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The interaction of ozone and water vapor with spark discharge soot particles coated with the five-ring polycyclic
aromatic hydrocarbon benzajpyrene (BaP) has been investigated in aerosol flow tube experiments at ambient
temperature and pressure (296 K, 1 atm). The investigated range of ozone volume mixing ratio (VMR) and
relative humidity (RH) was 61 ppm and 6-25%, respectively. The observed gas-phase ozone losses and
pseudo-first-order BaP decay rate coefficients exhibited Langmuir-type dependencies on gas-phase ozone
concentration and were reduced in the presence of water vapor, which indicates rapid, reversible and competitive
adsorption of @ and HO on the particles followed by a slower surface reaction between adsorbaadO

BaP. At low ozone VMR and RH, the half-life of surface BaP molecules was found to be shorter than previously
reported ¢ 5 min at 30 ppb @under dry conditions). At higher RH and for multilayer BaP surface coverage,
however, a strong increase of BaP half-life was observed and can be attributed to compe@itaaddrption

and to surface/bulk shielding effects, respectively. From four independent sets of ozone loss and BaP decay
measurement data the following parameters have been derivahd®O Langmuir adsorption equilibrium
constant¥o, = (2.8+ 0.2) x 10 cm? andKp,o = (2.1 £ 0.4) x 10" cm?®, maximum pseudo-first-order

BaP decay rate coefficieti 4 = (0.015+ 0.001) s?, adsorption site surface concentration [$S](5.7 +

1.7) x 10" cm™2. On the basis of these values, a second-orderBasurface reaction rate coefficiekts

= (2.6 & 0.8) x 107Y cn? s7* can be calculated, and estimates for the mean surface residence times and
adsorption enthalpies of{&nd HO have been derivedto, ~ 5—18 S;7h,0 & 3 MS,AHags,g & —(80—90)

kJ molt, AHags o &~ —50 kJ mof L. The results and their atmospheric implications are discussed in view of
related studies.

Introduction Besides their relevance as toxic air pollutants, polycyclic
Polycyclic aromatic hydrocarbons (PAH) are ubiquitous in aromatic compounds (PA€ PAH + derivatives) at the surface
the atmosphere as well as in other environmental compartmentsOf combustion aerosol particles can influence these particles’
They originate mostly from incomplete combustion of fossil interaction with reactive trace gases and water vapor, their
fuels and biomass, and PAH consisting of more than four fused activity as condensation nuclei, their atmospheric residence
aromatic rings reside to a large extent on fine combustion aerosoltimes, and consequently their direct and indirect climatic

particlest Since these particles can be deposited in humaniungs €ffects>™” Moreover PAC represent well defined soot model
and since several PAH and some of their degradation productssubstances, since the basic structure of soot can be regarded as
are known to have a high carcinogenic, mutagenic, and an agglomerate of graphene layers which are effectively the
allergenic potential, they are of major interest with respect to Same as high molecular mass PAC.

air pollution control3 BenzoR]pyrene (BaP), a PAH with the The atmospheric importance of soot and other types of black
chemical formula GHi, consisting of five six-membered carbon has been discussed in numerous recent publications.
aromatic rings, is one of the most powerful carcinogens among Black carbon accounts for most of the light absorption by
the 16 U.S. Environmental Protection Agency (EPA) “Priority atmospheric aerosols and influences their climatic effects.
Polycyclic Aromatic Hydrocarbon Pollutants” and occurs in Besides direct radiative effects local heating of air masses
chimney soot as well as in atmospheric particulate matter. Theinduced by soot aerosol pollution may also lead to a reduction
atmospheric fate of particle-associated PAH has been investi-of cloudines$11 On the other hand atmospherically aged soot
gated in numerous studies, and due to its high toxicological particles may act as cloud condensation nuclei and thus lead to
relevance BaP is among the most intensively studied compoundsradiative cooling effects, even though freshly emitted soot
of this class. However, the chemical mechanism and kinetics particles are known to be rather hydropholié3

of BaP degradation by ozone are still poorly understood, and @ soot aerosols also have been pointed out as a potentially
wide range of partly conflicting experimental results and jmportant sink for atmospheric ozone. Recent studies, however,
interpretations have been reportetias will be detailed inthe  indicate that the effect of soot on the atmospheric ozone

discussion section. concentration may be insignificaHt.16 Nevertheless, chemical
* Corresponding author. E-mail: ulrich.poeschi@ch.tum.de. Www: Processing by ozone and other photooxidants can strongly affect
http:/Awww.ch.tum.de/wasser/aerosol. Tel/Fabd9—89—7095-7996/7999. the surface properties and interaction of soot and other carbon-
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aceous aerosol particles with water vagéfand thus influence
their average atmospheric residence times which are estimated
to be on the order of 1 weeék. Moreover heterogeneous
reactions on soot particles were found to produce HORB,

and PAC, in particular phenols, at the soot surface are thought
to be of primary importance for these reactidhs.

The actual effect of soot on the radiative and chemical budgets
of the atmosphere is still poorly known. Some of this uncertainty
is due to a lack of knowledge about the physicochemical
properties of soot, and one of the major problems is the fact
that soot is not a well-defined chemical substance. Technically
it is defined as the black solid product of incomplete combustion
or thermal decomposition of hydrocarbons, and depending on
the source (combustion conditions or fuel composition) and on
aging processes the structure and composition of soot aerosol
particles can vary consideraly.

The chemical composition of the fine carbon aerosol particles,
which were produced by a spark discharge generator and used
as model soot carriers for benafgyrene in this work, is hardly
the same as the composition of typical diesel soot particles in
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the atmosphere. Nevertheless the predominant chemical structure Humidifier
of the spark discharge soot particles (aromatic carbon rings Outlet
arranged in graphene- or PAC-like layers), which can be
generated with excellent reproducibility, can be regarded as a RM V& pm
reasonable proxy for the refractory core of real soot partitles. 0, ]} ==
The interaction of ozone with different model soot substances Hg-Lamp
has been investigated in several previous studies, which will
be discussed below. In some of these studies spark discharge —
soot has already been used and was found to have similar K\
properties as the other model soot substances like charcoal, s — L9m -
channel black, on-hexane soot?2? Diffusion Flow tube
In the present study the interaction of &d HO with spark denuders
discharge soot particles coated with bempyrene and the
resulting BaP decay and ozone loss have been investigated for
the first time in an aerosol flow tube experiment under well- ®_>Exm“5t
defined conditions. A detailed mechanistic interpretation of the Mass flow Pump
experimental results is given and discussed in view of related Glaéigber controller

previous studies.

Figure 1. Experimental setup: aerosol generation, flow tube reactor
Experimental Section and sampling system (RM: rotameter; V: valve; N: aerosol neutralizer;
RGM: ring gap mixing nozzle).

Aerosol Generation and Reaction Systemlhe model soot
aerosol was produced by a spark discharge generator (GfG 1000mixture was introduced into an aerosol flow tube (i.d. 11 cm,
Palas}® with graphite electrodes (diameter 6.15 mm, 99.9995% length 120 cm with conic entrance and exit junctions of 35 cm
C, Johnson Matthey). The generator was operated with argoneach) operated under laminar flow conditions at ambient
carrier gas (99.996% Ar, Messer-Griesheim) at a volumetric pressure and temperature (1 atm, 296 K, Reynolds nusbey.
flow rate of 6.5 L min'! and at a discharge frequency of 100 The residence time in the flow tube was controlled by a movable
Hz. As shown in Figure 1 the aerosol was fed into a buffer sampling orifice, which could be set to different axial positions
reservoir (5 L three-neck flask), and a flow of 2.0 L mhwas at 0 to 100 cm distance from the flow tube entrance and
passed through an aerosol neutraliZ8K(, model 3077, TSI) consisted of a glass cone (0.d. 10 cm) mounted on a Teflon
into a benzoflpyrene particle coating unit based on the sled. The sampling flow (volumetric flow rate 4.5 L mi)
condensation technique described by Nies$h&o adjust the was passed through two consecutive scrubber-type diffusion
particle number concentration in the reaction system, a variabledenuders filled with activated carbon (p.a., grain sizé4nm,
fraction of this flow was passed through a particle filter before Fluka) to remove excess ozone, and finally the particles were
entering the coating unit, which consisted of a temperature sampled on glass fiber filters (GF/C 47 mm, Whatman) mounted
controlled BaP-reservoir and a ring gap mixing nozzle followed in a stainless steel filter holder (self-made). At the downstream
by a condenser cooled to 279 K. In the ring gap mixing nozzle end of the flow tube the excess flow was vented into a laboratory
the argon aerosol carrier flow was mixed with a nitrogen flow hood.
(2.0 L min™t, 99.9990% N, Air Liquide) carrying benzai]- Ozone was generated by UV irradiation of the oxygen flow
pyrene vapor from the BaP reservoir into the condenser. with a mercury vapor lam@> The ozone volume mixing ratio
After the particle coating unit a fraction of 2.6 L niihof (VMR) was controlled by varying the oxygen flow and the

