a 0.01 M NaOH solution (pH = 12) are shown
in green and purple, respectively.
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Fig. 6. Steady-state reactive uptake coefficients, γ , as a function of
mass ratio of Pahokee peat to 5-nitroguaiacol. Black, red, and blue
open circles denote dark, VIS, and UV irradiated uptake experiments, respectively. Errors bars denote 1σ of the mean γ .

supports the notion that the substituted phenolic structure of
NG can efficiently absorb excitation energy from PP due to
a lower redox potential than PP, and subsequently adsorb or
react with O3 . Decreasing the ratio of PP to NG causes a decrease in γ , as shown in Fig. 6. This is most likely due to
the increasing dominance of NG, which does not efficiently
absorb VIS radiation, and because there is less PP available
to transfer energy to NG. The 10 : 1 : 3 LEV/PP/NG substrate
yields an enhanced γ under VIS irradiation that lies between
the γ derived from the 1 : 1 and 1 : 10 PP/NG substrates.
3.4.3

UV irradiation experiments

Steady-state γ values measured in the presence of UV
irradiation were conducted under dry conditions, with
www.atmos-chem-phys.net/13/6507/2013/
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We measured γ of the 1 : 1 PP/NG substrate with O3 as
a function of irradiation intensity. These experiments were
conducted in dry conditions with atmospherically relevant
O2 , and [O3 ]=(4.60 ± 0.53) × 1011 molecule cm−3 . We observe a linear dependence of γ on photon flux using both
VIS and UV irradiation, as shown in Fig. 7. γ as a function of VIS photon flux can be described by a linear relationship in the form of γ = 3.5 × 10−21 · 8 + 1.3 × 10−6 ,
where 8 is the photon flux in photons cm−2 s−1 . Similarly,
γ as a function of UV photon flux can be expressed as
γ = 2.8 × 10−21 · 8 + 3.8 × 10−6 .
3.6

Effect of O3 concentration on O3 uptake

-1

/ Photons cm s nm

Fig. 7. Steady-state reactive uptake coefficients, γ , of the 1 : 1 by
mass PP/NG substrate with O3 as a function of photon flux shown
as closed and open circles for exposure to VIS and UV irradiation,
respectively. The open circles refer to the top x-axis. Errors bars
denote 1σ of the mean γ . Solid and dashed lines denote linear fits
of the VIS and UV irradiated uptake data, respectively.

atmospherically relevant O2 , and with surface temperatures
of 20 ◦ C. Similar to the VIS irradiation experiments, most of
the experiments were performed using the pullback method,
aside from a few experiments using the 1 : 1 PP/NG substrate
that were performed using the stepwise method. These two
methods also yielded similar γ values, within the experimental error. The PP substrate yields a γ that is a factor of ∼ 5
higher when exposed to UV radiation compared to dark values. As mentioned previously, this is slightly smaller than γ
reported by D’Anna et al. (2009), most likely because the
UV irradiation applied to the organic substrate was smaller
in our study. The LEV substrate does not yield enhanced uptake of O3 under UV irradiation within experimental error.
However, the NG substrate yields significantly enhanced γ
values when exposed to UV irradiation. This is most likely
because NG absorbs efficiently at these wavelengths, regardless of pH, as shown in Fig. 5. Previous studies have also
shown that nitrated phenols absorb efficiently at wavelengths
smaller than 450 nm (Jacobson, 1999). The addition of PP to
the LEV substrate yields a slight enhancement in γ compared
to dark values, but this enhancement is most likely due to PP,
and not to an energy transfer between PP and LEV. The addition of PP to NG also yields enhanced γ values compared to
γ determined in the dark. However, there is little difference
in γ when varying the mass ratios of PP to NG, as shown
in Fig. 6. This is most likely due to the efficient absorption
of UV radiation by NG. The 10 : 1 : 3 LEV/PP/NG substrate
www.atmos-chem-phys.net/13/6507/2013/

