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Little quantitative information exists regarding the products of the heterogeneous reaction of polycyclic aromatic
hydrocarbons (PAHs) and ozone. We have, therefore, performed the first quantitative study investigating the
kinetics and products of the heterogeneous-gasface reaction of anthracene and ozone as a function of
ozone concentration and relative humidity (RH). The reaction exhibited pseudo-first-order kinetics for
anthracene loss under dry conditions (RH1%) and the pseudo-first-order rate coefficients displayed a
Langmuir-Hinshelwood dependence on the gas-phase ozone concentration, which yielded the following fitting
parameters: the equilibrium constant for ozone adsorpken= (2.8 + 0.9) x 1071%cm? and the maximum
pseudo-first-order rate coefficientax = (6.4 = 1.8) x 102 s'1. The kinetics were unchanged when
experiments were performed at approximately 50% and 60% RH. In the product study, a nonlinear dependence,
similar to a Langmuir adsorption plot, of the anthraquinone product yield as a function of 0zone concentration
was observed and resulted in the following fitting parametiies:= (3.4 + 1.5) x 107*°cnm® and the maximum
anthraquinone yield, ANRx % = 30 + 18%. Experiments performed under higher relative humidity conditions
(~50% and 60% RH) revealed that the anthraquinone yield was unaffected by the presence of gas-phase
water. It is noteworthy that both the anthracene loss kinetics and the anthraquinone yields have a similar
dependence on the degree of ozone partitioning to the surface. This can be understood in terms of a mechanism
whereby the rate-determining steps for anthracene loss and anthraquinone formation are both driven by the
amounts of ozone adsorbed on the surface. Our results suggest that at atmospherically relevant ozone
concentrations (100 ppb) the anthraquinone yield from the ozonolysis of anthracene under dry and high relative
humidity conditions would be less than 1%.

1. Introduction The kinetics of these transformations not only determines their

Polycyclic aromatic hydrocarbons (PAHs) are emitted into environmental significance but_also provides insight intc_> the
the atmosphere from combustion sources and many are knowrpau;.re IOf tI;e r(;actlotnh mfechams%m. Beraap{/trerggd(}gaP), n
carcinogens.Once emitted, semivolatile {34 rings) PAHs and Fartl_cu a:,h af eefn et_ocus?‘ ma?y pabs S d Pg,‘AnIXeS-Th
those with lower volatility (more than 4 rings) may be found lgating the transtormations Of surface-boun S: €
sorbed to particle surfaces. Pierce and Katz have shown thalJlterature regarding the reactivity of BaP suggests some uncer-
PAHSs are primarily associated with particles um in size? tainty in the results due to the different atmospheric oxidant
Particulate matter of this size can penetrate deep into the Iungs concentrations, substrates and analytical methods used. Recent

resulting in allergenic, mutagenic and carcinogenic responses. Eneilc SIUd'?Sl_?_y 'TqOT’Chl %t &hn?_ Kwamehna et éi hgve u;bedth
Recent studies link increases in RPMo increases in hospital € Langmuir-HinsShelwood réaction mechanism to describe the

admissiong.In addition, long-term exposure to BMhas been reaction between ozone and BaP adsorbed to soot and azelaic

associated with lung cancer and mortality from cardiopulmonary aC|_d ae_rosc_)ls, respectively. A reaction occurrlng_by this mech-
diseasé:® Reductions in aerosol-related health risks and im- 21'S™M implies that one species (i.e., the PAH) is adsorbed to

provements to urban air quality requires a better understandingthe particle surface and the second species (i.e., ozone) is initially

of the chemical and physical mechanisms that control the fate " thg gas pha}se. For the reaction to.proceed, the gas-phase
and transport of atmospheric PAHs. species must first adsorb onto the particle surface. Mmereki et

Past studies of atmospheric PAH degradation have focused""l'l?"lélha\_’e also observed Langmﬂiﬂlnshe_lwood bl
on two areas: homogeneous gas-phase reactions and heter&he reaction of anthracene adsorbed to different coated aqueous
geneous reactions with aerosol particles or proxies for aerosolSurfaces and ozone.
surfaces. Homogeneous reactions with oxidants such as OH, Studies of the mechanism and the product yield of the
0s, and NQ govern the fate of the gas-phase PAHs, whereas heterogeneous reaction of anthracene and ozone have been
heterogeneous reactions between surface-bound PAHs and gadargely ignored. The oxidation of PAHs is believed to result in
phase atmospheric oxidants govern the fate of particle-boundthe following oxidation products: quinones and ketones, as well
PAHSs. Heterogeneous reactions of surface-bound organics suck®s ring-opening products such as aldehydes and carboxylic
as PAHs may Change the microphysica] properties of the partic|e acids?® Of the few studies that have been conducted investigat-
by making it more hygroscopic and thereby enhancing its cloud ing the ozonolysis of anthracene, anthraquinone has been

nucleation propertie. identified as a product. For example, studies by Bailey &t al.
involving ozone dissolved in different solvents identified
* Corresponding author. E-mail: nkwamena@chem.utoronto.ca. products formed from the ozonolysis of anthracene that included

10.1021/jp056125d CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/14/2006



Gas-Surface Reaction of Anthracene and Ozone J. Phys. Chem. A, Vol. 110, No. 10, 2008639

anthraquinone and phthalic acid. Mmereki et“aidentified
9,10-anthraquinone as a product of the reaction of ozone with
anthracene adsorbed at the-agueous interface and dry Teflon,
but no product yield was obtained in their study.

