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An aerosol flow tube apparatus was developed to perform the first kinetic study of the oxidation of particulate-
bound BaP on solid organic and salt aerosols by gas-phase ozone. The studies on azelaic acid aerosols were
performed with submonolayer coatings of BaP under both dry (RH< 1%) and high relative humidity (RH
∼ 72%) conditions. The reaction exhibited pseudo-first-order kinetics for BaP loss and the pseudo-first-order
rate coefficients displayed a Langmuir-Hinshelwood dependence on gas-phase ozone concentration. Under
high relative humidity conditions the kinetics were faster but also displayed a similar functional dependence
on the gas-phase ozone concentration. By assuming Langmuir-Hinshelwood behavior, the following parameters
were obtained: ozone-surface equilibrium constantKO3(< 1% RH) ) (1.2 ( 0.4) × 10-15 cm-3, KO3(72%
RH) ) (2.8 ( 1.4)× 10-15 cm-3, the maximum pseudo-first-order rate coefficientkmax

I (< 1% RH)) (0.048
( 0.008) s-1, kmax

I (72% RH) ) (0.060( 0.018) s-1. Uptake coefficients were extracted from the pseudo-
first-order rate coefficients and a slight trend of decreasing uptake coefficients with increasing ozone
concentration was observed. In contrast to the behavior on azelaic acid aerosols, no reaction was observed
between ozone and BaP adsorbed to solid NaCl particles. These results are compared to previous studies,
which have been performed on different substrates, and their atmospheric implications are discussed. We
conclude that a strong substrate effect prevails in this reaction with the kinetics proceeding faster on surfaces
best able to adsorb ozone.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are emitted into
the atmosphere from combustion sources and many are known
carcinogens. Larger PAHs, such as benzo[a]pyrene (BaP),
partition to fine particulate matter because of their low vapor
pressures. This particulate matter can penetrate deep into the
lungs resulting in allergenic, mutagenic and carcinogenic
responses.1 Recent studies have shown a link between increases
in PM2.5 and increases in hospital admissions.2 Furthermore,
the oxidation products may be even more mutagenic or
carcinogenic than the parent PAHs.3,4 Therefore, it is necessary
to characterize the chemical and physical mechanisms that
control the fate and transport of atmospheric PAHs to determine
any aerosol-related health risks and improve urban air quality.

The fate of gas-phase PAHs is primarily determined by their
reactions with atmospheric oxidants such as OH, O3, NOX, and
SOX. However, heterogeneous reactions between surface-bound
PAHs and gas-phase oxidants govern the fate of the higher
molecular weight PAHs. The interaction between the particle
and the chemical species adsorbed to it may alter the mechanism
and reaction cross section relative to its behavior in the gas
phase, and it may also change the microphysical properties of
the particle itself. For example, the reactions of surface-bound
organics may change the surficial properties of the particle by
making it more hygroscopic, therefore enhancing its cloud
nucleation properties.5

The gas-phase reactions of organics such as PAHs have been
the focus of past atmospheric research. However, changes to

particle-bound organics have not been studied to the same
extent.6 Furthermore, there is much variability regarding the
reactivity of surface-bound BaP in the literature, which may be
attributed to the different substrates, analytical methods and PAH
and atmospheric oxidant concentrations that have been used in
the various studies. As examples, Lane and Katz7 studied the
surface reactions of BaP on Petri dishes and found BaP to be
highly reactive to ozone in the dark after 3.5 h of exposure.
However, work done by Grosjean and co-workers8 on a variety
of substrates (from glass fiber filters to ambient air particles)
observed no BaP degradation after 3 h exposures to ozone. Work
by Korfmacher et al.9 demonstrated a possible substrate effect
on the photochemical decomposition of PAHs adsorbed to coal
fly ash and alumina. They found BaP adsorbed to coal fly ash
to be highly resistant to photodecomposition. However, when
experiments were performed on alumina TLC plates, a 40-
50% loss of the initial BaP amount was observed after 80 min
of light exposure. It is unclear whether these effects depend on
the physical or chemical nature of the underlying surface.

Other studies have shown that the amount of BaP surface
coverage could also influence the rates of reaction.9-12 Alebic-
Juretic et al.10 found that the first-order rate constants for BaP
on silica gel exposed to ozone were more than twice as fast for
less than monolayer coverage compared to greater than mono-
layer coverage. Likewise, Kamens et al.13 observed similar
results for PAH decay on atmospheric soot particles exposed
to ozone. One explanation that has been proposed is that the
oxidation products, which have lower volatility than the parent
PAH, prevent the oxidant from reaching the BaP that is buried
underneath when there is greater than monolayer coverage of
PAHs.11

Past kinetic studies have also provided clues about the
reaction mechanism between surface-bound BaP and gas-phase
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ozone. Studies by Alebic-Juretic et al.10 and Wu et al.11 revealed
a linear dependence between the observed first-order rate
coefficient and ozone concentration. This linear dependence
suggests a simple bimolecular reaction between the surface-
adsorbed BaP and ozone. However, recent studies by Poschl et
al.14 and Mmereki et al.15 suggest that reactions of this nature
proceed via a Langmuir-Hinshelwood reaction mechanism
where ozone adsorbs to the surface prior to reacting with the
BaP.