Most of the experiments conducted in this study yielded an
initial fast uptake of O3 followed by a slower recovery of the
O3 signal, possibly indicating adsorption of gas molecules to
the organic substrate. Hence, γ as a function of O3 concentration is determined. For total VIS and UV irradiation fluxes
of 5.9×1017 and 8.1×1015 photons cm−2 s−1 , respectively, γ
of the 1 : 1 PP/NG substrate with O3 concentrations ranging
from 1.74×1011 to 1.89×1012 molecule cm−3 have been determined. The inverse dependency of γ on O3 concentration
is presented in Fig. 8. Figure 8a shows that under VIS irradiation γ increases by a factor of ∼ 6 when [O3 ] decreases
from 71.3 to 7.5 ppb. A similar dependency of γ on [O3 ] is
observed when the substrate is irradiated by UV as shown in
Fig. 8b. γ increases by a factor of ∼ 3 when [O3 ] decreases
from 73.7 to 7.7 ppb. These trends in γ with [O3 ] are similar
to the decreases in γ observed by D’Anna et al. (2009) using
only PP as a substrate and UV-A irradiation.
A decrease in uptake when the concentration of the
gas phase oxidant increases is commonly interpreted as
a Langmuir–Hinshelwood type uptake mechanism, where
oxidant adsorption is followed by reaction on the surface and
potentially in the bulk (Pöschl et al., 2001; Ammann et al.,
2003; Shiraiwa et al., 2012). The data shown in Fig. 8 are
represented by a Langmuir-type isotherm of the form (Ammann et al., 2003)
γ=

4ks [Org]s KO3
,
cσO3 (1 + KO3 [O3 ]g )

(3)

where ks is the second-order rate constant, [Org]s is the surface concentration of the organic species, KO3 is the O3 adsorption/desorption equilibrium constant, and σO3 is the surface area occupied by one adsorbed molecule of O3 . The experimental data under VIS irradiation are represented by a
fit of Eq. (3), as shown in Fig. 8a. Assuming [Org]s = 5.9 ×
1014 molecule cm−2 and σO3 = 1.7 × 10−15 cm2 molecule−1
(Pöschl et al., 2001; Shiraiwa et al., 2009; Springmann et al.,
Atmos. Chem. Phys., 13, 6507–6522, 2013
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Fig. 8. Steady-state reactive uptake coefficients, γ , of 1 : 1 by mass
PP/NG substrate with O3 as a function of O3 concentration under VIS (a) and UV (b) irradiation. Errors bars denote 1σ of the
mean γ . The solid lines represent a Langmuir–Hinshelwood reactive uptake mechanism fit to the data, and dashed lines indicate corresponding 95 % confidence bands.

2009; Kaiser et al., 2011), the determined fit parameters
are ks = (5.5 ± 2.7) × 10−19 cm2 s−1 molecule−1 and KO3 =
(2.3 ± 2.0) × 10−12 cm3 molecule−1 . Derived ks is similar in
magnitude to ks derived in previous studies for O3 uptake
by solid polycyclic aromatic hydrocarbons (PAHs) (Pöschl
et al., 2001; Shiraiwa et al., 2009). Derived KO3 is larger than
typical values reported in the literature (Pöschl et al., 2001;
Kwamena et al., 2007; Shiraiwa et al., 2009). Pöschl et al.
(2001) report KO3 = (2.8 ± 0.2) × 10−13 cm3 molecule−1 for
benzo[a]pyrene (BaP)-coated soot with O3 ; however, most
KO3 values for uptake of O3 by solid aerosol are on the order of 10−14 –10−16 cm3 molecule−1 (Shiraiwa et al., 2009).
Kwamena et al. (2007) suggest that O3 preferentially partitions to nonpolar surfaces. This could explain the large KO3
value observed by Pöschl et al. (2001) since soot surfaces are
highly nonpolar. However, both PP and NG are polar substances, so this cannot explain the high KO3 determined in
our study. Kwamena et al. (2007) also suggest that a higher
value of KO3 may be due to a stronger binding interaction
of the initial O3 /substrate complex. In this case, the excitation of the PP/NG substrate upon irradiation may cause O3
to bind more strongly to the surface, yielding a higher value
for KO3 .
The experimental data under UV irradiation are represented by a fit of Eq. (3), as shown in Fig. 8b. Using the
same values for [Org]s and σO3 , the determined fit parameters
are ks = (8.1 ± 2.0) × 10−19 cm2 s−1 molecule−1 and KO3 =
(1.7 ± 0.7) × 10−12 cm3 molecule−1 . Similar to the experimental data under VIS irradiation, derived ks is similar in
magnitude to ks derived in previous studies (Pöschl et al.,
2001; Shiraiwa et al., 2009). Derived KO3 is similar to that
obtained for the VIS uptake experiments, indicating that also
for the UV case the presence of irradiation may enhance the
binding of O3 to the organic substrate.

