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We investigated the reactive uptake of H®,0s, NO,, HNOs, and Q on three types of solid polycyclic
aromatic hydrocarbons (PAHSs) using a coated wall flow tube reactor coupled to a chemical ionization mass
spectrometer. The PAH surfaces studied were the 4-ring systems pyrene, benz[a]anthracene, and fluoranthene.
Reaction of NQradicals with all three PAHs was observed to be very fast with the reactive uptake coefficient,
y, ranging from 0.059-0.11/-0.049) for benz[a]anthracene at 273 K to 0.49D(21/-0.67) for pyrene at

room temperature. In contrast to the N@actions, reactions of the different PAHs with the other gas-phase
species (BOs, NO,, HNOs, and Q) were at or below the detection limiy (< 6.6 x 107%) in all cases,
illustrating that these reactions are at best slow. Fog W@ also investigated the time dependence of the
reactive uptake to determine if the surface-bound PAH molecules were active participants in the reaction
(i.e., reactants). Reaction of N©n all three PAH surfaces slowed down at 263 K after long; &posure

times, suggesting that the PAH molecules were reactants. Additionally,ad® HNQ were identified as

major gas-phase products. Our results show that under certain atmospheric conditipnadid@s can be

a more important sink for PAHs than NCHNO;, N,Os, or O; and impact tropospheric lifetimes of surface-
bound PAHSs.

Introduction an important loss process of PAHs in the atmosphere and a

; : . source of even more toxic and mutagenic PAH derivativds.

Polycyclic aromatic hydrocarbons (PAHs) are observed in A
yey y ( ) Up to now most scientific work on PAHs has focused on

environmental samples worldwide. Their occurrence in the h h hemist ith onlv a limited ‘
atmosphere constitutes a health risk to the population due to9as-phase homogeneous chemistry, with only a imited amoun
of work reported on heterogeneous reactions. However, the

their allergenic, mutagenic, and carcinogenic properties. Sources™ . . ;
of PAHs are incomplete combustion processes such as dieselavz’“l"’lble data on heterogengous chem_lstry suggests that, in
and gasoline engines and biomass or coal burh@gncentra- general, heterogeneous reactions can differ dramatically from

tions of individual particle-phase PAHs in atmospheric samples E'ortnogeneous reactl?_n ratbest, mechamzms, acr;d rp])ro’c&?ng q
are usually in the range of a few ng#for urban areas around the tferlcl)gepeous rer;c lons 'de V\{(eehn COT) ense llo a(sflbﬁ s an
the world but can reach as high as 900 ng®rduring heavy € foflowing gas-phase oxidants have been expiored. '

17 5,16,17,19-22 15,23-28 29 30,31 30,32
traffic conditions or biomass burning episode%Understanding NONQ, Os, HNOs > N2O5, ™ and NQ.

the lifetime and fate of PAHs in the atmosphere is important In a number of these studie:?‘ reactive uptake coefficients, a
for health risk assessments parameter often used to describe a heterogeneous process, were

PAHSs have a wide range of vapor pressures (e.g., the vapornOt determi_ned. The_r_eactive_ uptake coefficier)ié defined .
pressure of the two-ring PAH naphthalene is .80°2 Torr, as the fraction of collisions with a surface that leads to reactive
and that of coronene (seven aromatic rings) is %.5.0 12 Ios_s. Studies 'ghat focus on determinipdor the atmospheric
Torr).! As a result, PAHs are found both in the gas-phase (two- oxidants mentioned above on a range of PAH surfaces would
and three-ring PAHs) as well as on and in atmospheric be beneficial. Heterogeneous reactions betweegaid PAHS
particulate matter (PAHs with five and more aromatic rings). and NOs and PAHS are two reactions that are especially in
PAHs with three or four rings are semivolatile and observed need of further study. For example, the reactive uptake coef-

both in the gas phase and adsorbed to particles. Additionally, gutent .Of c'j\lzo-r’ d?ﬂ PAH t_surfac;ei has f?_o_t bteef:m%rsew?usly
aromatic compounds can also contribute to surface coatings onbe ermine ’t'ant de' reac |vetuz aKe goe 'tlrcllen N ¢ 0? )I/DAH
urban surfaces where aromatics accountfd0% of the organic een nvestigated in one study and with one type o

carbon mass of “urban grime” on buildings, windows, &te. molecule at room te.mperatu:l‘é.. .
The fact that significant portions or the entirety of a PAH of To add to the relatively short list of studies on heterogeneous

higher molecular weight is found in the condensed phase Showsreactions between gas-phase oxidants and surface-bound PAHS,

the necessity to investigate not only gas-phase reactions of pPAHVE investigated the reactive uptake coefficient ofdNRLOs,

molecules but also reactions between atmospheric oxidants and\loz' HNG;, and G on three types of solid PAH surfaces using

PAHs adsorbed on or in aerosol particles and urban surfaces? coated wall flow tube reactor. The PAH surfaces that we

Reactions between gas-phase oxidants and surface-bound PAH
(which is often referred to as heterogeneous chemistry) may be

tudied were pyrene (PYR), benz[a]anthracene (BEN), and
uoranthene (FLU) surfaces, which are four-ring systems with
vapor pressures between 92107% and 2.1x 1077 Torr at