Aside from the concentration and nature of the oxidant, the
atmospheric lifetimes of surface-adsorbed species may depend
on a variety of factors including the relative humidity and the
nature of the particle substrate. Taken together with the
dependence on surface coverage, it is clear that accurate
atmospheric modeling of the kinetic behavior of surface-bound
PAHs requires further laboratory studies. In light of these issues,
we have undertaken a kinetic study of the oxidation of BaP
bound to the surface of solid organic and salt aerosols.
Experiments were performed to examine the kinetics between
surface-bound BaP and gas-phase ozone as a function of aerosol
substrate, gas-phase ozone concentration, and relative humidity.
We believe this to be the first such study on these substrates in
the submonolayer surface coverage regime. In part, this work
and experimental approach were motivated by the analogous
study of BaP oxidation on graphitic particles recently performed
by Poschl et al.14

2. Experimental Section

2.1. Aerosol Generation and Coating.An analytical tech-
nique was developed to investigate the reaction between ozone
and surface-bound benzo[a]pyrene (BaP) at submonolayer
coverage on solid organic and salt aerosols under dry and high
relative humidity conditions. Figure 1 provides a schematic of
the experimental setup used for examining the kinetics of
surface-bound BaP on solid organic aerosols under dry condi-
tions. Azelaic acid aerosols, which were used as the model for
the solid organic aerosols, were generated by homogeneous
nucleation. A mass flow controller (MKS Inc.) was used to send
a volumetric flow of 0.3 lpm of N2 through a 30.5 cm Pyrex
tube containing azelaic acid (98%, Sigma Aldrich). The Pyrex

tube was wrapped in heating tape and connected to a Variac.
The particles nucleated as the heated flow entered the room-
temperature Teflon tubes. Particles were coated with BaP by
sending the resulting aerosol flow through a second 30.5 cm
heated Pyrex tube containing BaP, similar to the first. The flow
of azelaic acid aerosols became enhanced with BaP vapor when
the second tube was heated. Similarly, as this flow encountered
the cooler Teflon tubes, BaP condensed onto the existing azelaic
acid aerosols. The aerosol BaP fractional surface coverage was
controlled by adjusting the temperature of the BaP coating
region. All kinetic experiments were run with the following
conditions: BaP coating region temperatureTBaP) 339 or 349
K. The flow tube temperature was (298( 5) K. The particle
number density in the flow tube was approximately 105 cm-3.
The median diameter of the aerosols was approximately 98 nm
with a geometric standard deviation ofσd ) 1.36.

To study the reaction of surface-bound BaP in the presence
of ozone, an aerosol substrate that was not prone to ozonation
was chosen. Saturated carboxylic acids are known to have little
to no reactivity with ozone and they are ubiquitous throughout
the troposphere. We view the acids as a surrogate for the
oxygenated organic component of solid tropospheric aerosols
but not of any low volatility hydrocarbon fraction. Three
carboxylic acidssazelaic acid, stearic acid, and dodecanedioic
acidswere explored as possible aerosol substrates. Table 1
describes their chemical and physical characteristics. There is
no vapor pressure listed for dodecanedioic acid, but based on
its chemical structure, it can be assumed that its vapor pressure
should be lower than that of azelaic acid.

Experiments were performed to evaluate the suitability of
each of the acids as potential organic aerosol substrates. A
differential mobility analyzer (DMA) and condensation particle
counter (CPC) were used to compare the size, distribution, and
surface area of each carboxylic acid aerosol population as it
passed through an unheated and heated second region. An
aerosol substrate that yielded submicron sized particles with high
surface area for the BaP to partition onto was desired.
Furthermore, it was necessary for the particles to have low
volatility as they passed through the heated BaP coating region
to minimize particle evaporation.

As shown in Figure 2, the stearic acid aerosol size distribution
changed as the particles passed through a second heated region
at 338 K compared to when that region was at room temperature.
The mean diameter of this aerosol population was smaller in
size suggesting that the particles may have evaporated and
recondensed to form new smaller-sized particles. In contrast,
when azelaic acid aerosols passed through a second heated
region, there was only a minor change in the aerosol size
distribution with a small loss of the larger sized particles. We
note, however, that there may be changes in the aerosol
distribution due to convection driven depositional processes, and
so we view this small size change as insignificant. Do-
decanedioic acid aerosols (not shown) showed similar behavior
to the azelaic acid aerosols. Therefore, prior to performing
kinetic studies between surface-bound BaP and ozone, we
performed experiments to compare the stability of the BaP
surface concentration of both azelaic acid and dodecanedioic
acid aerosols as a function of time. Even though dodecanedioic
acid has the lowest volatility, azelaic acid was chosen as the
organic acid aerosol substrate because the dodecanedioic acid
particle number concentration was variable with time. The exact
reason for this behavior is not clear. However, azelaic acid’s
aerosol distribution was largely invariant with time, therefore,
demonstrating the stability of the azelaic acid aerosol source.

Figure 1. Experimental setup for the kinetic experiments of surface-
bound BaP on organic aerosols. Following filter collection, the filters
were extracted ultrasonically and analyzed using HPLC with fluores-
cence detection to monitor the BaP concentration. Dry inorganic
aerosols were generated by atomizing a dilute solution of sodium
chloride and passing the aerosols through a diffusion dryer.
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Given that we heat to deposit BaP as a surface layer, we
acknowledge that azelaic acid particles may volatilize to some
degree in the BaP coating region. Specifically, for our highest
operating temperature (349 K), the vapor pressure of azelaic
acid was determined to be 0.0187 Pa.16 For a typical average
aerosol surface area concentration of 4× 1010 nm2/cm3, 0.3
lpm through the aerosol generating tube, and a total of 1.9 lpm
through the main aerosol flow tube, the maximum number of
azelaic acid molecules that may evaporate and recondense is
approximately 2× 1015 cm-2. This is close to but slightly larger
than a monolayer. However, this assumes that the flow becomes
saturated with azelaic acid vapor, that all this vapor condenses
onto the particles upon cooling and not onto the Pyrex tube
walls and that the particles are smooth at the molecular level.
In our kinetic studies we performed experiments at two different
operating temperatures for BaP coating to investigate if burial
of BaP by recondensing azelaic acid was an issue.