the aerosol flow was mixed with another nitrogen flow saturated intensity of UV irradiation with an adjustable aperture. For the
with water vapor (0 or 1.3 L min., relative humidity>95%) measurements under humid conditions, the water vapor carrier
and with an oxygen/ozone flow (1.3 or 2.6 L min 99.95% gas flow was saturated by passing through a washing bottle filled
O,, O3 volume mixing ratio -4 ppmv). Then the reaction  with deionized water, and a relative humidity (RH) of (253)%
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was established in the aerosol flow tube. For the measurementsvaporated to-0.5 mL under a nitrogen gas flow. To remove
under dry conditions the water vapor carrier flow was turned particulates, the remaining solution was passed through Pasteur
off, and the relative humidity in the reaction system wels. pipets filled with filtration glass wool (Roth) and collected in
Flow tube, sampling cone, mixing nozzles, condenser, aerosoltapered HPLC vials (Chromacol 1.1 mL, Supelco). Under
buffer, BaP, and water reservoirs were made of Pyrex glass.Nitrogen the solution was evaporated to dryness, and the residue
The diffusion denuders consisted of a Pyrex glass jacket with was dissolved in 20@L of methanol and analyzed by high
a central tube of fine steel mesh. Antistatic Tygon tubing performance liquid chromatography (HPLC) with fluorescence
(Norton) was used for all aerosol flow connections between the detection. The HPLC system from Shimadzu (two pumps LC-
glass components, and Teflon tubing was used for the ozone6A, controller SCL-6B, auto-injector SIL-6B, column oven
carrier flow. The sampling gas flow was controlled by a mass CTO-10A, fluorescence detector RF 551) was equipped with a
flow controller (VVS 0/22, Gossen), all other flows were reversed phase chromatographic column (Envirosep PP«125
monitored by rotameters (Rota-Yokogawa) and adjusted with 4.6 mm, Phenomenex). The injection volume wasu20 the
tube clips. A commercial photometric ozone analyzes 4@ column oven temperature was 293 K, and the elution was
M, Ansyco), a capacitive humidity sensor (FH AG648, isocratic with an acetonitritewater mixture (85:15 v/v; Li-
Ahlborn), and a condensation particle counter (model 3020, TSI) Chrosolv, Merck) at a constant flow rate of 2 mL minThe
were used to monitor the gas and particle number concentrationgetention times for the internal standard triphenylene and for
throughout the reaction system. benzog]pyrene were 3 and 12 min, and the fluorescence
From the entrance of the aerosol flow tube to the sampling €Xcitation/detection wavelength pairs were 258 nm/354 nm and
orifice all concentrations except for BaP were practically 297 hm/403 nm, respectively. The integration of the chromato-
constant, i.e., under the experimental standard conditionsdraphic peak areas was performed with the software package
described in the results section no significant changes of ozone CLASS-VP (Shimadzu). For the quantification of triphenylene
water vapor, and particle number concentration were observedand BaP the HPLC system was calibrated with a series of
between the different sampling positions along the flow tube standard solutions, and straight calibration lines of peak area
(0—100 cm, variations< 5%). In the scrubber-type diffusion VS concentration were obtained in the range from a fewlpg!
denuders, i.e., between the sampling orifice and the filter holder, up to a few nguL~*. The detection limits were 3 pglL ~* for
particle number and water vapor concentration were reducedBaP and 6 pg~* for triphenylene. Assuming equal relative
by a constant fraction of 10%, and the ozone concentration waslosses of triphenylene and BaP during the clean up process, the
reduced by=95%. triphenylene recovery, which was generally on the order of 70%,
The mean residence time of the aerosol particles in the flow Was used to correct the BaP peak area to 100% recovery. The
tube and in the other elements of the reaction system wastotal amount of BaP in the analyzed filter sample was then
determined experimentally from the 60% value of the sigmoid calculated based on the corrected peak area, the calibration line,
particle concentration increase after connection of the particle @nd the HPLC sample volume. Carbon content measurements
flow, which is typical for nonideal flow tube reacto&The of aerosol filter samples were perfor.med accordmg_ to the VDI
slope of the linear increase with sampling position was 0.66 Standard procedutéby thermochemical analysis with coulo-
s/cm with a standard error of 10%. The mean residence timesmetric CQ detection (Coulomat 702, Stiein). Aerosol particle
in the tube connections, diffusion denuders and in the filter Size distributions were measured with a differential mobility
holder were weighted by the average ratio of the ozone VMR analyzer (DMPS, model 3932, TSI), consisting of an electrostatic
in the respective element relative to the VMR in the flow tube classifier (model 3071, TSI) combined with an ultrafine
(first denuder 0.65, second denuder 0.20, filter holder 0.04) and condensation particle counter (model 3025, TSI) and a personal
summed up to obtain the effective reaction time at sampling computer for data collection and analysis.
position zero. This was 26 s in the presence of ozone, while for
the zero-ozone data points measured at the beginning and aResults
the end of every kinetic measurement run as described below
the effective reaction time was set to zero. During the experi- Aerosol Particle Characterization and Benzo@]pyrene
ments aerosol generation and reaction system were generallySurface CoverageThe standard conditions maintained during
kept in the dark, and also the aerosol sampling and analysisall experiments described below unless explicitly mentioned
described below was performed without irradiation by strong otherwise were as follows: BaP reservoir temperafge =

light sources. (353 £ 0.2) K, flow tube temperature (296 2) K, particle
Aerosol Sampling and Analytical Methods. Prior to use ~ Number concentration in the flow tube (150.3) x 10°cn 2.
the glass fiber filters were heated to 50D for 2 h in amuffle The model soot aerosol exhibited a log-normal particle size

furnace to remove organic contaminants. In the BaP degradationdistribution with mobility equivalent count median diameters
kinetic experiments the aerosol particle number concentration 9 of 86 nm at the flow tube entrance and 90 nm at the filter
in the flow tube was generally kept at (1450.3) x 10° cm3 hoId_er., respectively. In both cases the geometric standard
and three aerosol filter samples were collected at every samplingdeVviationog was 1.7, and the values were the same under dry
position, each of them with a sampling volume of 22.5 L (5 and_hunr_nd_ conditions. The apparent particle size increase of 4
min at 4.5 L mirr?) which corresponds to a total number-ef nm is within the DMPS measurement uncertainty of ahéut

3 x 10° particles. After particle collection the filter samples 5% and thus in agreement with the 3% increase expected
were transferred into brown glass screw-cap vials (4 mL, from coagulatiorf®