* To whom correspondence should be addressed. E-mail: bertram@ 298 K (see Table 1). These PAHs are typically distributed
chem.ubc.ca. between gas and particle phase more or less equally in the
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TABLE 1: Polycyclic Aromatic Hydrocarbons Studied,
Their Molecular Structures, Molecular Weights, Melting
Points, Vapor Pressures, and Typical Tropospheric
Concentrations

PAH molecular molecular melting  vapor atmospheric
structure weight ~ point  pressure at concentration
[gmol']  [°C] 298K [ng m?]
[torr]
Fluoranthene Q
Q‘Q 202.3 111 92x 10° 2.8-124
Pyrene ‘O
O‘ 202.3 156  45x 10° 0.54-38
Benz[a]anthracene ‘
2283 160 2.1x 107 0.25-5.59

atmosphere (depending on ambient conditidriBhis work is
a continuation of our previous study, where we investigated the
reactive uptake coefficient of NQon solid pyrené? Under-

standing heterogeneous reactions on solid PAH surfaces is &' I~
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the gas-phase reactant was introduced. The main carrier gas was
introduced through a port at the upstream end of the flow reactor.
The inside wall of a Pyrex tube (1.75 cm inside diameter and
11-15 cm in length) was coated with the PAH film and then
inserted into the flow tube reactor. These coatings provided the
surfaces for the heterogeneous studies. Total pressure in the flow
reactor was 1.54.1 Torr. The flow was laminar in all
experiments based on the Reynolds number. Reagent gases for
chemical ionization were SF (for detecting NOs, NOz, NOy,

HNOs, O3, and HONO), T (for detecting N@), and Q" (for
detecting NO). Reagent ions were obtained by passing trace
amounts of SEin Np, CHzl in N2, or O, in He through &%Po
source to obtain S, I, or O,", respectively. Concentrations

of the gas-phase oxidants used in our studies were-@8

x 102 molecule cm?® for N,Os, (0.3—-3.7) x 10 molecule

cm~3 for NOs, (2.0-9.6) x 10" molecule cm? for Oz, (0.17—

4.9) x 10" molecule cm? for HNOs;, and (4.4-6.4) x 104
molecule cm? for NO,. These concentrations were calculated
using the corresponding rate constants of these species with SF

. Uncertainties in these calculated concentrations, based

. . . inti i 35
first step toward understanding heterogeneous reactions of PAHON uncertainties in the rate constants, are-30%:

adsorbed on or in aerosol particles.

Three different types of experiments were carried out. The

Experiments consisted of measuring the reactive uptake first set of experiments involved measuring the reactive uptake
coefficient of the gas-phase oxidants on “fresh” (i.e., unreacted) coefficients of N@, NO,, N2Os, Os, and HNQ on “fresh” PAH

PAH surfaces by monitoring the decay of the gas-phase

surfaces at 273 K and room temperature. We refer to the reactive

reactants. Our studies are complimentary to many of the previousuptake coefficient on “fresh” (or unreacted) surfaces as the initial

studies of PAH heterogeneous chemistry since in our experi-

reactive uptake coefficientf), and we refer to these experi-

ments we monitor the loss of the gas-phase reactant whereagnents asneasurements of the initial reagti uptake coefficients

most of the previous studies monitored the loss of the PAH
material. Since we studied the loss of a range of different

The initial reactive uptake coefficienfg were determined from
the irreversible removal of the gas-phase species as a function

atmospheric oxidants on the same PAH surfaces, a directof injector position (and therefore reaction time). The slope of
comparison between the oxidants was possible. From oura plot of the natural logarithm of the gas CIMS signal versus
measurements we show that for all the gas-phase oxidantsthe injector position was used to obtain the observed first-order

studied, except for Ng) the reactive uptake coefficient is small
(6.6 x 1075).
For the NQ heterogeneous reaction, we also investigated NO

loss rate kops This loss rate was corrected for concentration
gradients close to the flow-tube wiland then used to calculate
yo using a standard procedi#®&This procedure assumes that

uptake as a function of time to determine if this reaction was the surface area available for reaction is equal to the geometric
catalytic (i.e., a reaction takes place at the surface but the surfacesurface area of the Pyrex tubes. Below we show that this is a
is not an active participant) or if the reaction rate decreased reasonable approximation. When measusiggthe total expo-

with time due to oxidation of the surface-bound PAH molecules. sure time of the surface to the gas-phase reactants was kept
This information is needed for extrapolating laboratory results short and the concentrations of gas-phase reactants were kept

to the atmosphere. The time dependence of theg Ddjilake on

PAH surfaces has not been investigated in previous studies.
Additionally, for the NQ reaction, we carried out preliminary

gas-phase product studies for the reaction ogM@h pyrene

small (see above for specific values) to minimize oxidation of
the surface during measurementsygf

The second set of experiments involved investigating the time
dependence of the NQOreactive uptake to determine if this

at room temperature to aid in the understanding of the reactionreaction was catalytic or if the reaction rate decreased with

mechanism.

exposure time due to oxidation of the surface. We refer to these

Below, the results from these studies are presented and th%xperiments agrocessing studiesFor these measurements

importance of the different gas-phase oxidants for removing

initially the tip of the injector was positioned at the front of the

PAHSs by heterogeneous chemistry is discussed. One of the mairflow cell so the surface was not exposed to \@dicals, and

conclusions is that N@under certain conditions should be more

then a flow of NQ was established. Next, the injector was

important than all the other gas-phase oxidants studied for withdrawn quickly 5 cm so that the PAH surface was exposed

transforming PAHs heterogeneously. Another important conclu-
sion is that the BOs heterogeneous reaction is not likely
important for removing PAHs under many atmospheric condi-
tions.