Previous laboratory studies provide a framework for how the

0, Generating
Region

reaction between surface-adsorbed anthracene and ozone may

proceed in the atmosphere, but a detailed reaction mechanism 0 UI-
remains unknown. Therefore, in this study we focused on 0, Detecting Region

quantitatively investigating the product yield of 9,10-an- ke
thraquinone from the reaction of surface-bound anthracene and Ev'w%ter
ozone. Particular attention was placed on 9,10-anthraquinone

because it has been identified in atmospheric air and particulate = — oo

19 O idi
matter samplel:?. Qu_lnongs and other oxidized PAHs (OPAHs_) I S

are eltheorzdllrectly emitted into the atmosphere from C,Om,bus“on Figure 1. Experimental setup for the product and kinetic studies of
sources®# or formed as products from the photooxidation of - rtace-bound anthracene and ozone. Pyrex tubes coated with an-
PAHs?22-25 Similar to PAHs, OPAHSs are receiving increased thracene were exposed to ozone in a horizontally oriented flow tube.
research attention because the moderately polar fraction ofOzone was generated by passing a mixed flow pfa@d N> over a
environmental samples, which includes OPAHs such as qui- mercury pen-ray lamp and detected by using a second mercury pen-
nones, have been shown to have direct-acting mutageidity ray Iar_np. Different ozone concentrations were achieved by varying
and may even be more mutagenic that the parent PAH. the ratio of Q and N passing over the mercury pen-ray lamp. Following

- . 0zone exposure, the samples were extracted and analyzed using HPLC
Because OPAHSs are more oxidized and less volatile than theyi yitraviolet detection. For the experiments performed at higher

parent PAHs, they are generally found sorbed to particles. relative humidities, a portion of the flow was sent through a water
Depending on their lifetimes, OPAHs may react with atmo- bubbler before entering the flow tube. A hygrometer was used to
spheric oxidants; however, estimating their reaction lifetimes measure the RH of the total flow entering the flow tube.

has been difficult because of the observed differences in the

reactivity of OPAHSs in laboratory studi@$.A better under- 2.2. Ozone Generation and DetectiorDzone was generated
standing of the mechanism for quinone formation and its fate by ultraviolet irradiation of a mixed flow of @and N> by a

in the atmosphere is integral in determining the effects of mercury pen-ray lamp (length 23 cm, UVP Inc.) in a homemade

quinones on human health. Pyrex chamber and detected by absorption at 254 nm using a
In the following, we report kinetic experiments on the reaction second mercury pen-ray lamp (length 5.4 cm, UVP Inc.) placed
between anthracene coated on Pyrex tutzegproxy for an in front of a 10.3 or 50 cm absorbance cell with quartz windows

atmospheric aerosol surface inert to oxidati@md gas-phase  at either end. The ozone concentration was controlled by varying
ozone. In particular, the kinetics and product yields were studied the ratio of Q to N, passing over the pen-ray lamp. An

as a function of both ozone concentration and relative humidity interference filter (Esco Products) that passed 254 nm radiation
to determine if the LangmuirHinshelwood mechanism previ- ~ was placed in front of an ultraviolet sensitive photodiode (Boston
ously observed for the oxidation of surface-bound BaP also Electronics Corp.) at the other end of the absorbance cell to
applies to this reaction system and if the product yields are determine the ozone concentration entering the flow tube. The
similarly affected. We believe that this is the first study to flow tube ozone concentrations investigated under dry conditions

quantify a product of this gassurface reaction. were (0-9.1) x 10 molecules cm?® The high relative
. . humidity experiments performed for the kinetic and product
2. Experimental Section studies were conducted with ozone concentrations ok812*3
2.1. Exposure Cell and Sample PreparationAn experi- and 1.5 x 10 molecules cm® at 48% and 57% RH,

mental procedure was developed to investigate the heterogerespectively. The exposure time between the anthracene coated
neous gassurface reaction of anthracene with ozone from two on the Pyrex tubes and ozone ranged from 2 to 60 min. For
perspectives: a kinetic and a product study (Figure 1). The each exposure time a different Pyrex tube coated with anthracene
effects of ozone concentration and relative humidity (RH) on was exposed to ozone. At least four replicate samples were
the kinetics and product yield were determined. Pyrex tubes obtained for each exposure time at a given ozone concentration.
( = 9.0 cm,d = 1.8 cm, SA= 50.9 cn?) were used as the 2.3. Analytical Detection. Following ozone exposure, the
proxy for an inert aerosol. Prior to use, the tubes were rinsed tubes were extracted twice using 1 mL rinses of 5% dichlo-
with extracting solvent (5% dichloromethane/ 95% acetonitrile), romethane/95% acetonitrile containing 2 ppm bajazithracene-
cleaned with soap and water and air-dried. The inner surface7,12-dione, which was used as the internal standard. A HPLC
of the Pyrex tubes was coated with 1 mt.ao1l ppm solution system from Perkin-Elmer (Series 200 LC pump) was interfaced
of anthracene in acetonitrile. The solvent was allowed to to an ultraviolet detector (Perkin-Elmer, LC-240). The system
evaporate, leaving an anthracene surface coverage of 60F° was equipped with a fg guard column (Adsorbosil, 7.5 mm
molecules cm?, assuming uniform dispersal. The tubes were 4.6 mm x 5 um, Alltech) coupled to a ¢ reversed-phase
placed in a horizontally oriented flow tube where the anthracene chromatographic column (Supelcosil, 220 mxm.6 mmx 5