NeoLab) and spiked with 11.8 ng of triphenylene (Ehrenstorfer)  To determine the average particle magswhich is defined
dissolved in 10uL of methanol (LiChrosolv, Merck), which  as the proportionality factor between particle number and mass
served as an internal standard. The filters were extracted withconcentration, the carbon content of filter samples of the model
3 mL of a toluene-dichloromethane-methanol solvent mixture soot aerosol was measured according to the VDI standard
(2:1:1 v/viv; LiChrosolv, Merck) for 15 min in an ultrasonic  procedure for thermal analysis of total carbon (TC) and
bath. Then the filters were removed and the solution was elemental carbon (ECY.Four samples were collected, each of
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them with a sampling volume of 540 L (2 h at 4.5 L mijn
The mean particle number concentration in the sampling flow
was 1.1x 10° cm~3 and the average TC mass deposited on the 104
filters was 10Qug with a standard deviation of g and an EC ]
fraction of 70-80%. Assuming that the particle mass was
dominated by TC and that the number of particles collected on
the filter equals the average number concentration in the §
sampling flow times the sampling volume, an estimate of 1.6 _3 10"
x 10716 g was calculated fom, Because of the above E ]
assumptions this value represents a lower limit. On the other =
hand enhanced coagulation should increageat a particle .
number concentration of 12 10° cm™3 by about 10% relative 1074 ;
to the experimental standard conditidgisiowever, in view of ]
the overall uncertainty ofn, which is dominated by the 00027 00028 00029 00030 00031
uncertainty of the total number of collected particles and
estimated to be on the order &f 15%, the coagulation effect
is neglected andy, = 1.6 x 1071° g will be used below. Figure 2. Initial BaP surface concentration on the spark discharge
Estimates for the average particle surface area of the modelsoot aerosol particles as a function of inverse BaP reservoir temperature.
soot aerosofy, which is defined as the proportionality factor ~The error bars arek 20%, representing the maximum observed
between particle number and surface area concentration, Weredewatlons. T_he straight line is an exponential least-squares fit based
obtained by two different approaches. In the first approach the on the ClausiusClapeyron equation.
average particle mass was multiplied with the literature value TABLE 1: BaP Reservoir Temperatures, Surface
for the specific surface of the spark discharge soot produced Concentrations, and Fractional Surface Coverages on the
by the generator type used in this study (395gmt),2% which Spark Discharge Soot Aerosol Particles

-1
T, , K"

led to an average particle surface area of 6.2071° cn®. In Tear(K) [BaP]s (10 cm?) Osaro
the second approach, diameters of average akeavere 327 0.01 0.01
calculated from the mobility equivalent count median diameters 333 0.17 0.02
and geometric standard deviations of the measured log-normal 343 0.50 0.05
particle size distributionsdg = dgy exp(Irfog)).2° With d, = 119 353 1.8 0.2
nm, respectively, an average surface area of>d. 50710 cn? ggg 23'3 2'6

was obtained assuming spherical geometry of the aerosol
particles & = dq2 7). Since the model soot particles produced

by t:'ne tsrparknd:s;:izargfe ?i(;)nnerratorrﬁrcla kr\',\c/)i\t’:]n dEOn:]atver a fr:e;ﬁtall. For the experimental standard conditions an initial surface
gec? efécorr;?h g of primary |?a cles | ?tede sg the coverage of about 0.2 monolayers was calculated &ith-
order of 5 niy,”~ (he average surlace area calculated underihe g 5 . 15-10 cn?, and even with the lower particle surface

assum.pti.on of spherical geomlgtry has to be considered as %stimatefsap owould have been only 0.3. In contrast, a double
lower limit. Thus, S, = 6.3 x 10° o was used for all further monolayer coverage was calculated Tggp = 373 K. In Figure
calculations unless mentioned otherwise. The potential system-,, [BaPL ois plotted on a logarithmic scale versudddn On

. . ; ) o o ,
atic er(;pr OI th||<s value tlségséﬂmated dto be I.?.SS tb?BaO /"l',ts'nie the basis of the Clausiu<Clapeyron equation and assuming that
according to tamm €t ar. the Used specilic surtace lerature —,q carrier flow passing through the BaP reservoir is saturated

1 L .
vt?lue O.f 395drﬁg c?nhbe regarded as ?n upper I|m|t,hwhlled with BaP vapor, the sublimation enthalpy of BaP can be
the estimated error of the average p‘?““C emassisont € Or@€lcalculated from the slope of the displayed linear least-squares
of + 15% and the lower limit derived from the mobility

. - . fit. The calculated value of (11& 5) kJ mol? is in excellent

equivalent diameter is lower by about 30%. agreement with the extrapolated literature value of (318)

To calculate the BaP surface concentration of the model sootkj mol2.3!
aerosol particles, [BaB]the total amount of BaP was divided Benzop]pyrene Degradation Kinetics. Twenty kinetic
by the total number of particles deposited on the investigated measurement runs were performed to characterize the BaP decay
filter sample and by the average particle surface area. Underat gifferent ozone and water vapor concentrations under the
the experimental standard conditiofg4p = 353 K) and with experimental standard conditions defined above. During all of
$ = 6.3 x 107'° cn? the initial BaP surface concentration  these runs the initial BaP surface coverage was on the order of
[BaPkowas (1.8+ 0.3) x 10 cm2 These values represent 0.2 monolayers, while the ozone volume mixing ratio (VMR)
the average and the standard deviation of forty zero-ozone datgp, the flow tube was varied from 0 to 1 ppm and the relative
points measured at the beginning and at the end of the kinetichumidity (RH) was kept either below 1% or at (253)%. Even
measurement runs described below. For five other BaP reservoirgt the lowest nonzero ozone VMR of 27 ppb, the gas-phase
temperatures ranging from 327 to 373 K, [BaRWas calculated  ozone concentration, fp= 6.7 x 10 cm™3, was still more
as the average of two zero-ozone data points which agreedthan 2 orders of magnitude higher than the initial BaP
within < 20% as indicated by the error bars in Figure 2. The concentration, [BaRB]= 1.5 x 10° cm™3. Thus, the ozone
different temperatures and mean values of [BaRFe shown  concentration can be regarded as a constant and included into
in Table 1. No BaP was detected in samples of uncoated sparkan apparent BaP decay rate coefficient (isolation method). The
discharge soot. constancy of [@, i.e., its independence of sampling position

Assuming an even distribution of the BaP surface molecules and reaction time, was confirmed by the test measurements
with a molecular cross section of,p= 1 n?>3%a BaP surface  described in the Experimental Section.
monolayer corresponds to [BaPE 1 x 10 cm™2 Thus, Every kinetic measurement run consisted of five to nine data
[BaPls,0 was divided by this value to obtain the initial BaP points, and each data point represents three filter samples

surface coverage in units of monolayégsp oas listed in Table
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Figure 3. Representative BaP decays observed at different ozone

volume mixing ratios under dry conditions. Normalized BaP surface Figure 4. Pseudo-first-order BaP decay rate coefficients as a function
concentrations are plotted against reaction time. The data points andof gas-phase ozone concentration. The upper data set was measured
error bars represent the means and standard deviatiordisg(d.) of under dry conditions, the lower one at 25% relative humidity. The error
the triplicate sampling and analysis performed at every sampling bars represent the standard error of the slope of the corresponding BaP

position. The straight lines are exponential least-squares fits based ondecay plots£ 1 s.e.). The curves are nonlinear least-squares fits based
pseudo-first-order rate equations. on Langmuir adsorption isotherms (egs 9 and 15).