Atmos. Chem. Phys., 13, 6507–6522, 2013

An alternative explanation for the saturation behaviour of
γ with increasing O3 concentration could be the deactivation
of the photosensitiser through reaction with photo-oxidants
formed simultaneously during irradiation of the organic substrate (Stemmler et al., 2006, 2007; Bartels-Rausch et al.,
2010). These photo-oxidants may act to quench the photosensitiser, making it unavailable for reaction with O3 at
higher O3 concentrations similar to the observed saturation
of HONO formation at high NO2 concentrations (Stemmler
et al., 2006). This explanation for γ saturation with increasing oxidant concentrations is motivated by the observation
that γ increases nonlinearly with increasing photon flux, supporting the theory that photo-oxidants formed on the surface
may deactivate the photosensitiser. However, we observe a
linear increase in γ with increasing photon flux. This observation may support the concept that adsorption of O3 at the
organic substrate surface may be the dominant cause of the
saturation behaviour of γ .

4

Atmospheric implications

This study shows that NG in the presence of PP acting as
a photosensitiser exhibits enhanced O3 uptake under VIS and
UV irradiation with potential consequences for atmospheric
chemistry. O3 uptake by LEV with and without PP acting
as a photosensitiser is not enhanced compared to pure LEV
under VIS and UV irradiation.
An interesting component of this study is the importance
of UV radiation compared to VIS irradiation on the photosensitised heterogeneous oxidation kinetics. For example,
the total UV photon flux is almost 2 orders of magnitude
smaller than for the VIS regime, but the γ values are about
15 % larger under UV irradiation. This indicates that photoenhanced chemical ageing will be important under UV-A irradiation, even though the UV-A photon flux from the sun
is much less than that of the VIS photon flux. Furthermore, since UV-A irradiation increases with height, it can
be expected that organic particles containing photosensitising compounds, such as BBA, in the upper troposphere or
lower stratosphere (UT/LS) can experience significant photosensitised chemical ageing during transport.
As shown above, γ for the 1 : 1 PP/NG substrate can be
expressed as a function of photon flux by a linear relationship. This relationship can be exploited to determine γ under VIS irradiation from the sun as γ = 4.8 × 10−6 for an
irradiance of 1.0 × 1017 photons cm−2 s−1 in the 400–700 region. As mentioned previously, the VIS irradiation source
emits predominantly in the “red” wavelength range compared to the wavelengths emitted by the sun. As a consequence, γ determined here may be considered a lower limit
since under atmospheric conditions light is received more
uniformly as a function of wavelength, as shown in Fig. 2.
γ under UV irradiation from the sun as determined from the
above linear relationship is 1.97 × 10−5 for an irradiance of
www.atmos-chem-phys.net/13/6507/2013/
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ρNa
4
,
τ= r
3 γ c[O3 ]M

(4)