2.2. Aerosol Flow Reactor.Dry N2 (1.5 lpm) was added
using a mass flow meter (MKS Inc.) to make the total flow
through the vertically oriented Pyrex aerosol flow tube (id 6
cm, length 96 cm) 1.9 lpm. The aerosol flow tube was operated
under laminar flow conditions at ambient pressure and temper-
ature (1 atm, 298 K, Reynolds number∼ 46). For the high
relative humidity (RH) 72%) experiments, a fraction of the
add-in flow (∼ 1.2 lpm) was sent through a water bubbler. The
remaining portion was made up by adding dry N2 (∼ 0.3 lpm).
A hygrometer (VWR International), placed before the flow tube,
was used to determine the relative humidity of the total flow
entering the flow tube. The kinetic experiments performed at

high relative humidities were carried out in the dark to eliminate
possible reactions with OH arising from O3 and H2O photo-
chemistry.

Ozone was generated by ultraviolet irradiation of a mixed
flow (total flow: ∼0.09 lpm) of O2 and N2 by a mercury pen-
ray lamp (length: 9”, UVP Inc) in a homemade Pyrex glass
chamber. The ozone concentration was controlled by varying
the ratio of O2 to N2 passing over the pen-ray lamp. Ozone was
detected using a second mercury pen-ray lamp (length: 2.12”,
UVP Inc) placed in front of a homemade 10.3 or 50 cm
absorbance cell with quartz windows at either end. An interfer-
ence filter (Escoproducts) was placed in front of an ultraviolet
sensitive photodiode (Boston Electronics Corp.) at the other end
of the absorbance cell to determine the ozone concentration
entering the aerosol flow tube. Ozone was introduced into the
flow tube through a moveable Pyrex rod injector, which split
into four prongs at the end to facilitate rapid mixing of the ozone
into the total flow. The flow tube ozone concentrations
investigated under dry and 72% RH conditions were 0-1.11
× 1015 molecules/cm3 and 0-8.86 × 1014 molecules/cm3,
respectively. The reaction time (up to 70 s) between ozone and
surface-bound BaP was varied by setting the injector to different
positions (0-76 cm) along the length of the flow tube. We
assume that the reaction times were determined by the total bulk
velocity since full mixing of the ozone into the bulk flow should
occur on the time scale of roughly 10 s via molecular diffusion.

The number of kinetic points obtained for a given kinetic
decay was dependent on the ozone concentration being inves-
tigated. At higher ozone concentrations, the surface-bound BaP
was consumed faster, quickly approaching our analytical detec-
tion limit for longer reaction times. As a result, the number of
points for a kinetic run was reduced compared to those
experiments performed at lower ozone concentrations. Nonethe-
less, all kinetic measurements were performed following the
same procedure. Prior to turning on the ozone generating lamp,
a sample was collected with the injector at the 0 cm sampling
position. The kinetic study was begun by turning on the ozone
generating lamp. Duplicate filter samples were taken at six
different injector sampling positions between 0 and 76 cm.
Aerosols were collected for 6.5 min on glass fiber filters (GF/A
47 mm, Whatman), which were mounted on a homemade
stainless steel filter holder positioned after the ozone denuder.
At the end of the experiment, the ozone generating lamp was
turned off and another sample was taken at the 0 cm sampling
position. The error for each point was determined by taking
the variability in the replicate measurements at each injector
position. For the experiments performed at high relative
humidites, filter collection was done in the same manner.

The reaction between BaP and ozone was stopped using an
ozone denuder positioned immediately after the flow tube. The
denuder was homemade consisting of an outer Pyrex tube

TABLE 1: Chemical and Physical Properties of the Three Organic Acids Investigated as Aerosol Substrates

name
molecular weight

(g/mol)
vapor pressure at

298 K16 (Pa) structure

azelaic acid
(nonanedioic acid)

188.21 8.80× 10-6

dodecanedioic acid 230.31 N/A

stearic acid
(octadecanoic acid)

284.48 2.76× 10-4

Figure 2. Comparison of azelaic acid and stearic acid aerosol
distributions after passing through a second heated region. Azelaic acid
aerosols through the BaP coating region at room temperature (black
diamonds) and at 338K (open circles). Stearic acid aerosols through
BaP region at room temperature (solid line) and at 338 K (dash dotted
line).
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(length 100 cm), with an inner stainless steel mesh tube (od
1/2”, length 100 cm). Carulite (Carus), a mixture of manganese
dioxide and copper dioxide, was placed in the sleeve between
the Pyrex and the mesh to catalytically remove the ozone. The
denuder was able to remove at least 99% of the ozone in the
flow. Following the denuder, part of the aerosol flow (1.5 lpm)
was diverted to a glass fiber filter for aerosol collection. This
flow was then vented into the laboratory’s main exhaust line.
The remaining aerosol flow was sent to a differential mobility
analyzer (TSI Inc, model 3080) connected to a condensation
particle counter (TSI Inc, model 3010), which were used to
monitor the aerosol size distributions. The DMA/CPC measure-
ments were simultaneously obtained with the aerosol filter
collection.

Minor changes to the system’s set up were made for the
analysis of the degradation of BaP on solid sodium chloride
aerosols, which were used as the model salt aerosols. These
aerosols were generated by atomizing (TSI Inc, model 3076) a
dilute solution of sodium chloride (1 wt %) and effloresced by
passing the flow (0.5-0.7 lpm) though a diffusion dryer (TSI
Inc, model 3062). The salt aerosol was coated with BaP as
previously described. Dry N2 was added to make the total flow
∼1.9 lpm. A mass flow meter (MKS Inc., Massachusetts),
needle valve (Hoke Inc.), and diaphragm pump (Thomas
Industries Inc.) were placed on the other side of the filter holder
to draw a constant fraction of the flow tube output. The
remaining flow (0.3 lpm) was sent to the DMA/CPC to monitor
the aerosol size distribution.