collected at a given sampling position. At the beginning an initial and water vapor concentration and the fit curves displayed in
zero-ozone data point was measured at the 0 cm samplingFigure 4 will be discussed below.
position with the lamp of the ozone generator turned off. Then  Additional kinetic measurement runs with the different initial
the lamp was turned on, the ozone VMR was adjusted and filter BaP surface coverages listed in Table 1 were performed at an
samples were collected at different sampling positions, usually 0zone VMR of (3004 2) ppb under dry conditions. For
with the sequence 0 crb0 cm—100 cm-75 cm—25 cm. At submonolayer surface coveragés4 o< 1) the observed rate
the end the lamp was turned off again and a final zero-ozone coefficient exhibited no significant dependence @p o but
data point was measured at the 0 cm position. For every filter atfgap,0= 2 it was 30% lower. Obviously BaP molecules right
sample [BaPJ was calculated as described above, and the at the surface, which are directly exposed to gaseous ozone,
relative standard deviation of the three samples collected for are degraded significantly faster than molecules which are
one data point was typically 5%. The total duration of a single covered by other BaP molecules or reaction products. Thus,
kinetic measurement run was several hours, and some runghe observation of a reduced reaction rat@gp o= 2 is also
exhibited a systematic drift of [BaR}indicated by a significant ~ consistent with the BaP surface coverage calculations.
difference between the initial and final zero-ozone data points. Gas-Phase Ozone Los#\s described above, no significant
This difference was usually less than 10% but in a few cases gas-phase ozone loss was observed during the BaP degradation
increased up to 20% and was corrected by interpolation. kinetics measurement runs, i.e., sJlOwas independent of
For the corrected data points [BaffBaP]s o was plotted on sampling position and reaction time. However, reproducible
a logarithmic scale against reaction time, which was calculated changes of [G] could be observed in experiments where the
as described in the Experimental Section. Figure 3 shows five Spark discharge aerosol generation was switched on and off
representative measurement runs at different ozone VMRs undevhile all other conditions were kept constant. Such experiments
dry conditions. The data points and error bars represent the mearwere performed for different ozone VMRs, BaP surface cover-
and standard deviatiorl s.d.) of the triplicate sampling and ~ ages, and particle number concentrations under dry and humid
analysis performed at every sampling position. The linearity of conditions. The ozone VMRs and particle number concentrations
the BaP decays clearly demonstrates that the reaction is first-measured in one of these experiments are shown in Figure 5.
order with respect to BaP, and for every measurement run a When the spark discharge was switched off, the particle
pseudo-first-order rate coefficiekt, was determined from the ~ concentration exhibited an exponential decay with an e-folding
slope of linear least-squares fits like the ones shown in Figure time of ~50 s, while the ozone VMR increased and reached an
3. The mean rate coefficient of six measurement runs performedelevated steady-state value afteB00 s. When the particle

at zero ozone concentration wks, = (4 + 6) x 104 s generation was turned on again, the particle concentration
k1w represents the minor decay of BaP by processes not relatedncreased sharply, reaching steady-state aft&d s, while the
to ozone (e.g., particle wall loss) and was subtracted kom ozone VMR decreased and reached a lower steady-state value

to obtain a corrected rate coefficiekt, which describes the  again after~300 s. With respect to instrument specifications,
actual reaction of BaP with ozone and is used for all further sampling tube volumes and sampling flows the ozone and
calculations i = kym — Kiw). In Figure 4 the corrected pseudo-  particle number concentration measurements should have had
first-order rate coefficientg; of all kinetic measurement runs  similar response times of 5 s. The delayed response of
performed under standard experimental conditions are plottedthe observed ozone VMR to particle concentration changes was
against the ozone concentration in the flow tube. The error barsapparently due to equilibration effects between the gas phase
represent the standard errors of the linear least-squares-fits ( and the walls of the tubing and UV absorption measurement
s.e.), ranging between5% for the steeper slopes at high ozone cell (0zone adsorption/desorption).

and 106-20% for small slopes at low ozone. Clearly the rate  The actual interaction time between gas-phase ozone and soot
coefficients increased less than linearly withgJ@nd were aerosol particles before measurement wa$ s in most ozone
reduced under humid conditions. The dependenég af ozone loss experiments (sampling right after the ozone mixing nozzle
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188 353 or 373 K). The results clearly show that the gas phase ozone
L 156 loss was not significantly affected by BaP, i.e.,sJOwas
practically the same on coated and uncoated particles. In a
similar way as the BaP decay rate coefficientg][Gncreased

less than linearly with [g] and was reduced under humid
conditions. The dependence ofj© on gas-phase ozone and
water vapor concentration and the fit curves displayed in Figure
6 will be discussed below.

Mechanistic Interpretation. The simplest possible mecha-
nistic interpretation of the heterogeneous reaction between ozone
particlos and benzdllpyrene on soot is an elementary bimolecular
e Ozone collision process. The rate of such an elementary reaction,

: : : : . — 1 170 (cm2s71), could be described by
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Time (s) fre= k2,eff [O4] [BaP]g 1)

Figure 5. Representative measurement of particle-related ozone loss . .

under dry conditions and with BaP-coated spark discharge soot particlesand thus the pseudo-first-order rate coefficient for the BaP decay
(Bsapo= 2). Particle number concentration and ozone volume mixing would be given by

ratio monitored at the flow tube entrance are plotted against the duration

of the experiment, in which the spark discharge soot generator was Ky = Ky off 2

twice switched off and on again. €

6x10" According to the rule of additivity of kinetic resistances, the
) effective second-order rate coefficidates can be split into a
%104 collisional reaction rate coefficierb,c and a diffusion-limited
rate coefficientk, 13233
4x10™ I 1 1 1
T o et Fon | Ko )
S 3x107 A 2, eff 2,C 2,d
o
S 210" 1 P ] On the basis of gas kinetic thedry. can be related to a reaction
o RH< 1% unoosted probability ygap Which is defined as the fraction of collisions
1x10" A RH-~25%, coated between @gas molecules and BaP surface molecules that leads
A RH~25 %, uncoated to reactive loss of BaP (& ygap < 1):
0 1 T 1 T T
00 s50x10”  10x10®  15x10°  20x10°  25x107  3.0x10" YeaBar 0,
[O,] (cm™) k2,c = 4 4

Figure 6. Particle-related gas-phase ozone loss as a function of gas- ] )

phase ozone concentration. The number of gas-phase ozone moleculesgapis the cross section of the BaP surface moleculesgad
lost per unit particle surface area is plotted against gas-phase ozonds the mean thermal velocity of ozone molecules given R/]8
concentration. The upper data set was measured under dry conditions(; M,)]2, whereR stands for the gas constaffitis the absolute

the lower one at 25% relative humidity. The full and open symbols mperature an is the molar m f ozon — 1
stand for BaP-coated and uncoated spark discharge soot particleste perature anto, is the molar mass of ozonegs = 3.6

) 1 B s LY

respectively. The data points and error bars represent the means and® 10t .cm S at. 296 K). On the basis od Fick's Ia,W and
standard deviations( 1 s.d.) of 4-6 consecutive measurements. The assuming spherical geometry for the aerosol particles, the
curves are nonlinear least-squares fits based on Langmuir adsorptiordiffusion-limited rate coefficient can be derived from the

isotherms (egs 10 and 16). maximum flux to a spherical surfaéé:

at the flow tube entrance). Test experiments with0 s gD

. . . . . . . . Bal O

interaction time (sampling position 50 cm) yielded no signifi- Ky = 3 (5)
cantly different results, which implies that the gas-phase ozone ' '

loss occurred on a shorter time scale than the BaP decay, as

discussed below. Do, stands for the gas-phase diffusion coefficient of ozone, and

For every switching of the aerosol generator, the number of r, is the particle radius.
gas-phase ozone molecules lost per unit particle surface area In contrast to the linear relation betwelerand [G] suggested
[Os]L was calculated as the ratio between the steady-stateby the above definitions and equations, the observed pseudo-
difference of [Q] and the corresponding difference of particle first-order rate coefficients do not exhibit a linear increase with
number concentration multiplied by the average particle surface ozone (Figure 4). Thus, the heterogeneous reaction betwgen O
area$S,. In Figure 6 [Q]. is plotted against [€). Every data and BaP on soot does not represent an elementary bimolecular
point represents an average of 4 to 6 values from consecutivecollision process with a concentration-independent reaction
measurements in which the spark discharge was switched onprobability. However, also apparent reaction probabilities, which
or off, and the error bars represent the standard deviatidn (  are just proportionality factors between heterogeneous reaction
s.d.). Full and open symbols stand for experiments with and rates and gas kinetic surface collision fluxes rather than basic
without BaP coating on the soot aerosol particles, respectively. physicochemical parameters, are illustrative and frequently used
In the experiments with coated particles the BaP surface in atmospheric research. Thus, an apparent reaction probability
coverage was varied between 0.2 and 2 monolayBsg & yeapWas calculated for every experimental data paikoénd