Experimental Section

Experimental Setup and Procedure.The apparatus used
in this work was similar to that previously used in our laboratory
to study heterogeneous loss proces3e¥. It consisted of a
coated-wall flow tube reactor coupled to a chemical ionization

to NOs. The signal of NQwas then monitored for an extended
period of time (60 min) to determine if the surface was
deactivated or processed from prolonged exposure tg. NO
contrast to experiments determinipg these experiments were
conducted in the presence of (0.95-2.1) x 10 molecule
cm~3) to better mimic atmospheric conditions.

The third set of experiments involved measurements of gas-
phase products for the reaction betweensd@d pyrene at 297
+ 1 K. We refer to these experiments gas-phase product
studies For these studies, release of NGINO3;, HONO, and

mass spectrometer (CIMS). The flow tube was constructed of NO to the gas phase during a 60 min N@ptake experiment

borosilicate glass and included a movable injector through which

on pyrene was monitored with CIMS. The general procedure
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was identical to the second set of experiments, but instead of ; .- Thon
monitoring the N@ signal, NQ, HNO;, HONO, and NO CIMS E | " -
signal intensities were monitored during 60 min of NO

exposure.

Chemicals.Pyrene (purity 95%), benz[a]anthracene (99%),
and fluoranthene (99%) were purchased from Sigma-Aldrich
and used without further purification. NO(99.5%) was
purchased from Matheson;;N99.999%), @ (99.993%), and
He (99.999%) were purchased from Praxair. Gas-phase nitric
acid was produced by flowing He over an aqgueous solution
containing nitric acid and sulfuric acid at197 K. This solution
was prepared by combining an aqueous solution of nitric acid
(69 wt %, Fisher Scientific) and sulfuric acid (96 wt %, Fisher
Scientific) in a 3:1 ratio by volum&’ Ozone was generated by
passing @ through an ultraviolet light source. ;Ns was 500 um
generated by reacting NQvith an excess amount of;0n a
flow system as described by Schott efahnd Knopf et al.
(Knopf, Cosman et alJ. Phys. Chem. R007, 111, 1102+
11032.) The solid BOs crystals were stored at 197 K. NO
radicals were obtained by thermal conversion of gaseo@s N
to NO; and NQ at 430 K in a Teflon-coated glass ovés*

Preparation and Characterization of PAH Films. Solid
PAH films were prepared by first distributing solid PAH powder
on the inner wall of glass cylinders with an inner diameter of
1.75 cm (for experiments in the flow reactor) or on planar glass
slides (for film characterization using scanning electron mi-
croscopy (SEM) and profilometry). The glass cylinders or slides
were then heated to a temperature just above the melting point
of the corresponding PAH material (see Table 1). Rotation of
the cylinder ensured even distribution of the molten PAH. The
PAHSs rapidly crystallized upon cooling, resulting in a relatively
smooth film, as discussed below. To test whether the reactive
uptake coefficient depended on the method of film preparation,
we also prepared some pyrene films by dissolving pyrene in
xylene; then this solution was applied to the inside walls of the
glass cylinder, and the solvent was allowed to evaporate, leaving
behind a coating of pyrene.

To characterize the PAH surfaces, we recorded images of
PAH films using SEM, and we measured the roughness using
profilometry. The SEM and profilometry measurements were
performed using glass slides rather than Pyrex tubes. However,
the slides were prepared using the same techniques that werc(]::.

. . . igure 1. Scanning electron microscope images of solid PAH surfaces
used to prepare the glass cylinders. SEM pictures were obtaineq benz[a]anthracene; B, fluoranthene: C, pyrene).
using a Hitachi S-3000N scanning electron microscope, and = Y T
profilometer scans were taken with a Tencor alpha-step 200

profilometer a typical measurement with NOThis plot shows that N©

interacted strongly with the PAH surface and also that loss of
the NG; signal was irreversible.

A typical plot for the natural logarithm of the normalized

Surface Properties of PAH Films.As mentioned above, to  NOs signal versus injector position for PYR is shown in Figure
assess the surface properties of the PAH films, SEM and 3. The slope of this plot was then used to calculajelisted
profilometer measurements were conducted. The electronin Tables 2 and 3 are the values for NQ on PYR, FLU, and
microscope images (see Figure 1) confirmed that the PAH films BEN obtained at 273 K and room temperature. The reported
were relatively smooth, nonporous, and completely covered the uncertainties include uncertainties in the diffusion coefficient
glass substrate. The profilometer measurements indicated thapf NOs in helium of 7.2%3° Our previous paper showed that
the surface area of these films deviated from the surface areathe reactive uptake coefficient of N@n pyrene at 293 K is
of the glass substrate by a maximum of 2%, indicating the films large. The data in Tables 2 and 3 show that the reactive uptake
were smooth. Therefore, when calculatingwe assumed the  coefficient of NQ on two other PAHSs is also large and that
surface area available for heterogeneous reactions was equal téthe temperature dependence of the uptake coefficient over the
the geometric surface area of the Pyrex tubes as discussed abovéange of 273-298 K is small.