was exposed to either a mixture 0§/R, or No/O,/Os for control um, Supelco). Analysis was performed using a20njection

or product/kinetic study experiments, respectively. The total flow volume and an isocratic elution of acetonitriteater (75:25
through the system was between 220 and 340 sccm. For thev/v, HPLC grade Fischer Scientific and 18(Mwater, respec-
experiments performed at higher relative humidities a portion tively) at a constant flow rate of 1 mL mid. A detection

of the N, flow was passed through a water bubbler before wavelength of 251 nm was used to monitor the anthracene,
entering the flow tube. A hygrometer (VWR International) was anthraquinone and ber@fnthracene-7,12-dione signals. The
used to determine the RH of the total flow. The flow tube was Turbochrom software package (Perkin-Elmer) was used to
operated at ambient temperature and pressure conditions (293ntegrate the chromatographic peaks. Identification of the peaks
K, 1 atm). was achieved by comparing retention times to authentic
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of anthraquinone were quantified using besjapthracene-7,12-
dione as an internal standard over a concentration range of a
few ppb to a few ppm.

2.4. Sample Extraction Efficiency.Particular attention was o8 %

standards. The degradation of anthracene and the appearance 12
1.0 i

€
focused on ensuring that the extraction efficiencies for the g
reactants and the products of this reaction were well character- 'g 06 4 T
ized. A series of spike and recovery experiments were performed g o
in this regard. Initial studies focused on finding the best £ 04 | [ %
solvent(s) for extracting anthracene and anthraquinone. Subse-< ©
quent control experiments were conducted to identify the }
potential interference of secondary reactions on the observed %2 {
results. q; % 1
0.0 T

Pyrex tubes were spiked with anthracene and anthraquinone
to yield a surface concentration of 6:710'® molecules cm?
and extracted using the following solvents individually: aceto- ) )
nitrile, dichloromethane, ethyl acetate and hexane. Acetonitrile Fi9ure 2. Anthracene concentration as a function of ozone exposure

. . . time in the flow tube. The initial anthracene surface coverage was

was found to have the hlghesF extraction efficiency of the four ¢ 7”1 313 molecules cm?. This figure presents the raw data at the
solvents tested. The use of dichloromethane and ethyl acetatewo ozone concentration limits. Symbols indicate ozone mixing
as the extraction solvents resulted in poor chromatography thatratios: black circles, no ozone; open circles, £.50 molecules cm?
could not lead to quantification of the peaks. Different amounts of 0zone; black inverted triangles, 110" molecules cm® of ozone.
of dichloromethane were added to acetonitrile, ranging from
5% to 10%, to increase the polarity of the acetonitrile extraction
solvent. The most suitable extraction solvent for this study was
determined to be 5% dichloromethane/95% acetonitrile. To

improve the consistency .Of the extraction methO(_:i, it was also without further purification. Anthracene (99%), anthraquinone
important that the extraction solvent coat the entire surface of (>97%) and benzlanthracene-7,12 dione-08%) were pur-

the Pyrex tube_. Spike and recover_y_exp_eriments for anthracenechased from Sigma-Aldrich. HPLC grade dichloromethane and
and anthraquinone revealed efficiencies of %73% and

. : " . acetonitrile were obtained from Sigma-Aldrich and Fisher
90.0+ 0.3%, respectively. The peak intensities were normalized Scientific, respectively. Ultrahigh purity Nand G were
before further analysis. '

obtained from BOC Gases Canada.
The following control experiments were performed to ensure
that the observations being made were due to the reaction3. Results
between anthracene and ozone and not due to other side 3.1. Kinetics of Surface-Bound Anthracene and Ozone.

reactions in the flow tube or during the extraction process:  pe yinetics of the heterogeneous reaction between anthracene

1. Pyrex tubes were coated with anthracene and anthraqui-adsorbed on Pyrex tubes and gas-phase ozone were investigated
none, individually, and exposed to D, for 20—-30 min. as a function of gas-phase ozone concentration and relative
Recoveries for anthracene and anthraguinone were consistenfumidity (RH). The kinetics were determined by monitoring
with the extraction efficiencies noted above. From this experi- anthracene loss as a function of ozone exposure time as
ment it was concluded that blowoff from the surface to the gas illustrated in Figure 2, where data are presented at the two ozone
phase was not a significant source of analyte loss. concentration limits (1.5x 104 and 9.1 x 10" molecules

2. Anthraquinone was coated on Pyrex tubes and exposed tocm3). It is apparent that not all of the anthracene reacts away
ozone at the highest ozone concentration (9105 molecules even at high ozone concentrations and long exposure times. We

0 10 20 30 40 50 60 70

Reaction Time (minutes)

reaction intermediates and anthraquinone in the presence of
ozone did not contribute to the observed decays and product
formations.