Interaction of Ozone and Water Vapor

2.5x107
® RH< 1%
2 2.0x10° } A RH-25%
R 49
B j
< 4
< ]
& 1.5x10'5-_ h
= 4
8
&) 1.0x10° .
2 ] [}
2 o0
& 5.0x10 7 *
< -+
00 T T T T T T
0.0 02 0.4 0.6 0.8 1.0

Ozone Volume Mixing Ratio (ppm)

Figure 7. Apparent BaP-Os reaction probability as a function of ozone

volume mixing ratio. The upper data set was calculated from the pseudo-
first-order BaP decay rate coefficients observed under dry conditions,
the lower one from those observed at 25% relative humidity. The error
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Ko[O4

O, = ————— (8)

s 1+ Kos[Os]
Ko, is the Langmuir adsorption equilibrium constant for ozone,
i.e., the ratio between the ozone adsorption and desorption rate
coefficientska o/kd,0, (S€€ below). On the basis of eqs 7 and 8
the pseudo-first-order rate coefficient of the observed BaP decay,
ki can be interpreted as

K, dSSkKo,[O4]

1= )
1+ KO3[O3]

For a constant value of [S§]the produck; s[SS]s represents
the maximum pseudo-first-order BaP decay rate coefficient in
the limit of high ozone concentration84,—1), k... A nonlinear
least-squares fit of eq 9 (witkk, {SSk = ki) to the
experimental data pairs & and [Q;] under dry conditions is
displayed in Figure 4 (upper curve), the fit parameters are

bars correspond to the standard errors of the pseudo-first-order ratesummarized in Table 2. For the adsorption equilibrium constant

coefficients 1 s.e.). The curves are to guide the eye (nonlinear least-
squares fits based on eqs 6 and 9).

[O4] based on eqs-25. Assumingogap = 1 Nn¥3° Do, = 0.2

cn? s71 (estimated according to the Fuller meth®dndr, =

60 nm (mobility equivalent radius of average surface area), a
value of 3x 10710 cm? s71 was obtained fok, 4 Since 1k g

is several orders of magnitude smaller than all experimental
values of 1k, ¢« = [O3]/k1, the effect of gas-phase diffusion on

the rate of the investigated heterogeneous reaction is negligible,
regardless of the actual reaction mechanism. In Figure 7 apparent

reaction probabilities calculated according to

4 Ky

Ogaf?03 @ ©)

VBaP—

are plotted versus ozone VMR. With increasing ozomge
decreased from about:2 1072 to 2 x 1076 under dry conditions
(RH < 1%) and from 6x 1076 to 2 x 10°% under humid
conditions (RH~ 25%). The error bars correspond to the
standard errors of the pseudo-first-order rate coefficiefits (

Ko, and for the maximum pseudo-first-order rate coefficlant
values of 2.7x 10713 cm?® and 0.015 s, respectively, were
obtained.

Provided that the irreversible loss of ozone by chemical
reaction is negligible against the gas-phase ozone loss by
reversible adsorption, which will be discussed belowg] §@an
be approximated by [¢). which leads to the equation

_ [SSKKo[0]

L= T Ik 07 (10)
1+ KO3[03]

A nonlinear least-squares fit of eq 10 to the experimental data
pairs of []. and [Q3] under dry conditions is displayed in
Figure 6 (upper curve), and the fit parameters are summarized
in Table 2.Ko, = 2.8 x 10722 cm? is in excellent agreement
with the fit of eq 9 to the observed BaP decay rate coefficients,
and for [SS§ a value of 5.7x 10 cm~2 was obtained. From
ki and [SS}§ follows ks = 2.6 x 10717 cnm? s,

In a simple model based on Langmuir adsorption and gas
kinetic theory, the rate of adsorption, o, (cm™2 s™1), should
be proportional to the collision rate of gas-phase ozone

s.e.). The two curves are to guide the eye and were obtained bymolecules with the surface, which can be approximated by

nonlinear least-squares fits based on eqs 6 and 9.

The shape of thé&; vs [Og] plots displayed in Figure 4 is
similar to an adsorption isotherm and suggests a multistep
reaction mechanism involving reversible adsorption of ozone
at the particle surface. Also the plots ofOvs [Og] displayed

in Figure 6 suggest reversible ozone adsorption according to a

simple Langmuir isotherm. Thus, the most straightforward

[Os]lwoy/4, to the sticking probability of ozone at the clean
surface without occupied adsorption sif%,, and to the actual
fraction of unoccupied adsorption sites;-160,.3*

(11)

S.00,
fag, = 4 [0]1 - 6o)

interpretation of the observed BaP decay rates consists of aHere the sticking probabilit o, (0 = S0, < 1) is defined as

quickly established adsorption equilibrium followed by a much

the ratio between the adsorption rate and the surface collision

slower bimolecular surface reaction between adsorbed ozonerate of ozone ap, = 0. Relations and definitions for the

and BaP as the rate-limiting step. In this case the overall BaP
decay rate equals the surface reaction ratégm=2s-1), given

by

rs = ky s[O4] [BaP] (7)
ko,sis a second-order surface reaction rate coefficient, and the
surface concentration of adsorbed ozone moleculgks [€an

be regarded as the product of the surface concentration of ozon
adsorption sites [Sghnd the ozone surface coverdg: [Os]s

= [SSkbo, Assuming a Langmuir isotherm, the ozone surface
coverage is given by

é

sticking probability and similar terms like sticking coefficient,
mass accommodation coefficient, uptake coefficient, etc., which
are frequently used in slightly different ways and contexts, as
well as corrections of the surface collision rate in the case of
high net uptake of gas molecules at the surface, have been
described in detail elsewheté33436The rate of desorptiomg o,
(cm~2s71), should be proportional to the surface concentration
of adsorbed ozone molecules [g&],, and to the inverse of

heir mean residence time at the surfaeg
[SSk
a0, = To, 0, (12)
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TABLE 2: Langmuir Adsorption Equilibrium Constants, Adsorption Site Surface Concentrations, and Maximum
Pseudo-First-Order BaP Decay Rate Coefficients Obtained from the Curve Fits Displayed in Figures 4 and 6

Data Set Ko, (10713 cm?) Ki,o (10727 cn) [SSk (10 cm™?) ki (57Y) R? n
ky vs [Og], dry 27+£04 0.015+ 0.001 0.972 11
(1.9-4.0) (0.013-0.017)
[Os]L vs [G4], dry 2.8+0.2 5.7+ 0.1 0.997 9
(2.4-3.2) (5.5-5.9)
ki vs [Og], humid 21+ 04 0.016t 0.001
(1.2-3.5) (0.013-0.019) 0.995 6
[O3]L vs [Og], humid 0.1+ 0.3 4.6+ 0.3
(0—1.3) (3.8-5.6) 0.980 6
preferred values 280.2 21+ 04 57+0.1 0.015+ 0.001
(2.4-3.2) (1.2-3.5) (5.5-5.9) (0.013-0.017)

aThe nonlinear least-squares fits based on eqs 9, 10, 15, and 16 were performed using a Lewalwgrgrdt algorithm (Origin 6.0 data
analysis software). The best-fit values are given together with their standard errors and with the upper and lower limits of their 95% confidence
intervals (in parentheses). Note that for [S8le statistical standard errors are much smaller than the overall error estimate (see discussion). The
last two columns indicate the goodness-of-Rf)(and the number of data points)( The preferred values for the physicochemical parameters are
summarized in the last line (narrowest confidence interval, higReandn).