Measurements of the Initial Reactive Uptake Coefficients Note, the PAHSs investigated in our study have a very low
for NO3. As mentioned above, the reactive uptake coefficients vapor pressure and the homogeneous reaction of PAHs with
on “fresh” surfaces were determined from the irreversible NOjs in the gas phase is slow. Hence, the gas-phase reaction
removal of the gas-phase species as a function of injector between N@ and PAHs did not influence our heterogeneous
position. Shown in Figure 2 is an example of the raw data from studies. Specifically, the gas-phase reaction will contribute less

Results and Discussion
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12 — — to Moise and Rudich? The enhancement factor is defined as
injector position [cm] follows
0 T1T2T3T4T 5T 6 T 0
"0 _ _surface reaction probability_ y (1)
Té, 0.8 gas-phase reaction probability kga&phasélo_lo
(7]
%m 064 The gas-phase reaction rate for N&yas-phase depends on N©
° concentration$#° Using a NQ concentration of 10 ppb,
Z Kgas-phasefor NOz with PYR and FLU is 4x 1071¢ and 1 x
© 047 10716 cm?® molecule! st at room temperature, respectivé{f
Using these values and our measured reactive uptake coefficients
0.24 from Table 3 in eq 1, we obtaiR values for room temperature
of 2 x 10° and 9x 10* for PYR and FLU, respectively. This
0.0 ——— ; — suggests that the surface reaction is enhanced by approximately
0 2 4 6 8 10 5 orders of magnitude. Enhancement of reactions on surfaces
time [min] compared to their analogous gas-phase reactions has also been

Figure 2. NO; signal as a function of time for a typical uptake Observed previously. For{with aliphatic unsaturated surfaces
experiment of N@ on fluoranthene at 273 K. Each step down enhancement factors ranging from 10 to 1000 were obsétdéd.

corresponds to an increase of the reactive surface (i.e., the injector isalso, for O@P) with aliphatic saturated surfaces, Br with

pulled back in 1 cm increments). At the end, the signal recovers as thealiphatic saturated surfaces, and N6n aliphatic surfaces

injector is pushed back to its original position (“0” position, no ;

expo_sgre). Scal_e within t_he graph corresponds to t_he positions of theenhan(igmlt}aﬂr;tpfactpbrls of aI’OlO:.’ andf t]hoo were ltobser\lled,

NO; injector during the different steps of the experiment. respectively:” Fossible explanations or these results are longer
residence times of the gas-phase species at a surface compared

' ' ' ' ' ' to a homogeneous encounter in the gas phase, a lowering of
001 —A—A—A—A—A4A—A— the activation energy barrier of the reaction, or a new reaction
] channel on the surface that is inaccessible in the gas phidgé??
-0.54 7 Research is needed to better understand these drastic enhance-
1 ment factors.
’g? 109 = NOj 7 As mentioned in the Introduction, in many previous hetero-
2 ] 4 N-O geneous st_udies with PAHs the reactive uptake coeffi_cient was
= 2757 not determined. Rather, the time to react away a fraction of the
surface-bound PAH molecules was determined. To compare our
-2.04 7 results with these previous measurements, we converted both
] our measurements and the previous measurements (wivas
-2.54 7 not determined) into an atmospheric lifetime with respect to
1 heterogeneous chemistryym This lifetime is defined as the
-3.0 S S A S A A time in which 63% of the molecules react and can be thought

of as the processing time of a surface-bound PAH molecule.
To convert our measurements into an atmospheric lifetime we
Figure 3. Plot of the natural logarithm of the CIMS signals vs the jsed the following equatidh

injector position for NQand NOs during typical experiments on pyrene

solid surfaces at 273 K. AN,

injector position [cm]

. Tatmz d t (2)
than 1% to the total loss of N&On our experiments, based on YoCadoXidantl,,
saturated vapor pressures of the PAH material and the rate

coefficients for the gas-phase NGPAH homogeneous reac- where Ny is the surface concentration of PAH molecules
tions? (molecule cm?), cayg is the mean thermal velocity (cnm,

. . and [oxidant}im is the typical concentration of the gas-phase
We glso carrl_ed out some tests to determine if the method of oxidants in the atmosphere. To translate our measpeéato
preparing the films or the presence of D the flow reactor

! ; - L TamWe used a surface density ofxd 10 reactive sites cIT?,
influenced the reactive uptake coefficients. Within the uncer- | 1i-h is consistent with numbers in the literatétahe values

tainty of our measurements, the reactive uptake coefficient of fo; [oxidantlm used in these calculations are listed in Tables 2
NOs on pyrene did not depend on the presence gfirOthe and 3. To convert the previous laboratory studies, where the

flow reactor at room temperature. Also, within the uncertainty gecay of surface-bound PAH molecules was monitoredzigto
of our measurements, the reactive uptake coefficient measuredye used the following equation

at 273 K for NG was the same on pyrene surfaces prepared by

melting pyrene crystals and on pyrene surfaces prepared by [oxidant],,

dissolving pyrene crystals in xylene and then coating the Pyrex Tatm = r'ab—[oxidant]a 3)
tubes with the resulting solution. In short, the reactive uptake tm