2.5. Chemicals All chemicals were reagent grade and used

cm~3) investigated for 30 min. A recovery of 16 0.3% after hypothesize that some of the anthracene is buried and therefore
accounting for extraction efficiency indicated that ozone was Unavailable to react with ozone having been deposited as clumps
not reacting with anthraguinone. or islands as opposed to being uniformly dispersed.

3. Last, to ensure that the intermediates from the reaction of A monolayer of anthracene CO”?SPOF‘O'S to approximately
1 x 10" molecules cm? on the basis of its molecular cross

anthracene and ozone were not reacting with anthraquinone to oction of 1 nra?® For tvpical experiments and assumin
cause a reduction in our anthraquinone yields, tubes were spikeaS yp P 9

with anthracene and anthraquinone and exposed to the highes%m'fo.rm c?vgrigel,otlge aln thr?cene ZsurLa}cE coverage dwas ap-
ozone concentration (9.¢ 10> molecules cmd) investigated proximately ©.7x molecules cm*, which corresponds to

. . . . . 0.7 monolayers. To test if the anthracene was being deposited
for 40 min. _The anthraquinone yield determined from t_h|5 as clumps or being uniformly dispersed, we coated the Pyrex
control experiment was the same as the expected anthraqumon?ubes with an anthracene surface coverage of 3.4.0%

yield at high ozone concentrations indicating no such reaction . 1~ /les cm?2 (0.3 monolayers) and 3.4 104 molecules

was occurring. cm~2 (3 monolayers), which corresponds to half and five times
To summarize, a solution of 5% dichloromethane/95% the amount of anthracene used throughout the rest of this study.
acetonitrile was found to be the most suitable extraction solvent |n the experiments performed with five times the anthracene
for this study, resulting in extraction efficiencies of 373% surface coverage, one would assume that a significant portion
and 90.0+ 0.3% for anthracene and anthraquinone, respectively. of the anthracene was buried and unavailable to react with
The uncertainties were determined at the 95% confidence ozone. Our results revealed that at this high anthracene surface
interval. Control experiments revealed that blowoff, anthraqui- coverage, a larger fraction (75%) of the anthracene remained
none loss due to reaction with ozone and the interaction betweenunreacted after long exposures to high ozone concentrations.
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Figure 3. Kinetics of surface-bound anthracene and ozone under dry Figure 4. Pseudo-first-order rate coefficiente6) as a function of

gon_diéions. Theﬁ% are thz s?_me dzta as in Fig#_m_e 2 corre&:ted for tzegas-phase ozone concentration under dry and high relative humidity
uried amount. The pseudo-first-order rate coefficient was determined ., itions. The plot summarizing the kinetics under dry conditions

from the slope of the uncertainty-weighted linear least-squares fit at (ac circles) was fitted using a nonlinear least-squares fit of eq 2
each ozone concentration. Symbols indicate 0zone mixing ratios: bIaCkusing the LevenbergMarquardt algorithm in the Origin 6.0 data
) - : 4 3 ) .
E:g:(iisln Cgrgez do?r?ér?ﬁgg %'rgelsélgﬁggcmgsle;‘#eéfcgog;Ozone’ analysis software package. The standard error was obtained from the
gles, 5. ' statistical error of the nonlinear least-squares fit at the 95% confidence

B ducing th f to half of what d interval. The fitting parameters for the kinetics under dry conditions,
y reducing the surface coverage o ha 00 what was use Ko, andk'nax are listed in Table 1. The symbols indicate the relative
throughout this study, we still observed 25% unreacted an- hymidity conditions: black circles, dry<(1% RH); open circles,

thracene after ozone exposure. With a low anthracene surfaceelevated relative humidity (8.2 1013 and 1.5x 105 molecules cm?
coverage (3.4< 10 molecules cm?) on the Pyrex tubes, we  at 48% and 57% RH, respectively).

assumed that it was more likely that the anthracene was present . . -
as a smooth, uniform layer and therefore there would be no dent of the ozone concentration. This behavior is demonstrated

et | . ;
unreacted anthracene after ozone exposure. However, oul Figure 4 as th&qpsbegins to plateau at ozone concentrations

. . 5 3
observations of unreacted anthracene at both high and low9réater than b 10 molecules cm?.

anthracene surface coverages suggests that the anthracene was | "€ Parameters that describe the Langmtimshelwood
not being deposited as a smooth, uniform layer but more likely reaction mechanism can be obtained by modeling the relation-

as clumps or islands under all conditions. In this form only a ShiP betweenkss and the gas-phase ozone concentration

fraction of the anthracene is at the surface and available to react({03(9)]) using the following e.quzt:\tion, which is a modified
with ozone whereas some anthracene remains buried undermeattY€rsion of the Langmuir equation:

The kinetics were determined by using the initial decay KISSK.. [0
regions of the plots in Figure 2, as shown in Figure 3. To address _ [SS] 03[ 3(9)]
the issue of burial for our kinetic analysis, the unreactive, buried obs™ 14 Kk [04(9)]