2.3. Aerosol Sampling and Analytical Methods. The
kinetics between surface-bound BaP and O3 were determined
by monitoring the amount of unreacted BaP on the aerosols.
Following collection, the filters were placed in amber screw
top vials and refrigerated at 277 K until analysis. The filters
were ultrasonically extracted twice with dichloromethane (99.9%
HPLC grade, Sigma-Aldrich). The extracts were transferred to
conical vials (15 mL Falcon tubes, Becton Dickinson Labware)
and evaporated to dryness under a gentle stream of nitrogen
gas. The samples were reconstituted in 0.5 mL of acetonitrile
(HPLC grade, Fischer Scientific) and analyzed by high perfor-
mance liquid chromatography (HPLC) with fluorescence detec-
tion. An HPLC system from Perkin-Elmer (Series 200 LC
pump) was interfaced to a fluorescence detector (LC-240,
Perkin-Elmer) and an autosampler (Advanced LC Sample
Processor ISS 200, Perkin-Elmer). The system was equipped
with a C-18 guard column (Adsorbosil, 5µm, 7.5× 4.6 mm,
Alltech) coupled to a C-18 reversed-phase chromatographic
column (Spheri-5, 220× 4.6 mm, Brownlee Labs). Analysis
was performed using a 10µL injection volume and an isocratic
elution of acetonitrile-water (97:3 v/v, HPLC grade Fischer
Scientific and 18 MΩ water, respectively) at a constant flow
rate of 1 mL min-1. The excitation/detection wavelength pair
of 297/404 nm was used to monitor the BaP signal. The
Turbochrom software package (Perkin-Elmer) was used to
integrate the chromatographic peaks. The degradation of BaP
was quantified using an external standards calibration of BaP
standard solutions ranging from a few ppb to a few ppm, which
was run along with each kinetic analysis. The BaP detection
limit was 1.2 ppb. Spike and recovery experiments on BaP
revealed a BaP recovery of 60%. Therefore, HPLC peak areas
were corrected for 100% recovery before quantification with
the calibration curve.

3. Results

3.1. Benzo[a]pyrene Surface Concentration on Organic
and Inorganic Aerosols. The BaP surface concentration on

organic and inorganic aerosols is defined as the number of BaP
molecules per square centimeter of aerosol surface (cm-2) for
a given filter sample. The aerosol surface area concentration
(nm2/cm3) was obtained from the DMA/CPC measurements,
which were taken simultaneously as the aerosols were being
collected on the filter paper. The total aerosol surface area for
a given filter sample was determined by knowing the flow (lpm)
to the filter holder and the time for aerosol collection. The BaP
signal obtained from the HPLC analysis was converted to the
number of BaP molecules by interpolation of a BaP external
standards calibration curve. Therefore, the BaP surface con-
centration ([BaP]surf) was obtained by dividing the number of
BaP molecules (NBaP) by the total aerosol surface area (SAtot)

The BaP surface coverage in monolayer units (θBaP) was
determined by dividing the initial BaP surface concentration
[BaP]surf, in the absence of ozone, by the amount required for
a full BaP monolayer

whereσBaP is a monolayer of BaP, which was assumed to be 1
× 1014 cm-2 based on its molecular cross section.17 We assumed
that the particles were smooth at the molecular level. If they
are not, then our monolayer coverages are upper limits to the
true coverages.

3.2. Fractional Surface Coverage of Benzo[a]pyrene on
Organic Aerosols.Previous studies have shown that the amount
of BaP surface coverage (i.e., number of monolayers) may
influence reaction rates.10,11Therefore, azelaic acid aerosols were
sent through the BaP coating region with temperatures ranging
from 298 to 355 K allowing us to control the BaP surface
coverage on the aerosols from sub to greater than monolayer
coverage. The slope of the least squares plot of the BaP surface
concentration as a function of inverse temperature of the BaP
coating region (Figure 3) provided the sublimation enthalpy
based on the Clausius-Clapeyron equation. In applying this
equation, it was assumed that the carrier gas in the BaP coating
region was saturated with BaP vapor. An experimental value
of (124( 3) kJ/mol was obtained, which is in good agreement

Figure 3. Variation of the BaP surface coverage with temperature of
the BaP coating region. Applying the Clausius-Clapeyron equation,
an experimental sublimation enthalpy of (124( 3) kJ mol-1 was
obtained. This is in good agreement with the literature18 value (118(
2) kJ mol-1 and the work done by Poschl et al.14 on soot aerosols (118
( 5) kJ mol-1.

[BaP]surf )
NBaP

SAtot
(1)

θBaP)
[BaP]surf

σBaP
(2)
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with that of Poschl et al.14 on soot aerosols (118( 5) kJ/mol
and the extrapolated literature18 value (118( 2) kJ/mol.

3.3. Kinetics of Surface-Bound BaP on Solid Organic
Aerosols under Dry and Wet Conditions. The reaction of
surface-bound BaP on organic aerosols was investigated as a
function of BaP fractional surface coverage, ozone concentration
and relative humidity. The effect of the BaP fractional surface
coverage was investigated by setting the temperature of the BaP
coating region to either 339 or 349 K resulting in BaP surface
coverages of 0.04 or 0.5 monolayers of BaP, respectively. The
maximum number of azelaic acid molecules that may evaporate
and recondense should be considerably lower at 339 K compared
to 349 K, therefore, reducing the possibility of burial. The
observed kinetics at the two BaP surface coverages were the
same within the experimental precision of the current method.
Therefore, we believe that burial of BaP by recondensing azelaic
acid is of minimal significance for our studies.