coefficients appeared to be independent of the method of \hereq is the average lifetime of surface-bound PAH species
preparing the films and also the presence ofi®the flow determined in the laboratory. In cases whefg was not
reactor. mentioned we estimated this value based on the reported
To compare the rate of the reaction betweens/@d pyrene  experimental data. [oxidamn] is the concentration of the gas-
on a surface with the same reaction in the gas phase, wephase oxidant used in the laboratory experiments. This equation
calculated an enhancement factor for the surface reaction, similarassumes the lifetime of surface-bound PAH species is linear
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TABLE 2: Results of the Uptake Experiments at 273 K

reactive uptake coefficient 7o [oxidantl/molecule cm?® Tam®
[oxidanth? BEN FLU PYR PYR PYR
+0.11 +0.48 ;+0.62

NO3 50 ppt 0.059 0 0.52 0% 0.380 5 >4.8x 10° <28s
N20Os 10 000 ppt <2.1x10°® <8.7x10° <49x 10° <12x 10° >4h
NO, 100 000 ppt <1.0x 10°® <45x 1077 <5.7x 1077 <1.4x 10° >2.2h
HNO; 10 000 ppt <2.4x10° (8.6+£23)x 10°® <27x10° <6.8x 10° >32 min
Os 100 000 ppt <1.6x 1076 <5.7x 1077 <9.7x 1077 <2.4x 10° >1.3h

a Uptake coefficients of bDs, NO,, HNOs, and Q are reported as upper limits. Uptake coefficients ofsN@® PAHs reported with upper limit
of 1 indicate that these experiments were diffusion limiteBypical atmospheric concentration; converted into total molecules ton calculations
in last two columng. ¢ Atmospheric lifetime of pyrene at an oxidant concentration equal to the concentration given in column [oxidant].

TABLE 3: Results of the Uptake Experiments at 293-297 K&

reactive uptake coefficienty yo [oxidanthm/molecule cm® Tatn®
[oxidantln? BEN FLU PYR PYR PYR
+0.53 +0.28 +0.21
NO; 50 ppt 0.137 0> 0.087" w2 079" 0 >9.9x 10° <13s
N2Os 10 000 ppt <57x 106 <85x 106 <4.1x 106 <1.0x 1Cf >4.6h
NO, 100 000 ppt n.d. n.d. <1.0x 10°® <25x 10° >1.2h
HNO; 10 000 ppt n.d. n.d. <6.6x 10°° <1.7 x 10° >13 min
O3 100 000 ppt n.d. n.d. <7.6x 107 <1.9x 10° >1.6h

aSee Table 2 for explanations. n=dnot determined® Typical atmospheric concentration; converted into total molecules éon calculations
in last two columng. ¢ Atmospheric lifetime of pyrene at an oxidant concentration equal to the concentration given in column [oxidant].

with the concentration of the gas-phase oxidant over the PAH surfaces were determined in the same way as ifftake
extrapolation range. coefficients. Shown in Figure 3 is an example of data obtained
More than 20 years ago in a pioneering study, Pitts &2 al. for N2Os loss on pyrene. For this case the change in th@sN
investigated the reaction of NQwith pyrene and perylene  signal was less than the scatter in the data. In fact, for all PAH
adsorbed on glass fiber filters in an environmental chamber. In surfaces investigated and for both temperatures (273 K and room
these experiments, the amount of PAH material used resultedtemperature), the change in theQ4 signal was less than the
in less than a monolayer coverage on the filters. The authorsuncertainty in the measurements. From the data we estimated
monitored the decay of the PAH material rather than the loss an upper limit ofyo, and these values are listed in Tables 2 and
of NOs, and an NQ@ concentration of approximately 2,6 10! 3. These upper limits are based on the 95% confidence interval
molecule cm® was used. Under these conditions, the authors of our experimental results. As shown, the reactive uptake
concluded that neither adsorbed pyrene nor perylene reacted taoefficients are small and drastically less than the reactive uptake
any observable extent with the N@adical over a time period  coefficients of NQ on the same surfaces.

of 50 min. On the basis of these values and eq 3, we calculate 1,4 previous studies investigated the reactions gdd\bn
an atmospheric lifetimerarm of >167 h at 50 ppt N@ In PAH surfaces; however, reactive uptake coefficients were not
contrast, from our experimental results and eq 2 we estimate o,q e d031Our study is the first to report the reactive uptake

an atmospherlc lifetime of 13 s. A possible reason for the coefficients of NOs on PAH surfaces. We can nevertheless
apparent discrepancy between our results and the results

d by Pi | be the diff - . Icompare our results with theirs using atmospheric lifetimes as
E(r)erij?t?(t)is Kspr (;tsgtjsrsn:g ineotufprle\/ei;iréc;?ulgliiggﬁe;trggenta discussed above. Our results and eq 2 lead to an atmospheric
experimen'ts by Pitts et al. were carried out in the presence Oflifetime of 24.6 h at room temperature, and the results from

. : Pitts et al. and Kamens et al. and eq 3 lead to atmospheric
large concentrations of #Ds (3.8 x 10" molecule cm?®). These lifeti :

X X . ifetimes of 100 h (Pitts et af§ and 222 h (Kamens et aF).
large concentrations may have interfered with the surface These calculations show that our results do not contradict the
reaction between NQand pyrene by blocking reaction sites. .