, . 0,lY3ld

fraction was subtracted from each point. For example, for the
low ozone case (1.5 10 molecules cm® in Figure 2), we  \yherek! is the second-order surface rate coefficient, [SS] is
subtracted the value at 60 min as our background value. Theiha number of surface sites aKd, is the ozone gas-to-surface

reaction is reasonably described by first-order kinetics given equilibrium constant. Equation 1 can be modified to yield
the linearity of the kinetic plots (Figure 3). The plots were fit

@)

with an uncertainty weighted-least-squares fit, and therefore, k., lKO [04(9)]
the shorter times dominate because they have the least uncer- b' — e B oI 2)
tainty. The pseudo-first-order rate coefficieklb§) was obtained * 1+ Kg [O40)]

from the slopes of the uncertainty-weighted linear least-squares
fit of the kinetic plots at each ozone concentration studied and where k' is the maximum rate coefficient that would be
its standard error was determined as the uncertainty of the slopeobserved at high ozone concentrations. From eqgs 1 and 2, it
at the 95% confidence interval. can be seen thdtmay is a product of the second-order surface
The pseudo-first-order rate coefficients as a function of gas- rate coefficient and the number of surface sites for the gas-
phase ozone concentration are summarized in Figure 4. Thephase reactant (i.e., ozone). The plot in Figure 4 was fitted using
shape of Figure 4 is consistent with a Langmtlitinshelwood a nonlinear least-squares fit of eq 2. The statistical error of the
reaction mechanism. This mechanism was first suggested bynonlinear least-squares fit was used to calculate the standard
Poschl et af for PAH oxidation by ozone in their investigation  error at the 95% confidence interval. The fitting parameters
of the reaction of surface-bound BaP on soot aerosols and ozoneyielded Ko, andk'max as listed in Table 1.
According to this mechanism, one species is present on the The effect of relative humidity on the kinetics was determined
surface and a second species is in equilibrium between the gady performing high RH experiments at high and low ozone
phase and the particle surface. A reaction can only proceed onceconcentrations. The experiments were performed at ozone
the gas-phase species has adsorbed onto the surface; howeverpncentrations of 8.2 10 and 1.5x 10 molecules cm?® at
there are a limited number of sites to which it can adsorb. 48% and 57% RH, respectively. As in the dry case, the linearity
Therefore, at some gas-phase ozone concentration saturation obf the kinetic plots was consistent with first-order kinetics. The
the surface occurs. Once saturation occurs, the rate of thepseudo-first order rate coefficients obtained under higher relative
reaction becomes saturated as well and thus becomes indeperhumidity conditions are statistically indistinguishable from the
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TABLE 1: Fitting Parameters for Figures 4 and 5?2 50
10%Ko,  10Kmax  ANQyield
substrate (cm?) (s (%)
thiswork  Pyrexglassand 2.840.9 6.4+1.8
(Figure #) anthracene
thiswork  Pyrex glassand 3.4+ 1.5 30+ 18
(Figure %) anthracene

aThe uncertainties are reported at the 95% confidence |e¥Fégure
4 was fitted using eq ZFigure 5 was fitted using egs 3 and 4.

Anthraquinone Product Yield (%)

pseudo-first-order rate coefficients obtained under dry condi-
tions. This is shown by the agreement of rate coefficients

obtained at high relative humidities with the Langmuir 0 . . . :
Hinshelwood kinetic plot for kinetics under dry conditions (see 0 2e+15 4e+15 6e+15 8e+15 1e+16
Figure 4). Ozone Concentration (molecules cm™®)

3.2. Product Identification and Yields. The product yield Figure 5. Anthracene product yields as a function of gas-phase ozone
of 9,10-anthraquinone from the heterogeneous reaction of concentration under dry and high relative humidity conditions. The plot
surface-bound anthracene and ozone was studied as a functiosummarizing the product yields under dry conditions was fitted using
of ozone concentration and relative humidity. The gas-phase & nonlinear least-squares fit of eq 3 using the Levenbbfgrquardt
ozone concentration range in the flow tube under dry conditions algorithm in the Origin 6.0 data analysis software package. The standard

5 3 error was obtained from the statistical error of the nonlinear least-
was (0-9.1) x 10'° molecules cm?. Upon exposure of the squares fit at the 95% confidence interval. The fitting parameters for

anthracene to ozone, a decrease in the anthracene signal Wage product yield under dry conditiono, and ANQyax %, are listed
observed with an accompanying growth of a peak that was in Table 1. The symbols indicate the relative humidity conditions: black
identified as 9,10-anthraquinone on the basis of retention time circles, dry 1% RH); open circles, elevated relative humidity
comparison to commercially available standards. We also saw(8.2 x 10" and 1.5x 10" molecules cm® at 48% and 57% RH,
evidence of phthalic acid formation in our samples; however, respectively).

we were unable to obtain quantitative product yields due to
difficulties with chromatography. Therefore, we focused on

quantifying the amount of anthraquinone that.was produced by hraguinone product yield approaches an asymptote of ap-
the ozonolysis of anthracene. The concentrations of anthracend y Y