where r is the radius of the particle, ρ is the particle density (1.367 g cm−1 for NG, Dinar et al., 2006), and M is the
molecular weight of the organic species of interest (M =
169.13 g mol−1 for NG). Here we assume a 0.4 µm diameter
NG particle.
www.atmos-chem-phys.net/13/6507/2013/
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5.6×1015 photons cm−2 s−1 (300–400 nm). However, the UV
irradiation source used in this study peaks between 362 and
372 nm, whereas the sun emits irradiation continually from
300 to 400 nm. Thus, also in this case, the derived γ may
represent a lower limit.
Previous studies have shown that the number of gas
molecules lost to the organic substrate will be proportional to
the product of γ and the concentration of the oxidant species
(Moise and Rudich, 2001; Knopf et al., 2006; Gross and
Bertram, 2008; Knopf et al., 2011). Therefore, we utilise the
γ values determined in this study to report oxidative power,
i.e. γ ·[O3 ]. This parameter allows one to evaluate the importance of different atmospheric oxidants in terms of gas phase
loss, effect on atmospheric composition and chemistry, and
oxidation potential of the condensed phase species. Shown in
Fig. 9a is the oxidative power for the 1 : 1 PP/NG substrate as
a function of O3 concentration under VIS and UV irradiation.
γ values used for calculation of the oxidative power are determined from the LH relationships given in Fig. 8a, b, and at
irradiation of 5.9 × 1017 and 8.1 × 1015 photons cm−2 s−1 for
VIS and UV, respectively. For atmospherically relevant levels of O3 between 1 ppb and 120 ppb, the oxidative power is
greater than 1 × 106 molecule cm−3 . The determined γ · [O3 ]
are about an order of magnitude greater than those of solid
PAH surfaces reacting with 100 ppb O3 (Gross and Bertram,
2008). At 100 ppb, γ · [O3 ] is 1.8 × 107 molecule cm−3 under VIS irradiation and 2.5 × 107 molecule cm−3 under UV
irradiation. γ · [O3 ] can be determined for any other O3 concentration using the fit parameters derived from the above
Langmuir isotherms to calculate γ . Although the uptake of
O3 may be slow compared to the uptake of the OH radical,
the abundance of O3 compared to OH yields γ · [O3 ] values
that are about twice that of γ · [OH] (Yokelson et al., 2009;
Slade and Knopf, 2013).
γ · [O3 ] is also determined as a function of photon flux,
as shown in Fig. 9b. At a fixed [O3 ] of ∼ 20 ppb, γ · [O3 ]
is greater than 1 × 106 molecule cm−3 for all given photon
fluxes. γ · [O3 ] for the average total VIS and UV irradiances
from the sun are 1.2 × 107 and 4.9 × 107 molecule cm−3 , respectively.
We can use measured γ to estimate the particle lifetime,
τ , of NG, which is suggested to serve as a molecular marker
for BBA particles. We assume NG is in the presence of PP
acting as a photosensitiser; however we do not account for
degradation of PP. Particle lifetime is calculated following
Robinson et al. (2006a):
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Fig. 9. Oxidative power, γ · [O3 ], as a function of [O3 ] (a) and photon flux (b) for the 1 : 1 by mass PP/NG substrate. Solid and dashed
lines represent oxidative power under VIS and UV irradiation, respectively. Dashed line in (b) refers to top x-axis.

Shown in Fig. 10a is the lifetime of a NG particle as a function of [O3 ] under VIS and UV irradiation. γ values used
in calculating the lifetime are determined from the LH relationships given in Fig. 8a, b, and at irradiation of 5.9 × 1017
and 8.1 × 1015 photons cm−2 s−1 for VIS and UV, respectively. For atmospherically relevant levels of O3 between
20 ppb and 120 ppb, particle lifetimes range from 39 to 88
daylight hours. The lifetime can be determined for any [O3 ]
using the fit parameters derived from the above Langmuirtype isotherms to calculate γ . Figure 10b shows the particle lifetime as a function of photon flux, with [O3 ] ∼ 20 ppb.
The lifetimes range from 91 to 1490 daylight hours under
VIS irradiation and 75 to 520 daylight hours under UV irradiation. These results show that under typical atmospheric
transport times of about 1 week, the biomolecular marker NG
can be significantly oxidised in the presence of a photosensitiser and VIS or UV irradiation. As discussed above, due to
the spectral characteristics of the applied irradiation sources
and absorbance features of NG, derived γ values may represent lower limits, making these lifetime estimates upper limits. However, shielding effects due to the presence of nonreactive compounds at the surface of the particle have not
been accounted for and may extend particle lifetime.
Smoke and other absorbing aerosol have been observed in
the UT/LS (Jost et al., 2004; Fromm et al., 2010). A study by
Fromm et al. (2010) proposes that injection of BB emissions
through pyrocumulonimbus (pyroCb) clouds could be an important source of stratospheric aerosol particles. The aerosol
particles injected by pyroCb are transported throughout the
UT/LS and can subsequently undergo chemical ageing. Due
to the sufficiently high altitude of pyroCb smoke, the aerosol
particles are exposed to much higher levels of UV-A irradiation. According to Piazena (1996), UV-A irradiation at
10 km height can be 70–150 % higher than at ground level
depending on solar elevation. Coupled with the high levels of
O3 found in aged BB plumes (Delany et al., 1985; Andreae
et al., 1988; Crutzen and Andreae, 1990; Ziemke et al., 2009;
Atmos. Chem. Phys., 13, 6507–6522, 2013
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Fig. 10. Atmospheric lifetime, τ , of a 0.4 µm 5-nitroguaiacol particle as a function of [O3 ] (a) and photon flux (b) determined using
γ of the 1 : 1 by mass PP/NG substrate. Solid and dashed lines represent derived lifetime under VIS and UV irradiation, respectively.
Dashed line in (b) refers to top x-axis.