Additionally, it is known that different underlying substrates previous measurements.
for PAHSs result in different reaction rates fog®2324.262nd Measurements of the Initial Reactive Uptake Coefficients
NO,2L This might also be true for NOPitts et af° used PAHs for O 3. Uptake coefficientyo were obtained for @in the same
on filter substrates, while solid PAH surfaces were used in this way as for NQ and NOs. Similar to N.Os, the decrease in the
study. CIMS signal was less than the scatter in thedata. From the
The recent aerosol studies by Schauer ¢ atay also be ~ Measurements we calculated an upper limiyobased on the
related to our N@studies. These authors studied the decay of 95% confidence interval of our experimental results (see Tables
benzo[a]pyrene (BaP) on spark discharge soot particles expose@_“)-
to ozone. Upon addition of N£they saw an enhanced loss of In Table 4 we compare our results with results obtained in
BaP, whereas the Nalone did not result in loss of BaP. As  previous studies. In cases where reactive uptake coefficients
indicated by the authors, the enhanced loss was attributed towere not measured, we determingg, from the experimental
formation of reactive intermediates such asaNi@ other words, data and eq 3 and included these values for comparison. Note
the measurements by Schauer et al. are consistent with athat our results were obtained by monitoring the loss of the
significant reaction between NOand surface-bound BaP, gas-phase reactant, while the previous measurements were
although reaction rates were not quantified. obtained by monitoring the decay of PAH molecules. Differ-
Measurements of the Initial Reactive Uptake Coefficients ences may be due to different substrates (see above) and
for N,Os. The reactive uptake coefficients forL,®s on fresh different PAHs used. However, as can be seen in columns for
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TABLE 4: Summary of Measurements of O; Uptake on PAH Surface$

ref surface temp. Yo Tatm

this study solid PYR 273K <9.7x 1077 >1.3h
solid FLU <5.7x 1077
solid BEN <1.6x 10°°

this study solid PYR 293297 K <7.6x 1077 >1.6h

Poschl et af® BaP on sodt 298 K ~2x10°to2x 10°°

Kwamena et at* BaP on solid organic aero$ol 298 K ~2x10%to5x 1077

Mmereki et alt>25 anthracene at airwater interface =~ 298 K ~3x107t02x 1078

Van Vaeck and Van Cauwenberghe BEN room temperature 11h

Pitts et ak’ PYR room temperature ~4-5h
FLU ~6—-9h
BEN ~4—>9h
BaP on filters ~4—9h

Alebic-Juretic et af® PYR room temperature ~1.4h
FLU ~17h
BEN ~0.7h
on silica gel

aFor calculations of lifetimeszfm), Os concentrations of 100 ppb were used for all studies for comparison purpodes.reactive uptake
coefficient depended on relative humidity and €@ncentrationst The reactive uptake coefficient depended ancOncentration and whether or
not the air-water interface was coated with an organic monolayer.

yo and the atmospheric lifetime calculated with 100 ppy O 1.04
our data are broadly consistent with the previous measurements.
Measurements of the Initial Reactive Uptake Coefficients 1ot T2l TalsTelo
for NO,. Our measured reactive uptake coefficiepg$or NO,
were <1.0 x 1076 for all three PAHs at 273 K and at room
temperature (see Tables 2 and 3) (based on the 95% confidence
interval of our experimental results). The only other study that
has investigated the reactive uptake coefficient obNOPAH
surfaces was the work by Arens etl@These authors studied
the uptake on a solid layer of anthrarobin adsorbed onto a glass
substrate. They obtained values of 7x 1077—2 x 10°° at
different NG concentrations and relative humidities, which is
in general consistent with our numbers. Esteve éf-Hlalso ]
studied NQ heterogeneous reactions on 13 different PAHs -—
adsorbed on graphite or diesel particles. Their experimental 0 2 4 6 8 10 12 14
results and eq 3 leads to calculated atmospheric lifetimgs time [min]
of PAHs ranging from 1.1 to 5.6 h, which is in the same range Figure 4. HNO; signal as a function of time for a typical uptake
as the lifetimes calculated for PYR in this study1(.2 h). experiment of HN@on fluoranthene at 273 K. Within the first 10 min
Measurements of the Initial Reactive Uptake Coefficients  the injector is pulled back in 1 cm increments, 6 cm total. At the end
for HNO 3. The upper limit reported for HNgis slightly higher (at approximately 10 min), the signal increases compared to its original

. intensity as the injector is pushed back to its original position (“0”, no
than those of bOs, NO,, and Q (see Tables 2 and 3). This is exposure) and finally decreases to the original intensity. Scale within

due to the fact that in some cases we observed a small uptakgne graph corresponds to the positions of the injector during the different
of HNOjz, which was at least partially reversible. Shown in  steps of the experiment.

