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Role of the Aerosol Substrate in the Heterogeneous Ozonation Reactions of Surface-Bound
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To probe how the aerosol substrate influences heterogeneous polycyclic aromatic hydrocarbon (PAH) oxidation,
we investigated the reaction of surface-bound anthracene with gas-phase ozone on phenylsiloxane oil and
azelaic acid aerosols under dry conditions in an aerosol flow tube with offline analysis of anthracene. The
reaction exhibited pseudo-first-order kinetics for anthracene loss, and the pseudo-first-order rate coefficients
displayed a LangmuirHinshelwood dependence on the gas-phase ozone concentration on both aerosol
substrates. The following parameters were found: for the reaction on phenylsiloxane oil agfgseig1.0

+ 0.4) x 107 cm?® andk'max = (0.010+ 0.003) s?; for the reaction on azelaic acid aerosdls, = (2.2 +

0.9) x 1075 cm?® andk'max = (0.057+ 0.009) s?, whereKo, is a parameter that describes the partitioning

of ozone to the surface amthais the maximum pseudo-first-order rate coefficient at high ozone concentrations.
The Ko, value for the reaction of surface-bound anthracene and ozone on azelaic acid aerosols is similar to
the Ko, value that we obtained in our previous study for the reaction of surface-bound bBayzehe and

ozone on the same substrate. This finding supports our earlier hypothesis that the substrate influences the
partitioning of ozone to the surface irrespective of the organic species (i.e., PAH) adsorbed to it. Preliminary
ab initio calculations were performed to investigate whether there is a relationship between the relative binding
energies of the ozoresubstrate complex and ti&, values for the different substrates studied. A comparison
between kinetic results obtained on aerosol substrates and thin films is presented.

1. Introduction A recent modeling study has shown that, under certain condi-

The reactive fate of a chemical in the troposphere is governedtions in the “rbaf‘ environment, these heterogeneous reactions
by both gas-phase and heterogeneous chemistry. The relativé@Y be the dominant reactive loss process.
importance of gas-phase versus heterogeneous chemistry de- To understand how the heterogeneous loss of PAHs and
pends on the vapor pressure of the chemical in question;atmospheric oxidants proceeds, it is important to determine the
heterogeneous chemistry is particularly important for species reaction mechanism and the factors that might influence it. These
of lower volatility that partition to atmospheric particulate include the nature of the substrate, the type of oxidant, and
matter. In addition, the reaction may be more efficient in or on environmental conditions such as light and relative humidity.
condensed matter than in the gas phase. Therefore, to bettelWork by Alebic-Juretic et a2 and Wu et af? looked at the
understand the factors that govern heterogeneous chemistry, wéeterogeneous reaction of surface-bound BaP and ozone and
investigated the reaction of surface-bound polycyclic aromatic revealed a linear dependence of the observed first-order rate
hydrocarbons (PAHs) and ozone jjCon different aerosol coefficients with gas-phase ozone concentration. This linear
substrates. dependence suggests a simple bimolecular reaction between the

Organic compounds, including PAHSs, dicarboxylic acids, and surface-adsorbed BaP and gas-phase ozone typical of an Eley
other highly oxygenated compounds, are the second mostRideal gas-surface reaction mechanisth.
abundant class of compounds after sulfate and nitrates in |n contrast, more recent laboratory studies investigating the
particles<1 um in sizel-2 PAHs in particular receive consider-  reaction of surface-bound BaP and ozone BgdPbet af on
able research attention because they are carcinogenic, mutagenigoot aerosols and by Kwamena ef ain azelaic acid aerosols
and allergenic in nature. It has been long understood that thegnow a nonlinear dependence of the pseudo-first-order rate
reactive fate of volatile PAHs, such as naphthalene, is govemedconstant as a function of ozone concentration, typical of
by gas-phase reactions with the hydroxyl radicaHowever, reactions that proceed by the Langmtiitinshelwood mech-
heawerl PAHSs such as benafijyrene (BaP) are found sorbed = ,higm The LangmuirHinshelwood mechanism has also been
on particulate matter and other surfaces, and therefore hetero,qqpeq by Mmereki and co-workéfgor the reaction of ozone
geneous OX|dat|_on .a”d nitration reactions with atm(_)sphenc and anthracene adsorbed to different coated agueous surfaces
oxidants are their primary §|nI€§Recent_ Iaboratogry studies on and by Kahan et dfor the reaction of ozone with a suite of
aerosol substratés,at the air-aqueous interfacé on surface six PAHs (naphthalene, fluoranthene, anthracene, phenanthrene,

. 9 . i
I:Lr:tsr,le?;r(l u;'}g%fsiggzet%rﬁakgovgéunﬁir:?garggﬁ?%?; thei Ipyrene, and BaP) sorbed to 1-octanol. A reaction occurring by
9 y P this mechanism implies that one reactant (i.e., the PAH) is

corresponding gas-phase reactions as sinks for these ComlOoundsa'dsorbed to the particle surface and the second reactant (i.e.,

* Corresponding author. Fax: (416) 946-7359. E-mail: jabbatt@ ©ZO0N€) is distributed between the gas and sorbed phases at
chem.utoronto.ca. equilibrium. There are two parameters that characterize the