Figures 4 and 5 show plots of the normalized BaP surface
concentration as a function of reaction time under dry and 72%
RH conditions. The reaction between surface-adsorbed BaP and
ozone is well described by first-order kinetics given the linearity
of the plots. The slope of the uncertainty-weighted, linear least-
squares fit provided the pseudo-first-order rate coefficient
(kobs

I ) at each ozone concentration studied. The uncertainty in
this quantity was taken as the standard error in the slope of the
plots at the 95% confidence interval. Note that there is minimal
change to the BaP signal as a function of injector position with

no ozone flowing, an indication that few aerosols are being lost
along the length of the flow tube.

The plot ofkobs
I as a function of flow-tube ozone concentra-

tion (Figure 6) is nonlinear with a shape that is consistent with
the Langmuir-Hinshelwood reaction mechanism. The principles
of the Langmuir-Hinshelwood model are similar to the
Langmuir adsorption isotherm but apply to heterogeneous
reactions. The Langmuir isotherm has three basic tenets includ-
ing one that states that the adsorption of the gas-phase species
cannot proceed beyond monolayer coverage.19 Therefore, in the
Langmuir-Hinshelwood model, there are a limited number of
sites available for the ozone to adsorb to and that saturation of
the surface occurs at some gas-phase ozone concentration. At
this point, the rate of the reaction should become independent
of the ozone concentration, which is clearly demonstrated in
Figure 6 as it appears as though the maximum pseudo-first-
order rate coefficient plateaus at high ozone concentrations under
both dry and high RH conditions. This is in contrast to an Eley-
Rideal gas-surface reaction mechanism in which the first-order
rate constant for BaP loss would scale linearly with the gas-
phase ozone concentration.

The relationship between thekobs
I and the gas-phase ozone

concentration can be modeled using the following which is based
on the Langmuir equation:

wherekII is the second-order surficial rate coefficient, [SS] is
the number of surface sites,KO3 is the ozone gas-to-surface
equilibrium constant, and [O3]g is the gas-phase ozone concen-
tration. From this equation, it is evident thatkobs

I is dependent
on both the number of surface sites and the gas-phase species
concentration. This equation can be modified to yield the
following:

where kmax
I is the maximum rate coefficient that would be

observed at high ozone concentrations and it is a product of
the second-order rate coefficient (kII) and the number of surface

Figure 4. Kinetics at 0.5 monolayers of BaP on azelaic acid aerosols
under dry conditions. Symbols indicate ozone mixing ratios.

Figure 5. Kinetics at 0.04 monolayers of BaP on azelaic acid aerosols
at 72% relative humidity. Symbols indicate ozone mixing ratios.

Figure 6. Pseudo-first-order rate coefficient as a function of gas-phase
ozone concentration. Black circles: dry conditions with 0.5 monolayers
of BaP; open circles: dry conditions with 0.04 monolayers of BaP;
black triangles: at 72% relative humidity with 0.5 monolayers of BaP.
The plots were fit using eq 4.

kobs
I )

kII [SS]KO3
[O3]g

1 + KO3
[O3]g

(3)

kobs
I )

kmax
I KO3

[O3]g

1 + KO3
[O3]g

(4)
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sites for the adsorbed species (i.e., BaP). The data in Figure 6
were fit using a nonlinear least-squares fit of eq 4 based on the
Levenberg-Marguardt algorithm in the Origin 6.0 data analysis
software package. The fitting parameters providedKO3 and
kmax

I as listed in Table 2. The error for these parameters was
obtained from the statistical error of the nonlinear least-squares
fit. The KO3 was (1.2( 0.4) × 10-15 cm3 and (2.8( 1.4) ×
10-15 cm3 at <1% RH and 72% RH, respectively. Thekmax

I at
<1% RH and 72% RH was (0.048( 0.008) s-1 and (0.060(
0.018) s-1, respectively.

The uptake coefficient (γ) is the ratio of the number of
collisions that result in a reaction to the total number of
collisions between a gas-phase molecule and a surface. For a
simple bimolecular reaction mechanism the uptake coefficient
is calculated as follows:

whereσBaP is the BaP molecular cross section andωO3 is the
mean velocity of ozone. However, as derived by Poschl et al.14

and Amman et al.,20 this equation must be modified when the
reaction is described by the Langmuir-Hinshelwood model:

The pseudo-first-order rate constants obtained in this work from
the kinetic studies under both dry and high RH conditions were
transformed into uptake coefficients using eq 5. The error of
the uptake coefficients was taken as the standard error ofkobs

I

at the 95% confidence interval. These uptake coefficients were
plotted as a function of ozone concentration, as shown in Figure
7. The curve illustrating a trend of decreasing uptake coefficient
with increasing ozone concentration was obtained from a
nonlinear least-squares fit of eq 6. A comparison of the raw
data and the best fit curve reveals only a small decrease in the
uptake coefficient with increasing gas-phase ozone concentra-
tion. Under dry conditions, this decreasing trend starts with
ozone concentrations greater than 2.19× 1014 molecules/cm3.
For the kinetics performed at 72% RH, the trend starts at 3.9×
1014 molecules/cm3.