! 0 !
and anthraquinone were determined at each exposure time b)?c:?nf'rgstgly S’O ,[/r‘:ghg?;mgé': i\geeaisalilr?oe tf]g3 :gl(;iittr:)ef fﬁéne
interpolation of an internal standard calibration curve using benz- maxim mlnt'hra F;wone roduct qeld obser epd at high ozone
[alanthracene-7,12-dione as the internal standard. The an_con)genutrations (ﬁll\IJIQ %)panduthel)g Asan\a/sult R '% cazn
thraquinone yields were calculated when it was determined thatb it ax Oz + €q
the reaction was complete (i.e., the plateau region of Figure 2). € rewritten as
The yields were calculated by dividing the amount of an- o
thraquinone formed by the amount of anthracene that had ANQ%ZANQmax/OKO3[O3(g)] )
reacted. 1+ Ko [O4(0)]

A plot of the anthraquinone product yield as a function of °
gas-phase ozone concentration shows a nonlinear dependencegpe 1 compares the fitting parameters for Figures 4 and 5
(Figure 5). Initially, there is a linear increase in the anthra- using egs 2 and 4, respectively.
quinone product yield, but starting at an ozone concent_ration Product yield experiments were also performed at ozone
of 1 x 10 molecules cm3,_the anthraquinone product yield .o cantrations of 8.2 101 and 1.5x 101 molecules cm? at
begins to level off to a maximum y!eld of approximately 30%. 4g04 and 57% RH, respectively. The presence of gas-phase
The dependence of the product yield on the gas-phase 0zong,ter had no effect on the anthraquinone product yields at both

concentration indicates that the rate-limiting step for anthra- ,;4n6 concentrations investigated within experimental error (see
quinone formation is dependent on the concentration of 0ZONeriqre 5). Possible explanations for this observation are

on the surface. Given the similarity of the shape of the plot of
the anthraquinone product yield as a function of ozone
concentration to the kinetics plot in Figure 4, we fit Figure 5 4 piscussion
using the following equation:

asymptote for the plot depicted in Figure 4. Examining Figure
5 at high ozone concentrations shows the maximum an-

presented in the Discussion.

4.1. Reaction Kinetics under Dry and High Relative

a[04(9)] Humidity Conditions. To summarize our findings, the reaction
ANQ % = ) s (3) between surface-bound anthracene and gas-phase ozone fol-
1+ b[O4(9)] lowed first-order kinetics with respect to anthracene loss under

both dry and high relative humidity conditions. The dependence
wherea andb are fitting parameters. To determine the meaning of K'o,s on [O3(g)] was consistent with a reaction proceeding
behind these fitting parameters, we reexamine Figure 4 and itsvia a Langmuir-Hinshelwood mechanism, where one species
fit to eq 2. The value for fitting parameteb is, within is strongly adsorbed to the surface and a second gas-phase
experimental error, in agreement with tkg, obtained for the species is in equilibrium between the gas phase and the surface.
kinetic study described in Figure 4 (see Table 1). We, therefore, The actual reaction is a two-step process: the adsorption of the
suggest that thé parameter is analogous to the equilibrium gas-phase species (i.e., ozone) followed by the surface reaction.
constant for ozone adsorptiokd,). Further, thek!max describes This is in contrast to a reaction that proceeds via an Eley
the maximum pseudo-first order rate that would be observed atRideaf® reaction mechanism, which would display a linear
high ozone concentrations, which graphically translates to the dependence between tkig,sand [Q(g)]. There was no change
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TABLE 2: Comparison of Fitting Parameters for the Reaction of Surface-Adsorbed Anthracene and Surface-Adsorbed
Benzofg]pyrene with Ozone on Different Substrates

substrate 1 max (57Y) 10K, (cnr)
anthracene this work Pyrex glass 6:41.8 2.8+0.9
Mmereki et alt314 water 2.55+0.17 0.466+ 0.059
stearic acid film on water 2.26: 0.20 0.520+ 0.13
1-octanol 2.59-0.14 1.96+ 0.34
octanoic acid 1.13#+0.12 1.46+ 0.62
hexanoic acid 0.4& 0.07 0.847+ 0.256
benzoR]pyrene Kwamena et &l. azelaic acid aerosols (df) 48+ 8 1.20+ 0.04
NaCl aerosdf 32 <0.12
soot aerosofs 15+ 1 280.0+ 20
fused silicd 32 28
nonactivated silica 32 9.5

a Adapted from Kwamena et &. P The value fork'nax was assumed to be 0.032'swhich is the averagkmax of the results from Kwamena et
al.*2 and Poschl et &.

in the kinetics when the experiments were performed at higher In our work investigating the reaction of surface-bound BaP
relative humidities. on azelaic acid aerosols with ozotfewe also found that the
We compare our work with studies by Mmereki and co- primary factor driving the kinetics of the surface-bound reaction
workers314 who have investigated the reaction of surface- with ozone was the partitioning of ozone to the surface as
adsorbed anthracene and ozone on different coated aqueoudescribed byKe,. Comparing the experimental and calculated
surfaces and also observed Langmutiinshelwood behavior.  literaturek!max for the different substrates in our previous work
The functional similarity between their results on aqueous found that they fell within a factor of 3 of each other; however,
surfaces and our results on a solid surface provides furtherKo, varied over 3 orders of magnitude (see Table 2). These
evidence that the LangmuitHinshelwood reaction of surface-  results imply that the aerosol surface is the main factor in
adsorbed anthracene and gas-phase ozone is a general mechdetermining the lifetime of the surface-bound PAHs because