Figure 4 is an example of the CIMS raw data obtained in a
typical HNGO; experiment. Shown is the HNGsignal as the studied the reactions of 25 PAHs with HN{ mixed aqueous
injector is pulled back in equal 1 cm increments and then pushedand organic solutions and observed PAH half-lives ranging from
forward to its original position. When the injector was returned minutes to years. Vione et #lstudied heterogeneous reactions
to the starting position, the HNOsignal was larger than  between HNQ@ and naphthalene in agueous solution. They
originally at the beginning of the experiment, indicating concluded that nitration with HNin the liquid phase is
desorption of HNQ@ from the PAH surface. This indicates that unlikely to occur in most environments. Similarly, in experi-
at least part of the loss of HN@vas due to physical adsorption ments by Pitts et & HNO; did not react significantly with
on the PAH surface. Since at least part of the loss of the FINO PYR or perylene. These results are in agreement with our current
signal was due to physical adsorption rather than reaction, themeasurements. The half-life reported in Kamens ét fair BaP
reactive uptake coefficients for HNOdetermined in our on wood soot with HN@ converts to an atmospheric lifetime
experiments (based on the 95% confidence interval of our of 161 days at typical tropospheric HN@oncentrations of 10
experimental results) should be considered as upper limits.ppb. Our lower limits for the atmospheric lifetime do not
Physisorption probably occurred to some extent for all the contradict the previous measurements (see Tables 2 and 3).
oxidants used in this study, but only HY®&howed physisorp- Processing Studies of N@ (i.e., Uptake of NO; as a
tion at a detectable amount in our experiments, most likely due Function of Exposure). For these measurements, initially the
to the polarity of the molecule. Strong physisorption of HNO tip of the injector is pushed to the front of the flow cell so the
has also been observed on s#at* surface is not exposed to NONext, the injector is withdrawn
To the best of our knowledge, no other group has measuredquickly 5 cm, exposing 27.5 chof PAH film to NOsz. The
the reactive uptake coefficient of HNGon PAH surfaces. NOjs signal was then monitored for 60 min to determine if the
However, experiments studying the reactivity of HN®ith surface is deactivated or processed from exposure to the gas-
PAHs have been performed by various researchers. Nfélsen phase reactant. Nxoncentrations used in these experiments

injector position [cm]

1.02 H

1.00 1

relative HNO3 signal

0.98 +
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Figure 5. Relative changes of the N@ignal during exposure of PAH surfaces (27.5cto NO; for 60 min. NG, exposure corresponds to the
product of NQ concentration and exposure time: (A and B) pyrene, (C and D) fluoranthene, and (E and F) benz[a]anthracene. Left-hand side (A,
C, E): 263+ 2 K. Right-hand side (B, D, F): 29% 3 K. The shaded region in A corresponds to the area integrated to determine the number of
NO;s radicals lost during the whole exposure experiment.

were (1.3-3.4) x 10" molecule cm?3. All exposure studies  tion and exposure time (i.e., [Nf) was plotted on the axis
were carried out in the presence of (0:351) x 106 molecule rather than just exposure time, since processing is expected to
cm~3 of O,. Experiments were carried out at both 2873 and be proportional to both concentration and exposure time.
263 £+ 2 K. The lower temperature was chosen to minimize  Shown in Figure 5 are results carried out at 263 K (panels
volatilization of PAHs and the products of the h@nd PAH A, C, and E) and 29% 3 K (panels B, D, and F). At 263 K,
reaction. A temperature of 263 K was used rather than 273 K the NGO; signal decreased drastically when the injector was
in order to reduce the volatilization as much as possible. This pulled back, indicating a fast initial uptake. However, the signal
prohibited replenishment of “fresh” PAH surfaces and enabled slowly approached the initial value (relative sigrall) over
studying the “aging” of the PAH films. the period of 60 min, indicating that the reaction slowed down
Results from the processing studies are shown in Figure 5.and the surface was being processed or deactivated. This
In this figure NG was normalized to the initial signal intensity  suggests that the surface-bound PAH molecules were active
before exposure to PAH and the product of thesNOncentra- participants in the reaction (i.e., reactants). Observations of the
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change in color of the PAH surface with long exposures tag NO A . T T T T T T

are also consistent with the conclusion that surface-bound PAH 5.4x10" 1 T

molecules were being oxidized. The surfaces changed from 1

yellow/beige to red/brown during N3exposure. o 5.2x10"" E
From the plots shown in Figure 5 we can determine the total %

number of NQ radicals lost to the surface at 263 K during the E 5.0x10" .

60 min exposure by integrating the loss of the ]\@nal over 2

the entire exposure time using plots A, C, and E. The plot area g 4.8x10" - 4

of the depleted signal relative to the initial signal intensity (an £

example is shown for plot A as a gray shaded area) as wellas  © ¢ ;o] |

experimental gas flows, concentrations in the flow cell, and the

geometric surface area of the PAH films allowed us to calculate 4.4x10" i

the total NQ uptake per unit area of PAH. The total number of ’