3.4. Kinetics of Surface-Bound Benzo[a]pyrene on Salt
Aerosols.Kinetic experiments were performed on both organic
and salt aerosols to investigate the substrate effect on the kinetics
of surface-bound BaP and ozone. Dry sodium chloride aerosols
were used as the surrogate solid salt aerosol substrate because
they are highly involatile (i.e., would not suffer from evaporation
in the BaP coating region), are easily made, and have similar
properties to ammonium sulfate aerosols. Kinetics were per-
formed with dry sodium chloride particles with ozone concen-

trations up to 7.63× 1014 molecules/cm3. Within our experi-
mental precision, no reaction was observed. The slowest kinetics
that can be observed with our current experimental setup is
3.0 × 10-3 s-1, which is the typical error of the pseudo-first-
order rate constants for kinetics performed on azelaic acid
aerosols under dry conditions. This value was taken as an upper
limit for the pseudo-first-order rate constant for BaP loss by
ozone on sodium chloride aerosols.

Although, in our study no reaction between surface-adsorbed
BaP and ozone was observed on sodium chloride aerosols, an
upper limit for KO3 was calculated. We assumed a linear
dependence of the pseudo-first-order rate coefficient on ozone
concentration. Therefore, the Langmuir-Hinshelwood model
described by eq 4 was modified soKO3 could be obtained

The kmax
I was taken to be the averagekmax

I from our study and
that of Poschl et al.14 (0.032 s-1) and the upper limit onkobs

I on
NaCl aerosols was used as thekobs

I at the highest concentration
that we investigated. Based on these assumptions an upper limit
of KO3 < 1.2 × 10-16 cm3 was obtained for sodium chloride
aerosols.

4. Discussion

4.1. Reaction Kinetics and Mechanism under Dry Condi-
tions. In this study, the kinetics between surface-adsorbed BaP
and ozone was observed to be first order with respect to BaP
under both dry and 72% RH conditions. There was no effect of
BaP fractional surface coverage on the kinetics in the submono-
layer regime. Furthermore, the plot ofkobs

I as a function of
[O3]g was consistent with the Langmuir-Hinshelwood reaction

TABLE 2: Comparison of Adsorption Equilibrium Constants and the Maximum Pseudo-first Order Rate Coefficient

substrate PAH KO3 (10-13cm3) kmax
I (s-1)

this work azelaic acid aerosols (dry) BaP (0.012( 0.0004) (0.048( 0.008)
azelaic acid aerosols (wet) BaP (0.028( 0.014) (0.060( 0.018)

this work sodium chloride aerosols BaP < 0.0012b 0.032a

Poschl et al.c soot aerosols BaP (2.8( 0.2) (0.015( 0.001)
Wu et al.d fused silica plates BaP 0.28 0.032a

Alebic-Juretic et al.e nonactivated silica gel BaP 0.095 0.032a

a The value forkmax
I was assumed to be 0.032s-1, which is the averagekmax

I of the results from this study and Poschl et al.14 b This was calculated
assumingk1 ) 3.0× 10-3 s-1, which value is the typical error ofkI obtained for azelaic acid aerosol kinetics under dry conditions. This value was
taken to be the fastest kinetics that would have been observed on sodium chloride aerosols at the highest ozone concentration investigated (31
ppm). c Reference 14.d Reference 11.e Reference 10.

γ ) 4kI

σBaPωo3
[O3]

(5)

γ )
4kmax

I KO3

σBaPωO3
(1 + KO3

[O3])
(6)

Figure 7. Ozone reaction probability as a function of gas-phase ozone
concentration under dry conditions (black circles) and at 72% RH (open
squares). The apparent reaction probabilities were calculated from eq
5. Equation 6 was used to obtain the curve of best fit.

kobs
I ) kmax

I KO3
[O3] (7)
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mechanism as first suggested by Poschl et al.14 A reaction via
this mechanism involves one species (i.e., BaP) that is strongly
adsorbed to the particle surface and a second gas-phase species
(i.e., ozone) that is at equilibrium with the gas phase and the
particle surface. The reaction is a two-step process, with the
adsorption of the gas-phase species followed by a surface
reaction. As a result, the rate of the reaction is dependent on
the concentration of both the surface and gas-phase species. In
contrast, a linear dependence of the pseudo-first-order rate
coefficient and ozone was observed in the studies by Alebic-
Juretic et al.10 and Wu et al.11 The ozone concentration ranges
used in their studies (0.05-0.400 ppm and 0-1.5 ppm,
respectively) fall within the linear regime of this current study.
Therefore, behavior consistent with a Langmuir-Hinshelwood
reaction mechanism may have been observed if these studies
had been carried out over a larger ozone concentration range.

The KO3 for azelaic acid aerosols and soot aerosols14 under
dry conditions wereKO3 ) (1.2 ( 0.4) × 10-15 and (2.8(
0.2) × 10-13 cm3, respectively (Table 2). TheKO3 for azelaic
acid aerosols is lower than that of soot by over 2 orders of
magnitude,14 which may be attributed to decreased partitioning
of ozone to azelaic acid aerosols. However, thekmax

I is 3 times
greater on dry azelaic acid aerosols than on soot. This suggests
that the rate of the elementary reaction between surface-adsorbed
BaP and ozone is faster on azelaic acid aerosols and is subject,
to some degree, to a substrate effect also. In terms of the overall
reaction mechanism, this implies that there is decreased
partitioning of ozone onto the azelaic acid aerosols compared
to the soot aerosols, but once the ozone is on the particle the
reaction proceeds at a slightly faster rate on azelaic acid aerosols.