nism in reactions of this type. Mmereki and co-worké#d the nature of the surface determines the availability of the
quoteA andB parameters in their work, where the A parameter adsorbed ozone.
is the same as thémax quoted here and thg parameter is the The experiments that were performed at higher relative

ratio of surface desorption to adsorption. However, when there humidities were done to test the effect of water vapor on the
is no ozone dissolution, as in the case of their-aiqueous kinetics. To our knowledge, there have been no previous studies
interface experiments, thB parameter approximates to the investigating the kinetics of surface-bound anthracene and ozone
inverse of Ko,.3° Therefore, theB parameters obtained by at elevated relative humidities. We found that the kinetics were
Mmereki et alt®14 were converted toKo, and the fitting unchanged under high relative humidity conditions. In our
parameters Ko, and kK'nay for the different coated aqueous study? investigating the reaction of surface-bound BaP on
surfaces are summarized along with our results in Table 2.  azelaic acid aerosols with ozone at elevated RH, we found that
The K'max from our work on Pyrex is within a factor of 3 of  the reaction kinetics were enhanced. In contrast, Poschlet al.
the work done by Mmereki et &f.on aqueous and stearic-acid found that the reaction kinetics of surface-bound BaP on soot
and 1-octanol coated surfaces. This parameter is reduced evemerosols with ozone was reduced at higher RH.
further when the reaction is performed in the presence of small For our azelaic acid substrate, we concluded that the
acids (i.e., octanoic and hexanoic acitfs}* The similarity of partitioning of gas-phase water to the particle provided a
the results on Pyrex, water, stearic acid and 1-octanol suggestsubstrate to which ozone had a greater affinity and therefore
that once the ozone is on the surface, the reaction proceeds aincreased partitioning. Studies have shown that water adsorbs
essentially the same rate, independent of any substrate effectto oxidized organics, such as azelaic acid, in monolayer
In contrast, the partitioning of £1o the surface demonstrates a quantities at RH similar to those used in our experiméhts.
stronger substrate effect. Th&,, values, which describe the  On the other hand, Pyrex may be too hydrophobic for water
partitioning of ozone to the different substrates, vary over almost adsorption and, as a result, water may not have partitioned to
3 orders of magnitude, when other values from the literature the surface during our elevated RH experiments and thus the
are included (see Table 2) in the comparison. It is curious to Pyrex surface remained unchanged.
note that theKo, for our work on Pyrex is similar to th&o, Although the focus of past kinetic studies of this type has
obtained by Mmereki et dF on the 1-octanol coated surface. been on using th&o, to explain the partitioning of ozone to
One would not expect ozone to partition to Pyrex and 1-octanol, different substrates to account for the variability in the observed
although they are both slightly polar, in a similar manner. We kinetics, these studies can also provide information about
believe the presence of an organic contaminant with propertieswhether these surface reactions proceed in a diffusion-controlled
similar to 1-octanol may explain this observation. However, manner or not. A study by Remorov and Bardw#&thodeled
because it is most likely that anthracene is present as clumpsthe recombination of OH on the surface of nonreactive salts
or islands on the Pyrex tubes, we cannot rule out the possibility using the LangmuitHinshelwood reaction mechanism. They
that ozone may be partitioning directly onto anthracene. In suggest that the diffusion-limited rate constak) {s equal to
addition, as the reaction proceeds and the length of time for approximately 10° cn? s1. Though this model was used to
ozone exposure is increased, there is a buildup of anthraquinonedescribe the reaction of two radical species, we assuméthat
on the surface. The presence of this more oxidized species mayan also be applied as an upper limit for our heterogeneous
change the nature of the surface by making it more hydrophilic. reaction.
As such, theKo, that we estimate may describe the partitioning ~ The experimental second-order surface rate coefficight (
of ozone to Pyrex, anthracene and/or the products of this obtained from this work for the reaction between surface-
oxidation reaction such as anthraquinone. adsorbed anthracene and ozone falls within the rangé330
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10716 cn? s7L. We arrive at this range on the basis of the . oNo¥s

experimental values determined using eq 2 and assuming that o, Q

the number of surface sites for ozone is betweef and 164 O&O

molecules cm?2. An upper limit for this reactionk‘PP) can "

also be estimated using the known rate constants for the HZO/I

corresponding gas-phase reaction and the layer thickRAess. L, \

Therefore, if we assume that the rate constant for the gas-phase + Co-H H
reaction of anthracene and ozone is within the range of the I, g y o

known rate constants for the gas-phase reaction of other PAHs H b0 "
and ozone, approximately 18—101° cm? molecule’ s-1.1 Oso s ';%O
and estimate our layer to be approximately one molecule thick, (f’”

H el

we obtain an upper limit for the reaction of 16-10-1° cn¥ o A
s™L Given that bothk!" andkurrer are less thakd we suggest H

that this reaction is not diffusion-limited and that the observed o,

rates are due to a barrier in the reaction occurring between the i

molecules that lowers the rate to which molecules see each other i

via diffusion. These same conclusions may also be applied to OH 0

OH
the reaction of surface-bound BaP and ozone, which we studied
previously!? OQO ’ OOO O‘O
H @O@