10.1021/jp075300i CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/10/2007




Role of Aerosol Substrate in Ozonation of PAHs J. Phys. Chem. A, Vol. 111, No. 43, 2001051

Langmuir-Hinshelwood mechanism: the ozone partition coef- also not expected to exhibit reactivity toward ozone. Azelaic
ficient (Ko,), which describes the partitioning of ozone to the acid and phenylsiloxane oil aerosols were both generated by
surface, and the maximum pseudo-first-order rate coefficient homogeneous nucleation. A mass flow controller (MKS Inc.)
(K'max), which describes the surface reaction rate constant at highwas used to send a volumetric flow of 0.3 Ipm (liters per minute)
ozone concentrations, where the surface becomes saturated withl, through a 30.5 cm Pyrex tube containing azelaic acid (98%,
this reactant. Sigma Aldrich) or phenylsiloxane oil (Varian Inc.). The flow

In our previous stud§,we investigated the heterogeneous then passed through a heated region containing anthracene to
reaction between surface-bound BaP and ozone on liquid azelaiccoat the particles. The anthracene fractional surface coverage
acid aerosols and solid sodium chloride aerosols under both drywas controlled by adjusting the temperature of the anthracene
and high relative humidity conditions. We compared our results coating region. All kinetic experiments were run with the
to those obtained on soot aerosols bgéhb et aP and suggested  following conditions: anthracene coating region temperature
that the greatest influence of the aerosol substrate on the kineticSTanthracene= 318 K, flow tube temperature of 298 5 K, and
is controlling the partitioning of the ozone to the surface. particle number density in the flow tube of approximately 10
Following that study we also investigated the heterogeneouscm=3. The median diameter of the aerosols was approximately
reaction of gas-phase ozone with anthracene on coated Pyrex.75 and 145 nm for phenylsiloxane oil aerosols and azelaic acid
tubes!® a proxy for an inert, solid aerosol substrate. aerosols, respectively, with a geometric standard deviation of

The aim of the present study is to further explore the role of oq = 1.4.
the aerosol substrate in affecting the kinetics of surface-bound 2.2, Aerosol Flow Reactor.Dry N» (1.5 Ipm) was added
PAHs and ozone on different aerosol surfaces. We were using a mass flow meter (MKS Inc.) to make the total flow
motivated to perform our studies on aerosols with diameters of through the vertically oriented Pyrex aerosol flow tube (inside
less than 200 nm in order to reduce the influence of condensed-diameter 6 cm, length 96 cm) 1.9 Ipm. The aerosol flow tube
phase diffusion on the kinetics of the surface reaction. We also was operated under laminar flow conditions at ambient pressure
performed a small number of experiments on thin films using and temperature (1 atm, 298 K). Ozone was generated by
a laser-induced-fluorescence approach in order to compare theyltraviolet irradiation of a mixed flow (total flow~0.09 Ipm)
kinetics observed on particles to those on thicker substrates.of O, and N, by a mercury pen lamp (length 22.5 cm; UVP
We first investigated the reaction of surface-bound anthracene|nc.) in a homemade Pyrex glass chamber. The ozone concen-
and ozone on azelaic acid aerosols to complement our earliertration was controlled by varying the ratio of,@ N, passing
study using the same aerosol substrate. Our hypothesis was thagver the Pen-Ray lamp. Ozone was detected using a second
if the substrate is governing the partitioning of ozone to the mercury Pen-Ray lamp (length 5.3 cm; UVP Inc) placed in front
surface then th‘,(c)3 value should not depend on the PAH that of a homemade 10.3-cm-long or 50-cm-long absorbance cell
is being investigated, and we would obsele values forour  with quartz windows at either end. An interference filter (Esco
current study investigating the reaction of surface-bound an- products) was placed in front of an ultraviolet-sensitive pho-
thracene and ozone on azelaic acid aerosols similar to those weodiode (Boston Electronics Corp.) at the other end of the
obtained for our study looking at the reaction of surface-bound apsorbance cell to determine the ozone concentration entering
BaP and ozone on azelaic acid. We also studied the reaction ofthe aerosol flow tube. Ozone was introduced through a moveable
surface-bound anthracene and ozone on phenylsiloxane oilpyrex rod injector, which split into four prongs at the end to
aerosols to see if we would observe the same Langmuir facilitate rapid mixing of the ozone into the total flow. The
Hinshelwood behavior USing a different substrate. Pheny|Si|0X- reaction t|me (up to 80 S) between ozone and Surface_bound
ane oil, which is made up of phenyl and methyl groups, is quite anthracene, which was varied by setting the injector to different
hydrophobic, therefore making it chemically different from  positions along the length of the flow tube, was calculated from
azelaic acid. Finally, ab initio calculations were used to help the pulk flow velocity. The maximum correction to the pseudo-

explain the differing partitioning behavior of ozone toward the  first.order rate coefficient from the plug flow approximation
aerosol and thin film surfaces that have been used. was 4%, as based on the model of Brotn.