According to egs 10 and 11, the adsorption and desorptionthe experimental data pairs df and [Q] under humid

rate coefficients can be defined kso, = S,0,004/4 andky o,
= 10, ' [SSk, and for the Langmuir equilibrium constant
follows

S),o;”o3
Ko. = 1)
s 4SS e

(13)

conditions is displayed in Figure 4 (lower curve). WKk, =

2.8 x 10718 cm? and [HO] = 1.7 x 10Y cm™2 (25% RH at
296 K), values of 2.1x 10717 cm? and 0.016 were obtained for
Kn,0 andk; «, respectively (Table 2). WitKo, = 2.7 x 10713

cm® the results were practically the same. The excellent
agreement ok, ., under dry and humid conditions supports the
idea that water vapor interferes by competitive adsorption rather

In several previous studies with spark discharge soot, as wellthan in the actual surface reaction betweeya@d BaP.

as with other soot model substances, values of about 1L0~3
to 3.3 x 1072 have been determined f& o,.3"2° This was

confirmed by the results of our gas-phase ozone loss experi-

ments, since a sticking coefficient on the order of36r larger

is required to establish the observed time-independence, i.e., to

saturate 5.% 10 adsorption sites per ctwithin the minimum
experimental ozone-soot interaction time-e15 s. WithKo,
=2.8x 10713 [SSk = 5.7 x 10" cm™2, andS 0, = 1.0 x
1073 a mean residence time of 18 s was calculated foO
the surface of the investigated aerosol partictes € 5 s for
S,0, = 3.3 x 1079). The relatively long residence time and the

fact that the experimental data can be described by a Langmuir
isotherm suggest chemisorption rather than physisorption.

Assuming an Arrheniustype temperature dependencekgp,
with a preexponential factor on the order oft4671, which is
typical for chemisorbed speciésan estimate of 90 kJ mot
(80 kJ moft? for 7o, = 5 s) can be calculated for the negative
adsorption enthalpy. This is clearly higher than the-80 kJ
mol~! usually observed for physisorption proces¥es.

The slower decay of BaP and the smaller gas-phase ozon

loss observed under humid conditions indicate that the adsorp-

tion of ozone is inhibited by competitive adsorption oftHat

the aerosol particle surface. Assuming that the adsorption of
water vapor can be described independently by a Langmuir

isotherm with an equilibrium constaKi,o, the ozone surface
coverage under humid conditions is given by

o — Ko,[O4]
% 1+ Ko [O4] + Ky o [H,0]

(14)

[H20] is the water vapor concentration, and for the pseudo-
first-order rate coefficient of the BaP decay follows

| kdSSKK 0]
i+ Ko [Os] + Kiy,0[H20]

(15)

A nonlinear least-squares fit of eq 15 (wkhs[SSk = ki) to

e

In analogy to eq 10, a nonlinear least-squares fit to the
experimental data pairs of f) and [Q;] under humid condi-
tions was performed with the following equation and is
displayed in Figure 6 (lower curve):

| [SSKK[OJ]
O = T3 K0T + Koy olH,0]

(16)

With Ko, = 2.8 x 10713 cm?® and [H0] = 1.7 x 107 cm3

values of 0.1x 107" cm?® and 4.6x 10'* cm 2 were obtained

for Ku,o and [SS}§, respectively (Table 2). Again the results

were not significantly different witko, = 2.7 x 10713 cn®.

The agreement of the values obtained Kgro and [SS§ from

the fit of eq 16 with the values from eqgs 15 and 10, respectively,

is not as good as for the independent determinatiom&oand

ki (egs 9, 10, and 15). However, also #,0 and [SS§ the

95%-confidence intervals given in Table 2 show an overlap.
In analogy to eq 13p,0 can be related to the mean residence

time of water molecules on the ozone adsorption sites at the

particle surfacer,o:

S),Hzoszo
Kio = “4[ssp MO 7)
S0 IS the sticking coefficient, andy.,o is the mean thermal
velocity of water vapor moleculegs(,o0 = 5.90 x 10*cm st
at 296 K). With commercial carbon black as a soot model
substance a value of 04 102 has been determined f& .0,
which was found to be the same for ozone treated and untreated
samples?® With Ko = 2.1 x 10717 cm?, [SSk = 5.7 x 101
cm 2, andS 1,0 = 0.4 x 1073 a mean residence time of 3
1073 s was calculated for D on the ozone adsorption sites of
the investigated aerosol particles.

The relatively short residence time and the fact that BaP
coated and uncoated spark discharge soot particles are known
to be rather hydrophobié? suggest physisorption rather than
chemisorption of water vapor. Again assuming an Arrhenius
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type temperature dependence ka0 with a preexponential surface area at an ozone VMR of 100 ppb. On the other hand
factor on the order of #8s~1, which is typical for physisorbed  a lower value of 3x 104 cm~2 at 915 ppb @ can be derived
species? an estimate of 50 kJ mol can be calculated for the  from the data published by Fendel efalvho performed aerosol
negative adsorption enthalpy. This is compatible with the flow tube experiments with ozone and uncoated spark discharge
maximum negative enthalpy of 57 kJ mélreported for the soot.

physisorption of HO.34 In both of these studies, however, the observed gas-phase
ozone loss was described as an irreversible process, initialized
Discussion by the adsorption of an oxygen atom and liberation of molecular

oxygen rather than by reversible adsorption of an ozone
The mechanism proposed above for the heterogeneousmolecule. In this picture the adsorption of O atoms was followed
reaction of ozone with benzajpyrene on spark discharge soot  eijther by a catalytic reaction in which the adsorbed O atoms
particles is Suppor’[ed by all eXperimental flndlngs The assump- react with each other or with gas-phas@ t® form ()2, or by
tion that a reversible adsorption equilibrium is quickly estab- surface oxidation which leads to a rate-limiting desorption of
lished while the subsequent surface reaction represents the ratec0/CQ, or to a surface passivatidh2? Also Smith and
limiting step was confirmed by the observation that the gas- Chughtat® postulated a fast catalytic decomposition of ozone
phase ozone loss occurs on a shorter time scale than the BaRn freshn-hexane soot surfaces, followed by the formation of
decay &0, = 1073 ygap = 2 x 107°) as well as by the high  oxygen containing functional groups at the soot surface involv-
goodness-of-fit obtained with egs 9, 10, 15, and 16 which are jng physisorbed @molecules, by the release of G@nd HO,
based on Langmuir isotherms (Figures 4 and 6, Table 2) From and by further ozone loss which is second-order ”3] [@d
the four data sets two independent estimates were determinegnyolves chemisorbed O atoms. Longfellow et'@kecently
for every fit parameter (Table 2). The two values obtained for reported results of ozone uptake measurements on hydrocarbon

Ko, andk, « obtained from eqgs 15, 10, and 9 are more or less goot, which were consistent with the data and interpretation of
identical. Because of the narrower 95%-confidence intekigls Smith and Chught&i®

— 13 — 1 i

= 28 X 1072 en?, and ki = 0.015 s* wil 'be used In contrast, Stephens et Hlinterpreted their results from
preferentially. Only the values fof;,0 and [SS§ obtained from Knudsen cell measurements with ozone and ground charcoal
the fit of eq 16 to the data set with the lowest statistical quality ., 5 similar way as proposed in the preceding section. They

([,03]L vs [Of] hundelr humid _condit.iohnsh) Wek:e signifipantly suggested that ozone molecules are reversibly adsorbed accord-
different from the values obtained with the other equations and i, '+ 5 | angmuir isotherm with an initial sticking coefficient

data sets. However, also in this case the 95%-confidenceq¢14-3 ang subsequently undergo a slow surface reaction in
|nteryals shgw an overlap. Again the estimates W|tfl17narrower which surface carbonyl groups, CO and C@re formed.
confidence intervals are PZEfe”e“H?O =21x 107 e However, they did not attempt to estimate adsorption equilibrium
and [SS} = 5.7 x 10 cm2 In addition to the above results  ;stants or enthalpies. They reported that after exposing the
also the close agreement of O measured with BaP coated  ¢5 e to an ozone dose equivalent to a monolayer of adsorbed
and uncoated part!cles supports the agsumptlon of a constanbsl which would be on the order of {2) x 1014 cm2
surface concentration of ozone adsorption sites,dS8lleast  50orqing to their data, the ozone loss proceeded at slow steady-
on the experimental time scale of a few seconds to MiNUteS. a0 rates characterized by effective sticking coefficients or