4.2. Product Identification and Yields: Implications for
a Reaction Mechanism.In this study, we provide the first
guantitative examination of one of the products of the reaction
of surface-adsorbed anthracene and ozone: 9,10-anthraquinone. o,
Anthraquinone product yields were obtained over an ozone :
concentration up to 9. 10% molecules cm® under dry v
conditions. The product yields displayed a nonlinear dependence
on gas-phase ozone concentration (Figure 5). Modeling the data HOL L0020
in Figure 5 using eq 3 and using eq 4 to interpret the results, O‘O - O‘O
we determineKo, and ANQnad0: Ko, = (3.4 + 1.5) x 10°
cm® and ANQnax % = 30 £+ 18%. Experiments were also O~H o)
performed under high relative humidity conditions (RH50, Figure 6. Reaction mechanism for the ozonation of anthracene to yield
60%) to determine if other product formation pathways may anthraquinone (adapted from Bailey ef4l.The mechanism outlined
become more or less important and thus affect the anthraquinone?y bold arrows was proposed by Bailey and co-workers for the direct
yield. The product yields obtained at higher relative humidities formation of anthraquinone and is suggested here to govern the
were in good agreement with the anthraquinone yields that WereheterogemfOus reacnon. of Surfa.ce'boynd .amhracene and ozone.
observed under dry conditions (see Figure 5). The similarity in Th? reactlolrg sTechan|§m outlined in Elgure 6 was .pro.posed by
the product yields provides evidence that the same reactionBailey et al->>*to explain the anthraquinone formation in these
mechanism may be responsible for anthraquinone formation different solvent systems. They also sugggsted t_hat_anthraqw-
under dry and high relative humidity conditions. none may be formed directly by ozonolysis and indirectly by

. . the reduction of peroxide precursors in the workup steps. The
TheK_o3_obta|ned_from the produgt study “”defdfy_ conditions anthraquinone yield by both direct and indirect formation
was, within experimental error, in agreement with tKe,

i L - combined was~70%. However, the yield for anthraquinone
obtained from the kinetic study (Table 1). The shapes of Figures ¢ .4 directly by ozonolysis was about 30%. This yield is in

4 ?jnd 5hdem9nstrat;a that_botr;] anthrﬁcene Iosg duedto Ozom?/ery good agreement with the maximum anthraquinone yield
and anthraquinone .ormatlon ave the same dependence Ofyyained in this study. The similarity in the yields may suggest
ozone concentration: a dependen_ce with Langn_‘”'f adsorptiony, a1 5 similar reaction mechanism is at work even though the
chara}cterlstlcs. Figure 5 also provides further evidence that the ., o mical environments in which they proceed are very different.
reaction of sur:face-bount.j a_nthr:a?:ene and gqs-phasehozqne do&fhe reaction mechanism outlined by the solid arrows in Figure
proceed by the LangmuiHinshelwood reaction mechanism. ¢ s the one proposed by Bailey effafor the direct formation

This implies that the partitioning of ozone to the surface is an of anthraquinone. Assuming that the reaction mechanism
important step, i.e., the rate-.llmmng step, in the. kinetics of suggested by Bailey and co-workers applies to this study, three
anthracene loss and anthraquinone product formation. However,_o-o molecules are required for anthraquinone formation.

this does not imply that the rate-limiting step is the same step 45 ever, what cannot be determined on the basis of the results
for these two processes. Although anthracene may react with ¢ this study is which reaction step with ozone is the rate-

adsorbed ozone, several reaction steps may occur to producjetermining step and therefore results in the nonlinear depen-
an intermediate that then reacts with ozone to form anthra- yence of the anthraquinone yield on ozone concentration.

quinone. The reaction between this intermediate and ozone will  \1mereki et alis the only other study that has investigated
be the rate-limiting step in anthraquinone product formation. e products of the heterogeneous reaction between anthracene
To our knowledge, this is the first piece of evidence that suggests 5nq o0zone. Their experiments were performed using a Langmuir
ozone is directly involved in the rate-limiting step for the trough. Anthracene was adsorbed on a stearic-emigieous
form§t|on of anthraqumgne. - . surface and on dry Teflon. The samples were exposed to high
This study also provides insight into the mechanism that |evels of ozone, approximately #molecules cm3. Following
governs the reaction. Bailey et#Istudied the reaction between extraction the samples were analyzed using—-®{S and
anthracene and dissolved ozone in different solvent systems.anthracene loss was observed on both the stearic acid film and
The products observed included anthraquinone and phthalic acidon dry Teflon. 9,10-Anthraquinone was observed as a product

OH

o]
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on the surface and in the aqueous extract for the experimentdlifetimes with respect to ozone loss by influencing the degree
on dry Teflon and the stearic acid film, respectively. Less of ozone partitioning to the surface. Further investigations with
anthracene was lost on the dry Teflon surface, but the amountsdifferent oxidants, such as OH, NOand HNQ, should be
were not quantified. The reduced anthracene loss on the dryperformed to determine if these heterogeneous reactions of
Teflon and the greater anthracene loss on the coated aqueouBAHSs also proceed by the Langmuidinshelwood mechanism
surface was hypothesized by Mmereki and co-workers to suggestand/or display a strong substrate effect.
that water may play a role in the mechanism.
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