To further examine the substrate effect, we estimated theKO3

for other studies of surface-bound BaP on different substrates
that have been used in the literature. We used the same
procedure to calculateKO3 as we did for the sodium chloride
aerosols. In the studies by Alebic-Juretic et al.10 and Wu et al.,11

a linear dependence ofKO3 on ozone concentration was also
observed therefore, eq 7 was rearranged to yield

wherekobs
I /[O3] is the second-order rate coefficient. Therefore,

the KO3 could be estimated using the second-order rate coef-
ficient determined in their studies. Table 2 summarizes theKO3

and kmax
I obtained from various studies of PAHs on different

substrates. On the basis of the different values ofKO3 in the
azelaic acid and soot studies, we hypothesize that the greatest
role of the substrate effect is the partitioning of ozone to a given
particle surface. With the assumption that thekmax

I was the
same for both silica substrates, the difference in the estimated
KO3 for both types of silica supports this. Fused silica has been
described to have an amorphous crystal structure,21 whereas the
nonactivated silica gel was approximated by a cubic structure
in the study by Alebic-Juretic et al.10 The lowerKO3 value for
the nonactivated silica gel may be explained by greater
partitioning of ozone to amorphous silica, which may be better
able to trap ozone.

As previously calculated, the upper limit forKO3 on sodium
chloride aerosols was 1.2× 10-16 cm3. We postulate that no
reaction was observed between surface adsorbed BaP and ozone
because of the smallKO3. In support of this hypothesis, we note
that Alebic-Juretic et al.22 investigated the destruction of ozone
on solid sodium chloride particles in a fluidized bed reactor.
Sodium chloride had no observed effect on ozone decomposi-

tion, which may be a result of decreased partitioning of O3 to
the sodium chloride aerosols. Taking the analogy further, we
also note that carbonaceous soot substrates are those on which
ozone is most easily decomposed,23 whereas other solid surfaces
where the uptake coefficients are significantly smaller include
silica and solid organics. We suggest that this range in reactivity
may be driven in part by the affinity that ozone has for these
different surfaces, i.e., to decompose ozone must first bind to
the surface and it is to soot surfaces that ozone has the highest
affinity.

In general, these results highlight the importance of particle
substrate selection when modeling the kinetics of surface-bound
BaP and other particle-bound PAHs. Based on the experimental
studies and the literature analysis presented above, the ordering
of the partitioning of ozone onto different particle substrates
may be described as follows: elemental carbon> fused silica
> nonactivated silica gel> solid organic carbon> inorganic
salts.

To conclude this section, we note that a small trend of
decreasing uptake coefficients with increasing ozone concentra-
tion was observed (Figure 7). Other studies of the reaction of
surface-bound PAHs and ozone on soot aerosols14 and organic
films15 have also exhibited a similar, although somewhat
stronger, trend between uptake coefficients and ozone concen-
tration. The curve of best fit for Figure 7 was obtained using
eq 6, which is the form of the uptake coefficient when the
reaction is described by the Langmuir-Hinshelwood reaction
mechanism. The physical interpretation of this observed trend
of decreasing uptake coefficient with increasing ozone concen-
tration may be explained by looking at the definition of the
uptake coefficient, which is merely a ratio of the rate of the
surface reaction to the total number of collisions with the surface

whereRr is the rate for ozone loss on the surface andNS is the
collision frequency of ozone with the surface. In the limit of
saturated ozone surface coverage, it is assumed that the rate of
the surface reaction remains unchanged. However, at higher
ozone concentrations, although the rate of the surface reaction
is constant, there are more collisions between gas-phase ozone
and the particle surface. Therefore, according to eq 9, the uptake
coefficient would decrease correspondingly, with increasing
ozone concentration.

The ozonation of surface-bound PAHs are not the only
systems to exhibit this inverse dependence of uptake coefficient
on gas-phase reactant concentration. Sullivan et al.24 observed
a similar trend in their study of the decomposition of ozone on
thin alumina films, as did Hanisch and Crowley25 in their study
of ozone decomposition on Saharan dust. This suggests that the
initial step in both processes, i.e., decomposition of ozone on
solid metal oxide surfaces and reaction of ozone with adsorbed
PAHs, may proceed via the same initial step of ozone adsorbing
to the surface via a Langmuir type mechanism.

4.2. Reaction Kinetics and Mechanism at High Relative
Humidity. The kinetics of surface-bound BaP on organic
aerosols at 72% RH were also investigated. An enhancement
compared to dry conditions was observed, although the basic
Langmuir-Hinshelwood form of the kinetic results was pre-
served (Figure 6). In this study, values ofKO3 ) (1.2(0.4) ×
10-15 and (2.8(1.4) × 10-15 cm3 were obtained under
<1% RH and 72% RH conditions, respectively. Furthermore,
kmax

I (<1% RH) ) (0.048(0.008) s-1 and kmax
I (72% RH) )

kobs
I

[O3]
) kmax

I KO3
(8)

γ )
Rr

NS
(9)
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(0.060 ( 0.018) s-1. The higherKO3 and kmax
I at 72% RH

results in shorter lifetimes with respect to ozone for surface-
bound BaP. For example, with an ozone concentration of 100
ppb the lifetime of surface-bound BaP is 84 min under dry
conditions. This reduces to 28 min at 72% RH.

The enhancement in the kinetics at high RH is primarily
driven by the increased affinity of ozone for the wet azelaic
acid surface rather than by an increase in the surface rate
constant between adsorbed ozone and surface-bound BaP; that
is, with increasing RH,KO3 increases by 230%, whereaskmax

I

increases by only 25%. This behavior is consistent with the
literature where it has been concluded that water does not appear
to be involved in the ozonation of BaP as it is in the ozonation
of other PAHs.26,27 In general, a mechanism for the oxidation
of BaP by ozone in the condensed phase has been proposed by
Moriconi et al.28 The first step of the reaction involves an
electrophilic attack of ozone to the carbon positions with the
lowest electron density. Most reactions of ozone with olefins
then form an initial cyclic primary ozonide; however, this is an
unlikely process for the ozonation of BaP because the required
positions are too far apart for ozone to form a bridge across.