The reaction between anthracene and ozone was stopped by
using an ozone denuder positioned immediately after the flow

2.1. Aerosol Generation and CoatingWe used a previously ~ tube. Following the denuder, part of the aerosol flow (1.5 Ipm)
developed kinetic approach to investigate the reaction betweenwas diverted to a glass fiber filter (GF/A 47 mm, Whatman),
ozone and PAHs adsorbed to different aerosol surfages. which was mounted on a homemade stainless steel filter holder,
Aerosols, generated by homogeneous nucleation, were Coa[edor aerosol collection. Aerosols were collected for 6.5 min.
with submonolayers of anthracene and exposed to ozone forDuplicate filter samples were taken at six different injector
different reaction times in a vertically oriented aerosol flow tube. Sampling positions between 0 and 86 cm. The error for each
The aerosols were then collected on filter paper and offline point was determined by taking the variability in the replicate
extraction and analysis techniques were used to determine theneasurements at each injector position. This flow was then
kinetics by determining the amount of anthracene remaining vented into the laboratory’s main exhaust line. The remaining
after ozone exposure. Details of the experimental approach areaerosol flow was sent to a differential mobility analyzer (DMA;
given below. TSI Inc., Model 3080) connected to a condensation particle

Azelaic acid and phenylsiloxane oil aerosols were chosen ascounter (CPC; TSI Inc., Model 3010) to monitor the aerosol
model liquid aerosols because these two compounds should haveize distributions. The DMA/CPC measurements were obtained
little reactivity with ozone. The phenylsiloxane oil that was used Simultaneously with the aerosol filter collection.
was a 1,1,5,5-tetraphenyltetramethyltrisiloxane. Given the struc- 2.3. Aerosol Sampling and Analytical Methods. The
ture of the pump oil, there are no functional groups that should kinetics were determined by monitoring the amount of unreacted
react with ozone. To support this, we saw no reactive loss of anthracene on the aerosols after exposure to ozone at each
ozone upon exposure to this oil during low-pressure, coated- injector position. Following collection, the filters were stored
wall flow tube experiments. Saturated dicarboxylic acids are at 277 K until analysis. The filters were ultrasonically extracted

2. Experimental Section
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twice with dichloromethane (99.9% HPLC grade, Sigma- Rather, we sought to see if the trend in the calculated binding
Aldrich). The extracts were evaporated to dryness under a gentleenergies could begin to explain the trend in ¥, values in
stream of nitrogen gas, reconstituted in 4000f acetonitrile the literature. In determining the energy of the complexes, an
(HPLC grade, Fisher Scientific) and analyzed by high- estimate of the basis set superposition error (BSSE) using the
performance liquid chromatography (HPLC) with ultraviolet counterpoise method was includ&d.

detection. A HPLC system from Waters (Waters 600 pump and 2.6. Thin Film Kinetics Experiments. Laser-induced-
controller) was interfaced to a diode array detector (Waters 996 fluorescence kinetic experiments were performed to compare
photodiode array detector) and an autosampler (Waters 717 plughe results on atmospheric aerosols with those on thin films.
autosampler). The system was equipped with a C-18 guard The details of the experimental procedure have been described
column (Gemini, 4.0x 2.0 mm, Phenomenex) coupled to a elsewheré.Briefly, 30 uL of phenylsiloxane oil was placed on
C-18 reversed-phase chromatographic column (Gemini, 150 mma Pyrex microscope slide that had been smeared with a thin
x 2.00 mmx 5 um, Phenomenex). Analysis was performed film of vacuum grease (Dow Corning silicone stopcock grease).
using a 10uL injection volume and an isocratic elution of The slide was placed in @500 mL Teflon chamber, which
acetonitrile-water (70:30 v/v, HPLC-grade, Fisher Scientific, had quartz windows at either end to allow a laser beam to enter
and 18 M2 water, respectively) at a constant flow rate of 0.5 and exit the chamber. Side ports in the chamber allowed
mL min~1. Absorbance at 254 nm was used to monitor the introduction and ventilation of gases. A flow saturated with
anthracene signal. The Millenium 32 software package (Waters) anthracene was used to deposit anthracene from the gas phase
was used to integrate the chromatographic peaks. The degradaento the phenylsiloxane oil thin film samples. Different deposi-
tion of anthracene was quantified using an external standardstion times, of 1 and 3 min, were used to vary the anthracene
calibration of anthracene standard solutions ranging from a few surface concentration. Ozone was generated and quantified using
parts per billion to a few parts per million, which was run along a method similar to that described in section 2.2. A pulsed
with each kinetic analysis. Spike and recovery experiments on frequency-tripled Nd:YAG laser (Minilite 11, Continuum) with
anthracene revealed an anthracene recovery of 70%. HPLC peala repetition rate of 10 Hz and a maximum pulse energy of 4
areas were corrected for 100% recovery before quantification mJ was used to excite the anthracene on the thin films.

with the calibration curve. Anthracene was excited at 355 nm, and fluorescence, which
2.4. Fourier Transform Infrared (FTIR) Spectroscopy was collected perpendicular to the sample, was detected at
Experiments. In our work investigating the reaction of BaP 404 nm.