Since there is no indication of significant systematic errors reaction probabilities on the order of 19-1075. From the
affecting the measurementkafand [Q}], the statistical standard  kinetic parameters published by Kamm etl&kffective reaction
errors given in Table 2 can be regarded as appropriate overallprobabilities on the order of 16—10-7 can be calculated for
error estimates for the parameters derived fromkihes [O] the loss of ozone on spark discharge soot on a time scale of
data setsky «, Kos, andK,0). [Os]L and the parameters derived  minutes to a few hours (¥ 1076 at 100 ppb @ decreasing to
from the [Q]. vs [Os] data sets ([SS]andk,,g), however, are 3 x 1077 at 1000 ppb Q).

subject to a potential systematic error on the ordet@0%, The apparent reaction probabilities for the degradation of BaP
corresponding to the error limits estimated for the average ,, spark discharge soot by ozone determined in this o,
particle surface area used for the calculation of][O ~ 10°5-10°5, lie right in the middle of the above range of
Gas-Phase Ozone Losslf the surface structure of the  effective reaction probabilities for the loss of ozone on various
uncoated spark discharge soot particles is assumed to resemblgpes of soot. Considering our experimental results in combina-
a graphite layer or a large polycyclic aromatic hydrocarbon, it tion with those of the previous studies, we support the
consists primarily of condensed six-membered carbon rings with interpretation by Stephens et3land extend it proposing the
a surface concentration of 1.9 10" cm™2.1> Similarly the  following mechanistic hypothesis: On fresh soot covered with
surface of the coated particles witBap = 1 can be pictured as  pAH or small domains of graphite-like carbon layers on the
a layer of ~10" BaP molecules per cm, each of which  order of a few nr&“treversible adsorption leads to a fast initial
provides five fused aromatic rings and 12 adjacent “gaps” of gas-phase ozone loss characterized by a sticking coefficient on
similar geometry framed by carbon and hydrogen atoms the order of 103. Further irreversible ozone loss occurs
amounting to a total of1.7 x 10" potential adsorption sites  primarily via oxidation of the surface PAH or carbon layers,
per cnT2 As pointed out above, the gas-phase ozone loss waswhich leads to the formation of oxygen-containing functional
the same in both cases, and [§S8]5.7 x 10" cm~2 implies groups (carbonyl, hydroxyl, carboxyl, eté32 At first this
that up to one-third of the carbon rings and “gaps” can be oxidation process is expected proceed at similar or somewhat
occupied by ozone. slower rates than the observed BaP decay (apparent reaction
Similar observations were reported by Kamm et®dtom probability 105—-1075), since BaP is generally regarded as one
aerosol chamber experiments with ozone and uncoated sparkof the more reactive PAHM.Further oxidation of the partially
discharge soot. Assuming an accessible specific surface of onlyoxidized polycyclic aromatics or carbon layers proceeds at
~ 200 n? g1, they determined a value of 6:6 104 cm™2 for significantly slower rates and eventually leads to the formation
the number of gas phase ozone molecules rapidly lost per unitof CO/CG, and (semi)volatile organics.
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In parallel to the oxidation processes also a catalytic constant¥o, andKu,o as well as the mean residence times
decomposition of ozone may occur on the particle surface. andzy,o are apparently the same on spark discharge soot as on
However, already Stephens et3akstated explicitly that their BaP and most probably also on other PAH. Moreover the
results did not point toward a catalytic mechanism. Kamm et consistency of our findings with most experimental results of
al’® included a very slow catalytic reaction in parallel to the the studies discussed above suggests that the presented mecha-
surface oxidation process in their mechanism, but pointed out nistic picture of rapid, reversible, and competitive adsorption
that they did not expect their mechanism to be correct on a followed by slow surface oxidation can also be applied for the
molecular level. Also the rapid initial ozone loss, which Smith interaction of gaseous ozone and water vapor with particles
and ChughtdP attributed to catalytic decomposition, may in  consisting of other graphite-, charcoal-, or soot-like materials
fact be due to reversible ozone adsorption, which may in and supports the suitability of PAH/PAC as model substances
addition account for the apparent excess formation of oxidation for these materials and for the refractory core of real soot
products they tentatively explained by, @Gdsorption. To particles. Note that even the ozone removal efficiency of the
definitively answer the question whether catalytic ozone de- activated-carbon diffusion denuders used in the reaction system
struction on graphite-like or PAH-coated surfaces at sub-ppm was consistent with this picture. It was reversibly reduced by a
of Oz levels is important or negligible compared to the gas- few percent in the experiments under humid conditions and
phase ozone loss by reversible adsorption and subsequentdecreased slowly with increasing accumulated exposure to
oxidation processes, additional investigations will be needed. ozone.

Nevertheless, we think that the results available up to now rather On the other hand carbonaceous combustion aerosol partic|es
point toward a negligible role of catalytic mechanisms. coated with organic or aqueous liquid layers (e.g., wood smoke
The experimental findings of our study and of the previous particles} can of course interact differently with ozone, since
investigations do not allow an unambiguous distinction whether in this case @ can not only be adsorbed at the surface but as

intact ozone molecules or oxygen atoms as an alternative formwell diffuse into the liquid layer and react with different

of “odd oxygen” are adsorbed at the particle surface. However, aliphatic, aromatic, and inorganic components.

the negative adsorption enthalpy of-880 kJ mof™* derived Benzop]pyrene Degradation Kinetics.Obviously the exist-
from the observed adsorption equilibrium constant is smaller ence and composition of liquid surface layers as described above
than the ozone dissociation enthalpy of 106.5 kJthahd does  can also influence the reactivity of BaP on aerosol particles.
not suggest the cleavage of Gpon adsorption. Moreover one  The following considerations, however, are focused on the
may expect higher BaP decay rates if indeed oxygen atoms,degradation kinetics of BaP deposited on different solid
which have a higher oxidizing power than ozone, were adsorbedsybstrates and exposed to gaseous ozone. In several previous
on the particle surface and BaP molecules, respectively. In anystudies results ranging from zero reactivity to half-lives on the
case also the adsorption of O atoms would have to be reversiblegrder of 36-60 min at 200 ppb @or ~15 min at 1 ppm of @

in order to explain the Langmuir-type behavior of the gas-phase have been reportéd’ and only in a few cases similarly high
ozone loss and BaP decay rates measured in this work.Bap decay rate coefficients were measured as in this ffofR.
Additional experiments to discriminate between ozone molecules Tg explain the wide range of results mainly two potential reasons
and O atoms on the surface are in preparation. have been discussed: (a) surface/bulk shielding effects physi-

For the half-life of adsorbed £or O atoms) with respectto  cally limiting the interaction of bulk molecules with gas-phase
chemical reaction with BaP an estimate of 270 s can be ozone and (b) chemical activation or passivation of BaP surface
calculated by inserting . = 2.6 x 10717 cn? s~ and [BaP} molecules by interaction with their substrate.
=1 x 10" cm 2 as the maximum concentration of BaP atthe  wuy et al#® already pointed out that well-dispersed BaP

surface (monomolecular layer) into eq 7. This is by a factor of molecules reacted much faster than the BaP molecules in
15-54 longer than the mean residence time6fl8 s calculated aggregated clusters or multilayers. In agreement with our

above and consistent with the assumption of a quickly estab- interpretation of the significantly reduced decay rate we observed
lished adsorption equilibrium followed by a much slower surface at Osap = 2 relative to0gap < 1, they attributed the slower
reaction. reaction of the bulk material to the formation of a surface layer
Neither for the adsorption enthalpy nor for the mean residence of oxidation products, which do not leave the surface but act
time of ozone on PAH or graphite-like surfaces a literature as a diffusion barrier hindering the access of ozone to the bulk.
reference value is known to the authors. The mean residenceOn the other hand they reported a first-order dependence of the
time calculated for BO, however, is in excellent agreement BaP decay rate on ozone VMR over the range from 0 to 1.5
with the results of a recent study by Alcala-Jornod and Rssi. ppm k. = 0.022 s ppnt1), which suggests an elementary
They performed uptake experiments in a diffusion tube and collision process with a reaction probability of 1x0107° rather
determined values of 0-35 ms for y,0 On decane, toluene, than the Langmuir-adsorption process observed in this work.
diesel and acetylene soot samples by Monte Carlo trajectory This discrepancy can be explained either by really different
model calculations. Moreover the Langmuir adsorption equi- reaction mechanisms, which are caused by the different BaP
librium constants determined in the present study fe® kn substrates but nevertheless lead to BaP decay rates of the same
spark-discharge soot particles with or without BaP coating order of magnitude, or by experimental and interpretative
(Table 2, preferred valueKp,o = 2.1 x 10717 cm® = 0.51 artifacts.
mbar* = 12.6 L mmol™) are of the same order of magnitude  The adsorption mechanism proposed above is supported by
as the Langmuir adsorption equilibrium constants recently the independent gas-phase ozone loss measurements we per-

reported for HO on self-assembled monolayers 0§—Cig formed as well as by the results of the other ozone loss studies
alkanes and alkenes (0.£0.27 mbar! and 2.3-6.1 L mentioned before. The apparent first order dependence observed
mmol1).44.45 by Wu et al.#® however, may have been influenced by the