Konovalov et al., 2011; Dupont et al., 2012; Martins et al.,
2012; Akagi et al., 2013), uptake of O3 by BBA compounds
can be significant. For example, using a solar elevation angle of ∼ 70 ◦ C, which roughly corresponds to a summer afternoon in the midwestern US, UV-A irradiation at 10 km
height is 9.52 × 1015 photons cm−2 s−1 . This corresponds to
a γ value of 3.05 × 10−5 using the linear relationship of γ
with photon flux. This corresponds to a NG particle lifetime
of about 40 daylight hours at 100 ppb.
5

Conclusions

A novel irradiated rectangular channel flow reactor coupled
to CIMS has been developed and successfully validated allowing for the investigation of the effect of irradiation on
the heterogeneous oxidation kinetics of organic compounds
typical of biomass burning aerosol at low pressures and applying atmospherically relevant oxidant concentrations. The
effect of VIS and UV irradiation on the reactive uptake coefficients of levoglucosan and 5-nitroguaiacol with O3 has
been determined with and without the presence of Pahokee
peat acting as a photosensitiser. The reactive uptake of O3 by
a 10 : 1 : 3 by mass mixture of levoglucosan, Pahokee peat,
and 5-nitroguaiacol in dark, VIS, and UV irradiation conditions was also determined. The uptake of O3 by LEV without PP yields no enhancement when exposed to VIS or UV
irradiation, while the uptake of O3 by NG without PP is enhanced by a factor of ∼ 6 when exposed to UV irradiation,
yielding γ = 3.6 × 10−5 . γ of the 1 : 1 by mass PP/LEV substrate is not enhanced when exposed to either VIS or UV irradiation, within experimental error. However, γ of the 1 : 1 by
mass PP/NG substrate is enhanced by about an order of magnitude under both VIS and UV irradiation, yielding values of
2.4×10−5 and 2.8×10−5 , respectively. γ of the PP/NG substrates decreases (remains constant) as the mass ratio of PP to
NG decreases under VIS (UV) irradiation. γ of the 10 : 1 : 3
Atmos. Chem. Phys., 13, 6507–6522, 2013

LEV/PP/NG substrate is also enhanced under both VIS and
UV irradiation, yielding values of 2.8×10−5 and 1.4×10−5 ,
respectively.
We observed that the reactive uptake coefficient for constant O3 concentration by a 1 : 1 PP/NG substrate increases
linearly as a function of VIS and UV irradiation, allowing for extrapolation of γ to atmospherically relevant photon fluxes. Determined γ of the 1 : 1 PP/NG substrate under
constant VIS and UV irradiation decreases as O3 concentration increases. This behaviour is interpreted as a Langmuir–
Hinshelwood type uptake mechanism and the data is represented by a Langmuir-type isotherm. From the experimental data under VIS irradiation, the second-order rate constant
ks = (5.5 ± 2.7) × 10−19 cm2 s−1 molecule−1 and the O3 adsorption/desorption equilibrium constant KO3 = (2.3±2.0)×
10−12 cm3 molecule−1 . O3 uptake by the 1 : 1 PP/NG substrate under UV irradiation yields the analogous parameters ks = (8.1 ± 2.0) × 10−19 cm2 s−1 molecule−1 and KO3 =
(1.7 ± 0.7) × 10−12 cm3 molecule−1 .
The experimental data allow for derivation of the oxidative
power as a function of the sun’s photon flux and O3 concentration, indicating that, for atmospherically relevant conditions, these BBA surrogate species can be efficiently oxidised
with subsequent implications for source apportionment studies. Estimated 5-nitroguaiacol particle lifetimes indicate that
these BBA biomarkers can undergo significant degradation
during typical atmospheric transport times of up to one week.
Since the sun emits radiation with smaller wavelengths than
applied irradiation sources, derived γ and lifetimes may represent lower and upper limits, respectively. In addition, since
the VIS and UV flux can increase significantly with altitude,
photosensitive chemical ageing may be even more efficient
in the upper troposphere/lower stratosphere.
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