and ozone on azelaic acid aerosols, we assumed that the azelaic The amount of anthracene on the phenyisiloxane oil thin film
acid aerosols were solid given that the melting point of azelaic Pefore and after exposure was quantified by placing glass fiber
acid is 106.5°C and the experiment was conducted at room filters (GF/A 47 mm, Whatman) over the Pyrex microscope slide
temperaturé. However, recent work by Hearn and Smth W!th the phenylsnoxan_e oil film to remove the film from the_
suggest that aerosols of this type may significantly supercool. Slide’s surface. The filter paper was stored at 277 K until
An aerosol flow tube FTIR spectrometer apparatus was used to2lysis. The samples were extracted using the same procedure
determine the phase of the aerosol and whether it changed b);hat was use.d for the k|ne.t|c experiments (refer to section 2.3).
cooling or heating the aerosols or by the length of time they ~ 2.7- ChemicalsAll chemicals were of reagent grade and used
spend in the flow system. The experimental setup has beenWithout further purification. Anthracene (99%) and azelaic acid
previously describe#19The aerosol flow conditions described ~ (98%) were purchased from Sigma-Aldrich. Phenylsiloxane oil
above were used for these experiments. Infrared spectra werdDC-704, CAS Registry No. 3982-82-9) was purchased from
obtained using a FTIR spectrometer (Bomen MB104) and an Vanz_an Inc. HPL_C-grade d_lchlorom_ethane gnd_a_cetomtrlle_were
external MCT detector (Bomen). The path length of the flow obtalngd from_ Sigma-Aldrich and Flsh(_ar Scientific, respectively.
tube was approximately 40 cm. The spectra were an average ofd/trahigh-purity N> and Q were obtained from BOC Gases
100 scans and were recorded over a wavenumber range of-anada.

4000-500 cnt! at a resolution of 4 cm.

2.5. Computational Approach. Density functional theory
(DFT) calculations were performed as a preliminary means of  3.1. Phase of the Organic Aerosol Substratesn our initial
addressing the differences in th®, values for the different  work investigating the reaction of surface-bound PAHs and
substrates investigated. The goal was to determine if there is aozone, we performed our experiments using azelaic acid aerosols
simple relationship between the experimentally determitgd under the assumption that they were solid particles. However,
values and the ozonrerganic substrate binding energies. The recently, Hearn and Smithinvestigated whether mixed oleic
Gaussian 20038 suite of programs was used for all molecular acid/myristic acid aerosols were solid or supercooled. They
calculations. The optimized geometries were calculated using noted that the peak in their FTIR spectrum positioned at 1700
Mgller—Plesset perturbation theory (MP2) and the 6-31d basis cm™, which is characteristic of the=€0 stretch of carboxylic
set. DFT(B3LYP) using the 6-311+g(d,p) basis set was used acids, was red shifted 9 crh when the particles had been
to calculate the energies of the optimized geometries of the precooled compared to when the particles had only been exposed
following complexes: azelaic acitbzone, octanetozone, to room temperature. From characteristics in the FTIR spectrum,
water-ozone, and benzen®zone. These complexes represent they believe the precooled aerosols had crystallized whereas
the different substrates that have been used in studies of thethose particles that had not been precooled had characteristics
heterogeneous reaction of surface-bound anthracene and ozonef liquid aerosols. We performed similar FTIR experiments and
The benzeneozone complex was used to approximate the also looked at the characteristic peak at 1700'dm determine
interaction of ozone with phenylsiloxane oil or soot given that the phase of the azelaic acid aerosols.
both the soot and the phenylsiloxane oil are made of many As shown in Table 1, the peak at 1700 ¢mvas red shifted
benzene rings. Note that the goal was not to quantitatively by approximately 10 crmt when the aerosols were precooled
estimate Ko, values, which involve much more complex to 273 K prior to sampling with the FTIR; i.e., we believe this
interactions than those included in a simple binary complex. cooling process causes the particles to crystallize. In our kinetic

3. Results
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TABLE 1: Comparison of the Location of the C=0 Stretch Peak for Azelaic Acid Aerosols under Different Experimental
Conditions

aerosol conditions location of the=€D stretch peak (cnt)
aerosols sampled at room temperature (supercooled) 1710
aerosol precooled to 273 K and warmed to room temperature (solid 1700
particles)
aerosols sent through a second heated region to simulate the 1711
anthracene coating process (supercooled)
aerosols sent through flow tube used for kinetic studies 1711

(supercooled)

studies we send the azelaic acid aerosols through a second heatedlith anthracene vapor. We found experimental sublimation
region to coat them with anthracene before introduction into enthalpy values obtained in the experiments with phenylsiloxane
the aerosol flow tube where the anthracene-coated particles areil and azelaic acid aerosols of 1854 and 1174+ 10 kJ mof?,

then exposed to ozone. Therefore, for the FTIR experiments respectively, which are in good agreement with the extrapolated
we sent the azelaic acid aerosols through a second heated regioliterature valuét?? of 104 kJ mot?. These values can be
and through the flow tube to see if this had any effect on the compared because the amount of anthracene these aerosols
phase of the particles. Table 1 shows that there was no shift inaccumulate is proportional to the amount of anthracene in the
the position of the &0 peak as a result of heating or being gas phase which, in turn, is controlled by the sublimation of
sent through the flow tube, and therefore we conclude that the solid anthracene from the reservoir in the coating region.
azelaic acid aerosols may be supercooled during our kinetic Assuming that anthracene is only found at the aerosol surface,
studies. We will, therefore, refer to the azelaic acid particles as all experiments were performed at a coverage of 0.3 monolayer,

liquid aerosols. where 1 monolayer is defined as having a surface coverage of
3.2. Fractional Anthracene Surface Coverage on Liquid 10" molecules cm? assuming spherical particles.
Organic Aerosols.The amount of PAH surface coverage (i.e., 3.3. Kinetics of Surface-Bound Anthracene on Liquid