Since no significant difference was observed for the gas-phasefollowing factors. The decrease of fluorescence intensity, which
ozone loss and its reduction by water vapor on BaP-coated andwas used to determine the BaP decay rate, may have been caused
-uncoated spark discharge soot, the adsorption equilibrium not only by chemical degradation of BaP but also by reversible
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adsorption of ozone on the BaP molecules. In fact the fast initial was lower than the corresponding BaP decay rate coefficients
decay of signal intensity, which was used to calculate the rate observed in this work. If indeed the rate coefficients reported
coefficients, was not sustained throughout the measurement runsby Wu et al*é for Oz + BaP on silica were overestimated due
Especially for the measurements at high ozone VMRs (1.0 andto the ozone adsorption and fluorescence quenching effects
1.5 ppm) the linearity of the initial decay plotted on a discussed above, the reaction rate of BaP with ozone actually
logarithmic scale seems to be restricted to the reaction time fromappears to be reduced on silica and glass surfaces relative to
zero to the first data point after 25 s only. This is not much graphite- or PAH-like surfaces.
more than the time required to establish an adsorption equilib- The very limited set of measurement data points presented
rium if the sticking coefficient for @ on BaP and/or Si@is by Alebic-Juretic et at® does not allow a closer investigation
similar as for @ on the soot-like materials described above. whether the discrepancy between the Langmuir-type behavior
Since the decay of BaP was measured only at two more nonzerabserved in this work and the apparent first-order dependence
ozone VMRs (0.25 and 0.55 ppm) the apparent first-order of the BaP decay on [§Dreported by Alebic-Juretic et 48.is
dependence on [P may indeed have been a coincidental due to different reaction mechanisms caused by the different
combination of chemical degradation and fluorescence quench-substrates or to experimental or interpretative artifacts. Note,
ing due to adsorption. however, that the ozone VMRSs investigated in their experiments
Alebic-Juretic et af investigated the reaction of ozone with  are restricted to a range where also the Langmuir-type curves
BaP on silica gel particles suspended in a fluidized bed reactor.observed in this study exhibit a near-linear initial increase
They also reported a first-order dependence of the BaP decay(< 0.25 ppm of Q). Thus, also the experimental results of
rate on ozone VMR over the range from 0 to 0.25 ppm and Alebic-Juretic et af®4° are not necessarily in contrast to the
higher rate coefficients for sub-monomolecular surface layers: adsorption mechanism proposed above.
kz = 0.008 s* ppn* for Ogap < 1 andk, = 0.003 s* ppmt Regardless of the actual reaction mechanism, the fast BaP
for Osap > 1. They suggested thai;@eacts only with the outer  decay rates observed for submonolayer surface coverages on
layer of BaP, but in contrast to Wu et“8lthey assumed that  spark discharge soot particles, as well as on silica and glass
the primary oxidation products would be rapidly blown off the substrates, indicate that even under dark conditions chemical
surface and attributed the increased rate coefficients for sub-aging leads to a rapid degradation of BaP surface molecules on
monolayer coverages to a chemical activation of BaP by the any type of solid atmospheric particle. With the parameters given
acidic silica gel surface. in Table 2, eq 15 can be used to estimate the lifetime of BaP
However, the products which are formed in the first steps of molecules on PAH or graphite-like surfaces with respect to
oxidative BaP degradation have generally higher molecular the reaction with ozone at different relative humidities under
weights and are more polar than BaP, which implies that they ambient pressure and temperature (1 atm, 296 K). For example,
are less volatile. In product studies accompanying the kinetic in the presence of 30 pphs@he estimated BaP half-life is only
experiments presented here, BaP quinones were found to bet.5 min under dry conditions and increases significantly with
the main products of BaP degradation by ozone on spark relative humidity, reaching 18 min at 25% RH and 44 min at
discharge soot and glass fiber filter substrates, and a wide variety75% RH.
of other partially oxidized aromatics PAH have been detected The influence of humidity on the degradation of PAH by
as minor products (phenols, carboxylic acids, etc., with four or ozone has already been investigated in previous studies. Pitts
five condensed aromatic rings) but no strong blow-off effects et al>2 exposed various PAH on glass fiber filter substrates at
were observe®?5! Since also pyrene-quinones, which are of ambient temperature f&3 h to a gasflow containing ozone
considerably lower molecular mass than BaP quinones, were(200 ppb) and water vapor {50% RH). For pyrene, fluoran-
found to have slower sublimation rates than BaP on glass thene, benz#]anthracene and bena)pyrene they observed
substrate$! the efficient blow-off of the oxidation products from  much less degradation at 50% RH-(6% turnover) than at 1%
the particle surface invoked by Alebic-Juretic et@hppears RH (9—68% turnover). The differences were less pronounced
to be highly improbable. on Teflon coated glass fiber filters but still accounted for a factor
Also the postulated activation effect or reactivity enhancement of 2 or more (22-58% vs 1}20% turnover). For BaP,
of BaP by the silica gel surfat&?is not required to explain however, they observed only a weak influence in both cases
an apparent decrease of reaction rate8zat > 1. Under the ~ (50% vs 40% turnover). For atmospheric particle samples
assumption that only surface BaP molecules can react with O €xposed to ozone in the same way, they observed a similar range
the apparent first-order rate coefficient describing the decay of of turnovers (6-70%) but no significant humidity effect. Thus,
the total amount of BaP (as measured after solvent extractionthey attributed the influence of relative humidity to the
of the particles) has to decrease with increasing surface coveragé&dsorption of HO on the filter substrates rather than directly
for Ogap > 1, which is easy to demonstrate by numerical on the particles or PAH.
simulation. This applies regardless of product volatility and  In contrast Kamens et &.and McDow et aP* reported an
holds true also if the bulk molecules can react withbOt at a increase of PAH degradation rates with increasing RH in
much slower rate after diffusion through the surface layer of experiments with wood smoke particles in outdoor Teflon film
BaP and oxidation products or after further degradation and chambers exposed to sunlight. This reverse effect may be due
volatilization of the surface layer. to an enhancement of degradation pathways other than the
In any case the high reaction rates we observed for BaP onreaction with ozone or to the influence of liquid surface layers.
carbon particles, the surface of which is certainly less polar and Wood smoke particles are generally assumed to be covered by
acidic than that of silica gel, indicate that the acidity of the a liquid organic lay€r>3into which water as well as ozone can
substrate does not significantly promote the reactivity of surface be dissolved rather than just being adsorbed at the surface.
BaP molecules toward gaseous or adsorbed ozone. Not only Thus, the potential influence of liquid organic or aqueous
the values reported by Alebic-Juretic et&f?but also the rate layers on atmospheric particles has to be kept in mind when
coefficient reported by Cope and Kalkw&rfor the reaction using the kinetic parameters presented in this work for extrapo-
of Oz with BaP on glass substrates (0.002 at 160 ppb Q) lations to the atmosphere. BaP molecules contained in the bulk
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of liquid or solid particulate matter will be less exposed to ozone matrices should be investigated in future systematic studies of
than actual surface molecules, as already discussed above. Othe degradation of particle-bound PAH in the atmosphere.

the other hand, the lifetime of BaP molecules in the atmosphere
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