Therefore, assuming a similar reaction mechanism for the
ozonation of surface-bound BaP as there is in the condensed
phase, we proceed under a model where water is not directly
involved in the surface-phase reaction. By inference it must
instead be enhancing the overall kinetics by providing a surface
to which ozone has a higher affinity. The current understanding
in the community is that water adsorbs to oxidized organics in
roughly monolayer quantities at RHs similar to those used in
our enhanced RH experiments.29,30Although the water is most
probably not present as a uniform layer on the surface, more
likely instead in the form of islands or at corrugations,29 we
nevertheless believe that the ozone has a higher affinity for these
forms of surface water than for the bare azelaic acid surface
itself.

Upon examination of Table 2, there are two extremes
represented for the ozone gas-to-surface equilibrium constant
(KO3). The soot particles represent a hydrophobic, nonpolar
surface, whereas the sodium chloride particles represent a polar,
ionic one. It is possible that the wet azelaic acid particles can
be thought of as having a less polar surface, due to the presence
of water, than that of the dry azelaic acid particles. Therefore,
assuming ozone prefers nonpolar surfaces, ozone will have a
higher affinity for the wet azelaic acid surface compared to the
dry. This will translate to enhanced kinetics, since, as we
suggest, the rate of the reaction is primarily driven by the
partitioning of the ozone onto the particle’s surface. Furthermore,
Mmereki et al.15 also observe similar behavior for the reaction
of anthracene and ozone on different film surfaces. They report
an increase in the rate on the octanol-coated aqueous surface
compared to the pure water surface. Given that octanol is less
polar than water, these observations are consistent with our own,
if we assume that all PAHs behave similarly.

A similar conclusion has been reached by Poschl,6 who noted
a kinetic enhancement effect in experiments at RHs higher than
50%, when examining the reactivity of ozone with BaP adsorbed
on soot. Conversely, at lower RHs of 25%, Poschl et al.14

observed a suppression in the same reaction due to competitive
adsorption between ozone and water. Motivated by Poschl et
al.’s14 work, we also performed some preliminary experiments
at 25% RH on azelaic acid aerosols with an ozone concentration
of 9.52 × 1014 molecules/cm3. Our results revealed a similar
enhancement in kinetics at 25% RH compared to 72% RH. We
attribute this difference in behavior to the hygroscopic nature

of azelaic acid, which may already be sufficiently modified at
25% RH for enhancement to be observed. Conversely, graphitic
soot is a hydrophobic surface and so it is quite possible that
there is not sufficient water on a soot surface at 25% RH to
enhance ozone uptake. Instead, as described by Poschl et al.,14

competitive adsorption for common surface sites between low
levels of water and the ozone appears to explain these results.

There have been other conflicting observations regarding the
effect of increased relative humidity on the degradation of PAHs
by ozone. On one hand, Kamens et al.13 investigated PAH loss
on atmospheric soot aerosols in the presence of natural sunlight
in outdoor chambers. They reported faster BaP decays at higher
relative humdities, which is in agreement with our observations.
Other degradation pathways that include direct PAH photolysis,
molecular oxidation, and hydroxyl attack were used to explain
their observations, although we suggest that effect could be due
to the mechanism described above. In our study, the elevated
humidity experiments were performed in the dark where these
photochemical pathways would be minimized. Conversely, we
point out that there are also studies where decreased PAH
reactivity was observed at higher relative humidities. In
particular, Pitts and co-workers31 observed this effect while
studying the reactions of PAHs on filters or ambient particulate
organic matter.

5. Atmospheric Implications and Conclusions

We have shown in this work that the reaction between ozone
and surface-adsorbed BaP appears to follow a Langmuir-
Hinshelwood reaction mechanism following on from the work
of Poschl et al.,14 who were the first to demonstrate this. It is
quite possible that previous studies of the reaction on other
substrates such as silica gel and glass fiber filters also would
have displayed Langmuir-Hinshelwood kinetics had the studies
been performed over a wider range of ozone concentrations. In
addition, we postulate that the primary factor which determines
the lifetime of surface-bound BaP from aerosol to aerosol type,
at least for our case of solid particles, is the ability of the ozone
to bind to the substrate. As an example, in the present study,
the lifetime of BaP on azelaic acid particles at 100 ppb of ozone
is approximately 84 min, whereas it is>13 days on solid sodium
chloride aerosols under dry conditions. These lifetimes indicate
that the BaP and any other low volatility products may be subject
to further oxidation by atmospheric oxidants such as OH, NOx,
and SOx. By examining our own kinetics and others in the
literature, we conclude that the ordering of the partitioning of
ozone onto different particle substrates may be described as
follows: elemental carbon> fused silica> nonactivated silica
gel > solid organic carbon> inorganic salts. The difference in
affinity of ozone for different substrates may also explain why
ozone reactivity with bare soot surfaces is significantly higher
than with other solids, such as the metal oxides. In particular,
the initial step in the decomposition of ozone on these surfaces
probably involves a reversible adsorption step, just as required
in the reactions between ozone and adsorbed PAHs.

The experiments conducted at elevated relative humidity
resulted in an enhancement in the observed kinetics. We believe
that this enhancement again reflects a substrate effect rather than
a change in the rate of reaction between adsorbed ozone and
BaP. In particular, ozone binds more strongly to a solid organic
surface which contains monolayer quantities of adsorbed water
than it does to a dry surface. These results illustrate that relative
humidity must be taken into consideration when assessing the
lifetimes of these molecules in the atmosphere.
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