the number of monolayers) has been shown to influence reactionAerosols. The reaction of surface-bound anthracene on liquid
rates>1213Therefore, experiments were performed to determine phenylsiloxane oil and azelaic acid aerosols was investigated
the dependence of the anthracene surface coverage on thas a function of ozone concentration. Figure 2 displays plots of
coating region temperature for both phenylsiloxane oil and the anthracene surface concentration as a function of reaction
azelaic acid aerosols. Both the phenylsiloxane oil and the azelaictime for this reaction on azelaic acid aerosols. The signals were
acid aerosols are liquid and, as such, the anthracene may baormalized to constant aerosol number density. There was
found at the surface and in the bulk of the aerosol. If we assumeminimal change in the anthracene signal as a function of injector
that all the anthracene is at the aerosol surface, our values mayposition with no ozone present. The reaction between surface-
be viewed as an upper limit to the surface coverage. The aerosoldound anthracene and ozone is well described by first-order
were sent through the anthracene coating region with temper-kinetics given the linearity of the plots. The slope of the
atures ranging from 298 to 355 K, allowing us to control the uncertainty-weighted linear-least-squares fit provided the pseudo-
anthracene surface coverage on the aerosols from submonolaysirst-order rate coefficientkony at each ozone concentration
to greater than monolayer coverage. The slope of the least-studied. The uncertainty in this quantity was taken as the
squares plot of the anthracene surface concentration as a functiostandard error in the slope of the plots at the 95% confidence
of inverse temperature of the anthracene coating region (Figureinterval.

1) provided the sublimation enthalpy based on the Clausius The plot ofklopsas a function of flow tube ozone concentra-
Clapeyron equation. In applying this equation, we assumed thattion (Figure 3) is nonlinear with a shape that is consistent with
the carrier gas in the anthracene coating region was saturatedhe Langmuir-Hinshelwood mechanism. The data in Figure 3
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Figure 1. Anthracene surface coverage as a function of temperature
of the anthracene coating region with phenylsiloxane oil as the aerosol Figure 2. Kinetics of surface-bound anthracene and ozone under dry
substrate, assuming that anthracene is found only at the surface. Aconditions on azelaic acid aerosols. The pseudo-first-order rate coef-
sublimation enthalpy of 105 kJ mdl was obtained, which is in ficients were determined from the slope of the uncertainty-weighted
excellent agreement with the extrapolated literature vafief 104 linear-least-squares fit for each ozone concentration. Symbols indicate
kJ mol. In this study, the anthracene coating region temperature was ozone mixing ratios: filled triangles, no ozone; open circles, 5.8
318 K. 10" molecules cm3; filled squares, 1.9< 10" molecules cm3.
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0.014 strates® at the air-aqueous interfac¢é and on surface film8.
A However, as shown by looking at the kinetics of surface-bound
0.012 1 anthracene and ozone, the surface-phase kineticsk(j»g), of
these reactions appear to be a factor of 10 faster on aerosol
0.010 - & ;
substrates compared to the kinetic experiments performed at
F,: 0.008 the air-aqueous interface or on surface films, which were
~ performed using a laser-induced-fluorescence setup. Therefore,
8 0.006 - we performed preliminary experiments of the kinetics of ozone
- { and surface-bound anthracene on phenylsiloxane oil thin films
0.004 - using the laser-induced-fluorescence setup used by Kahan et
al? The goal was to study for the first time the same chemical
0.002 1 system using the two general experimental approaches described
in the recent literature.
0'0000'0 106+13  BOet13  12e+14  16esld The kinetic experiments on the thin films were performed at
. 3 an ozone concentration of ¥Omolecules cm?3 to determine
Ozone concentration (molecules cm™) the fastest kinetics of this reaction and meastyg. To mimic
0.035 how the PAH was deposited onto aerosols in the flow tube
B experiments, anthracene was deposited from the gas phase onto
0.030 - the phenylsiloxane oil thin film for either 1 or 3 min, which
represents 0.1 or 0.6 anthracene monolayer on the surface of
0.025 1 the film, respectively, if the PAH resides at the surface of the
P film. The amount of anthracene surface coverage was deter-
o 00201 mined by extracting the phenylsiloxane thin film samples using
& offline analysis methods (refer to section 2.6). The kinetics of
_O 0.015 - ; ’
x the reaction of surface-bound anthracene with ozone on phe-
0.010 4 : nylsiloxane oil thin films was first order with respect to
anthracene. The pseudo-first-order rate constants for 1 and 3
0.005 - min of anthracene deposition were (2:10.3) x 103 and (9
+ 1) x 10 s71, respectively.
0.000 ; : ; ;
0 1e+14 2e+14 3e+14 de+14 5e+14

4. Discussion

Ozone concentration (molecules cm'a) . o
i i - . 4.1. Reaction Kinetics of Ozone and Anthracene on
Figure 3. Pseudo-first-order rate coefficienteof) as a function of

gas-phase ozone concentration for the reaction of surface-boundAzelaIC ACld and F_’henylsnoxane Aerosoldn agreement W'th
anthracene and ozone on phenylsiloxane oil aerosols (A) and azelaicOU! Previous studies, the nonlinear plotskofs as a function

acid aerosols (B). The plots were fitted using a nonlinear-least-squaresOf [Oz(g)] (Figure 3) are consistent with a Langmuidinshel-

fit of eq 1. The standard error was obtained from the statistical error wood reaction mechanism, where one reactant is strongly
of the nonlinear-least-squares fit at the 95% confidence interval. The adsorbed to the surface and a second gas-phase reactant is in
fitting parameters Ko, and K'nag for the reaction on both aerosol  equilibrium between the gas phase and the surface. Thus, the
substrates are listed in Table 2. reaction is a two-step process that involves the initial adsorption

were fitted using the following modified LangmeiHinshel- of the gas-phase reactant followed by a surface reaction. Our

wood equation: observations are in contrast to an Etéyideal reaction mech-
anism, which would have displayed a linear dependen&&af
K 0 on [Ogg).
'ObS: M (1) One hypothesis of this study was that if the substrate governs
1+ KO3[OS(g)] the partitioning of ozone to the surface, then te, value

should not depend on the PAH adsorbed to the surface. To test

where K'max is the maximum rate coefficient that would be this, we investigated the reaction of surface-bound anthracene
observed at high ozone concentratiols, is the ozone gas-  and ozone on azelaic acid aerosols to see if we would obtain
to-surface equilibrium constant, and 4gj is the gas-phase  results similar to our previous work looking at the kinetics of
ozone concentration. The fitting parameters for the reaction of BaP and ozone on azelaic acid aerosol. Kagvalues for the
anthracene and ozone on azelaic acid and phenylsiloxanereaction of ozone with surface-bound anthracene and surface-
aerosols are summarized in Table 2. Although these experimentsound BaP were (2.2 0.9) x 107 and (1.24 0.4) x 10715
have been performed on liquid and supercooled aerosols andcn?, respectively. Given that th€o, values vary over 2 orders
as such anthracene and ozone may diffuse into the bulk of theof magnitude for the different substrates listed in Table 2, the
aerosol, based on our results, we believe that the reactionresults for anthracene and BaP on azelaic acid aerosols are quite
between anthracene and ozone proceeds at the surface. Asimilar and thus support our hypothesis. This similarity was also
discussed further in section 4.3, we believe that the large surfacenoted in Kahan et @ This suggests that th€o, value reflects
area to volume ratio and the short diffusion time from the bulk the partitioning behavior of ozone to the substrate irrespective
to the aerosol surface provide additional support that this of the PAH adsorbed to it. As shown in Table 2, #g, values
reaction is occurring at the surface of both the liquid aerosol for the reaction of surface-bound anthracene with ozone on
substrates. phenylsiloxane oil aerosols and azelaic acid aerosols are (1.0

3.4. Kinetic Experiments on Thin Films. There are a 4 0.4) x 10713 and (2.24 0.9) x 1015 cm?, respectively. The
growing number of studies that have investigated the hetero- Ko, for azelaic acid is 2 orders of magnitude lower than that
geneous reactions of surface-bound PAHs on aerosol sub-for the phenylsiloxane oil. However, thiéyax for the two
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TABLE 2: Comparison of Studies Investigating the Heterogeneous Reaction of Anthracene or BaP on Different Aerosol
Substrates

PAH aerosol substrate Ko, (10715 cn) Kmax (571
Ptschl et aP BaP soot 286t 20 0.015+ 0.001
Kwamena et af. BaP azelaic acid 1204 0.048+ 0.008
this study anthracene phenylsiloxane oil a0 0.010+ 0.003
azelaic acid 2.2 0.9 0.057+ 0.009
substrates only vary by a factor of 3. The similarity of dgax to nonpolar surfaces. The ozone equilibrium constant values

values for the different systems listed in Table 2 implies that for the SAM/ozone system and the oleate/aqueous NaCl/ozone
once ozone is on the aerosol surface, irrespective of the identitysystem were 2.5 10714 and 4.0x 10714 cm?, respectivel\?®30
of the PAH involved in the reaction, there is an inherent barrier These values fall within the range of equilibrium constants listed
to the reaction that results in simil&ax values. We suggest  in Table 3 and suggest that the partitioning of ozone to these
that this barrier may be due to the diffusion mobility of the surfaces is greater than the partitioning of ozone to azelaic acid
two reactants on the aerosol surface or instead that it is relatedaerosols but less than the partitioning of ozone to soot or
to a rate-determining transformation that ozone must undergo phenylsiloxane oil aerosols.
on the surface, which is required for reaction to occur. We now  Another example that illustrates that ozone prefers partitioning
discuss each possibility in more detail. to nonpolar surfaces is provided by the molecular dynamic
After ozone partitions to the aerosol surface, the two reactantssimulations by Vieceli et &l In their simulations of the
must be in close enough proximity for a reaction to occur; i.e., interaction between ozone and a phospholipid monolayer and
it is possible that the mobility of the reactants restricts the rate ozone and a self-assembled monolayer, the residence time of
at which they can react, in the form of a diffusion-controlled ozone on the phospholipid monolayer was greater. The ozone
surface reactio®? The magnitude of such a diffusion-controlled only remained in the nonpolar lipid portion of the phospholipid
rate constant is not easy to estimate. While this mobility monolayer and did not penetrate the aqueous region. The lower
constraint sets the overall magnitude of the valu&'gfy, we solubility of ozone in water compared to organic liquids has
also see some evidence that the interaction between ozone antieen suggested as a possible explanation. Donaldsorf%t al.
the substrate may play a role in the availability of ozone to estimated &4 value of 20 for ozone in 1-octanol. We estimate
participate in the reaction. In particular, from Table 2, there is a Ky, of 4 x 107* based on a Henry’s law constant of 0.011
a suggestion that high&io, values result in smalléd .« values mol L~ atnm1.33 A comparison of these estimated parameters
and therefore increased partitioning of ozone to the aerosol provides additional support as to why ozone prefers partitioning
substrate may make the ozone less available for reaction withto nonpolar surfaces.
the surface-bound PAH, because of reduced mobility. 4.2. Quantum Calculations.Computational calculations were
Another possibility is that this barrier may arise from ozone performed as a preliminary means of investigating if the
being transformed into a more reactive form prior to reaction differences in the energy of interaction of the different substrates
with the PAH, via a process such as ozone decomposition. with ozone could begin to explain the observed trends in the
Ozone decomposition has been suggested in an analogous marke, values. DFT calculations were used to determine the binding
ner on a wide range of systems including Saharan @34t,  energy of the ozonesubstrate complex that forms whery O
alumina?52% and soot”-28 If the barrier to the transformation initially partitions to the surface. We anticipated that the ozene
on each substrate is similar, then the valueskggx should substrate complex binding energies may mimic the trend of the
also be similar in each of these systems. Indeed, kinetic analysisKo, values for the different substrates investigated. We compared
of the results from our laboratory for the loss of ozone on our results of the binding energy of the wat@zone complex
Saharan dust and on alumin are both consistent witklmax with studies found in the literature. This was the only complex
values between 16 and 102 s, which is not dissimilar to examined for which other computational results could be found
the values obtained in this work. Based on our results, we cannotin the literature. We calculated a binding energy of 0.69 kcal
determine which explanation for the barrier is the more likely mol~! for the water-ozone complex. Tachikawa and Ae¢
one. calculated binding energies ranging from 0.63 to 3.58 kcal
To extend the prevalence of this mechanism, we note that mol™! using both ab initio and DFT calculations for the
Langmuir-Hinshelwood behavior has also been observed in water-ozone complex. It should be noted that Tachikawa and
the reaction of ozone with other compounds such as unsaturatedA\be only included zero-point and BSSE corrections in their
self-assembled monolayers (SANKand internal mixtures of ~ most recent stud§ for which they calculated binding energies
sodium oleate and aqueous NaCl dropfét&icNeill et al. of 1.51 and 0.64 kcal mot for two different forms of the
obtained a best-fitdmax value of 0.05 s! in their study water—ozone complex. Their results are in reasonable agreement
investigating the multiphase reaction of ozone with sodium with ours.
oleate (a proxy for oleic acid) coated on NaCl droplets. This
value is very similar to th&'naxvalues listed in Table 2 forthe ~ TABLE 3: Comparison of Ko, Values for Different
reaction of surface-bound PAHs and ozone. Substrates for Which the Surface Reaction Has Been

In our previous work we compared th&o, values for the I\Oﬂgiﬁgrﬁgn-]l_o Proceed by the Langmuir-Hinshelwood

different substrates that had been investigated to date and we

proposed that ozone prefers partitioning to nonpolar surfaces. study substrate Ko, (107*° cn)

As shown in Table 3, soot, which is nonpolar, has the highest Puschl etak soot aerosols 280

Ko, value compared to the polar aqueous substrate with the this study phenylsiloxane oil aerosols 100
McNeill et al3° aqueous NaCl droplets 40

lowest. The phenylsiloxane oil used in this study is nonpolar X 0

. . Dubowski et aP self-assembled monolayers 25
given the many phenyl and methyl functional groups, and g study azelaic acid aerosols 22
therefore theKo, value observed for this substrate is in  Kahan et af octanol thin films 0.56
agreement with our suggestion of increased patrtitioning of ozone Mmereki et al’ water 0.466
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TABLE 4: Summary of k'max and Ko, Values for the Heterogeneous Reaction of Anthracene and Ozone on Different Aerosol
and Thin Film Surfaces

substrate Ko, (10715 cmd) Kmax (S79)
this study phenylsiloxane oil aerosols 100 0.010
phenylsiloxane oil thin film 0.002
Kahan et aP. octanol thin film 0.56 0.002
Mmereki et al’ water 0.466 0.0026
The calculated binding energies for the azelaic acidone, experiments. We assumed that the plateau of the adsorption

octanol-ozone, and waterozone complexes were 2.22, 1.10, isotherm in Figure 5 of Kahan et 4torresponds to a monolayer
and 0.69 kcal molt, respectively, mimicking the trend of the of anthracene surface coverage. The anthracene in octanol
Ko, values for these substrates. The ozone interacts with theconcentration at the start of the plateau or the monolayer regime
OH functionalities of azelaic acid, octanol, and water. However, corresponds to approximately 0M. In most experiments
there are no OH functionalities on benzene, and as such thepresented by Kahan et dlsolutions of 10° M anthracene in
calculated interaction between benzene and ozone is somewhabctanol were used, which according to the adsorption isotherm
weaker than that of the other substrates. Our calculated corresponds to 1/10 monolayer, i.e.x110" molecules cm?,
benzene-ozone binding energy was 0.35 kcal mbl We assuming that a monolayer corresponds to 10 molecules
suspect that the benzenezone electronic interaction may be cm~2 However, given the amount of the TOM solution that
more complex than that represented in our calculations, and thiswas used and assuming all the anthracene was at the surface of
is why the binding energy does not follow the trend for kg the thin film, the anthracene surface concentration would be
values. In particular, we used single electronic configurations approximately 7x 10" molecules cm?2. This value is 7 times

in this work, whereas there is the potential for substantial charge what the adsorption isotherm indicates is at the surface at this
exchange in a system of this type. Nelander and Rlord anthracene concentration, and therefore, considering the high
performed an absorption spectroscopy study investigating dif- Ko, value for anthracene and assuming that the partitioning of
ferent ozone-olefin complexes, including ozoreenzene, at  anthracene between octanol and air would be similar to the
low temperatures and observed a charge-transfer complexpartitioning of anthracene between phenylsiloxane oil and air,
between ozone and benzene. This might strengthen the bindingany excess anthracene should be found in the bulk of the film.
energy estimate between ozone and benzene if it were included. 2y what is the time for anthracene diffusion in the particle
This preliminary work suggests that the binding energy may ang thin film experiments?

begin to explain the different partitioning behaviors ozone has
toward different substrates. However, future studies that more
accurately capture the ozonsubstrate as well as the ozene
PAH complex are required. These calculations are beyond the
scope of this present work.

4.3. Comparison of Kinetics on Aerosol and Thin Film
Surfaces.The kinetics of surface-bound anthracene with ozone
are a factor of 10 times faster on aerosol substtétesmpared
to on thin film and or at the airaqueous interface® We

The time scales for diffusion in the particles and in the films
are estimated to be & 105 and 110 s, respectivefy#8 where
the diffusion coefficient for anthracene in phenylsiloxane oil
was assumed to be 10cn? s! based on an estimated diffusion
coefficient of ozone in organic acids, such as oleic &2id.
the time for diffusion in the thin film was assumed to be the
e-folding time for the reaction, the pseudo-first-order rate
constant would be approximately>910-3 s~1, which is similar

: : . in magnitude to the'max values for the studies by Donaldson
performed experiments looking at the reaction of surface-bound and co-workers2 and in this work for the phenvisiloxane thin
anthracene with ozone on phenylsiloxane thin films in order to films pheny

study the same chemical system using the two general experi- ) . o
mental approaches described in the literature. As shown in Table This analysis suggests that most of the anthracene is in the
4, the substrate used does not account for the differencesPulk in the thin film experiments so that any anthracene depleted
between the two approaches. at thg surface must be replenished by'diffpsion from the bul'k.
By examining both arguments for and against, we explore The time for dlffus_uon may mal_<e the _klnetlc measurements in
below whether liquid diffusion constraints might provide an the thin film experiments diffusion limited. I_-Iowev_er, t_here are
explanation to this discrepancy. We found that the amount and @lS0 arguments that can be made against diffusion as an
location of anthracene along with the time for diffusion in the €xplanation.
thin film experiments were consistent with diffusion being a  In the studies by Mmereki et a8 experiments were
limiting factor in the kinetics. However, the similarities in the performed at the airaqueous interface on thick water surfaces.
K max values for the reaction of surface-bound anthracene with However, the solubility of anthracene in water is very low and
ozone at the airaqueous interfacépn octanol-coated water ~ as such one would only expect anthracene to be found at the
surfaced;® and on 1-octanol thin filnfssuggest that diffusion  air—aqueous interface. Liquid diffusion should not play a role
may not fully explain the differences between the two experi- in the kinetics since very little anthracene should be found in
mental approaches and, as such, the difference remains an opetie bulk. Subsequent work by Donaldson and co-workers on
question that requires further investigation. The following octanol-coated aqueous surfdcesnd on thin film8 has
discussion expands in detail upon the arguments both in favor determinedmax values similar to those determined for the same
and against liquid-phase diffusion accounting for the differences. reaction at the airaqueous interfacé® The similarity in the
The following questions were asked to determine the impor- k'max values on these different substrates suggests that the
tance of diffusion in the thin film and aerosol experiments: reaction of surface-bound anthracene with ozone on thin film
(1) Where is the anthracene located in the thin film experi- surfaces proceeds by the same mechanism and that the kinetics
ments? are not diffusion limited in these later experiments. Furthermore,
Analysis of the adsorption isotherm presented in the study if the thin film experiments by Kahan et &lwere diffusion
by Kahan et af. provides further insight on the partitioning of  limited, the k'max values should be similar for the six PAHs
anthracene between the surface and the bulk in the film investigated, since it is not expected that the diffusion coef-



Role of Aerosol Substrate in Ozonation of PAHs J. Phys. Chem. A, Vol. 111, No. 43, 2001057

TABLE 5: PAH Lifetimes on Different Aerosol Substrates ozone is only one heterogeneous reactive loss mechanism.

and Thin Film Surfaces at an Ozone Concentration of 50 Heterogeneous reactions with OH, j@nd NOs may also be

ppb important loss processes. Very little work has been done in this

study PAH substrate lifetime regard.
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