NO; radicals lost to the PAH surfaces during the 60 min 0 10 20 30 40 5 60 70
exposures were & 106 2 x 106, and 9x 10 NOsz radicals
cm~2 on PYR, FLU, and BEN, respectively. The fact that the
number of NQ radicals lost per cfis greater than the total
number of surface PAH molecules per<is possibly because
some of the condensed phase products of the heterogeneous
reactions evaporated during the 60 min experiments, exposing
a new (i.e., unreacted) PAH surface. Alternatively, some of the
NO; radicals may diffuse into the bulk and react with subsurface
PAH molecules. In other words, the bulk reaction may also
contribute to our overall net loss of gas-phase radicals at
extended exposure times. It is also possible that more than one
NOs radical reacted with one surface PAH molecule. 1
Also from the plots in Figure 5 we can estimate the reactive 3.6x10" .
uptake coefficient at the end of the exposure studies. First, the :
kobs at the end of the exposure studies was calculated using the 3.4x10"" 4
relative NG signal just before the end of the 60 min exposure —
and a reaction length of 5 cm (i.e., the signal change during the 0 10 20 30 40 50 60 70
movement of the injector from 5 cm exposure back to its “0” time [min]
position). Then the reactive uptake coefficient was calculated Figure 6. Changes in concentrations of HN@\) and NG, (B) during
from kops as described in the Experimental Section. At the end exposure of pyrene surfaces (27.5% 1m0 NO; for 60 min at 297+ 1

time [min]

B T T T T T T

4.4x10" H -
4.2x10"" 4 E
4.0x10"" -

3.8x10"" E

concentration of NO,

of the 60 min exposure periods at 263 o0z on PYR, FLU, K. NOs concentrations exposed to the surfaces were approximately 2.5
and BEN decreased to § 1073, 1 x 1073, and 6 x 1074, x 10 molecules cm®.
respectively.

Figure 5B, D, F). This trend can also be explained using a
similar argument to the one presented above. BEN has the lowest
vapor pressure of the three PAHs investigated, and as a result
one would expect the condensed phase products of this reaction
to have a lower vapor pressure than the condensed phase
products for the other two PAHSs. If the products of the BEN
reaction have a lower vapor pressure and remain on the surface,
one would expect the NQOsignal to recover faster in these

In the processing studies, the trend observed at 297 K was
drastically different than the trend observed at 263 K. Thg NO
signal did not recover for the experiments with PYR and FLU
even up to NQ@ exposures of 0.04 atm s/1000 (equivalent to
approximately 65 ppt N©for 1 week). For the full 60 min
experiment the N@signal remained constant within experi-
mental uncertainty. For the BEN surface at room temperature,
there was partial recovery of the N®ignal but much less than experiments, which is the trend observed.

at 263 K. ) ) Gas-Phase Product Studies for Reaction of N©Owith

At 297 K during the 60 min exposure, the amount of NO  pyrene. As mentioned above, we also carried out preliminary
radicals lost per cfito the surface was & 10°, 5 x 10, and gas-phase product studies for the N@yrene reaction at 297
3 x 10%for PYR, FLU, and BEN, respectively. Again, thisis 1 1 k |n these studies we focused on HN®IO,, HONO,
greater than a monolayer of PAHs on the surface, indicating ang NO, since our CIMS and chemical ionization schemes were
that multilayers of the PAHs were reacted. One possible gengitive to these species. In short, potential gas-phase products
explanation for the continuous loss of BlOeven after a (HNOs, NO,, HONO, and NO) were monitored using CIMS,
monolayer of the PAHs (the surface layer) is reacted, is likely \ypile a pyrene surface was exposed to N Figure 6 we
because the condensed phase products of the heterogeneoygesent some of the results from these experiments. For these
reactions evaporated during the exposure studies. The d'ﬁerencemeasurements, initially the tip of the injector was pushed to
between 263 and 297 K is likely due to the higher volatility of {he front of the flow cell so the surface was not exposed to
condensed phase products at room temperature compared t0,. Next, the injector was withdrawn quickly 5 cm (at time
263 K. = approximately 2.5 min), exposing 27.5 &f PAH film to

Experiments were also performed at 273 K using PYR, and NO;. Plotted are the HN®and NQ signals observed when
an intermediate behavior between the data at 263 and 297 Kthe pyrene surface was exposed to ansMOncentration of
was observed (data not shown). approximately 2.5¢< 10** molecule cm3. Signal intensities of

At room temperature, we observed that the JN€)gnal NO, and HNQ increased when N£xadicals were exposed to
partially recovered for BEN surfaces during the processing pyrene, while signal intensities of HONO and NO (data not
studies, but the signal did not recover for PYR and FLU (see shown) remained constant within experimental uncertainties.
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Figure 7. Suggested mechanism for the surface reaction of pyrene
with NO; based on gas-phase chemistry of PAHs with;Nibte that
other isomers may be formed as well.

During the 60 min experiments, (1460.5) x 106 NO, radicals
and also (1.6+ 0.5) x 10 HNO; molecules were produced
per cn? of pyrene surface in the flow cell in the presence of
O, while (5+ 2) x 106 NOs radicals per crhof surface were
lost. Considering the mass balance of nitrogen, approximately
one-third of the total nitrogen exposed to the surface (in the
form of NOs) reacted and stayed on the surface, most likely
forming condensed phase products like nitro-pyrenes. More on
the possible reaction mechanism is included below.

Proposed Reaction Mechanism for Reaction of N@on
Pyrene.The mechanisms for N§$>-PAH surface reactions are
unknown. As a starting point, we assume that the;NBAH
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from different experiments whep, was not measured. Here
we use this value to assess the atmospheric importance of the
various heterogeneous reactions. These lifetimes are reported
in the last columns of Tables 2 and 3. On the basis of our data
the atmospheric lifetime of PYR with respect to h@etero-
geneous loss is only seconds while all other lifetimes calculated
from our data are greater than 12 min. In fact, in many cases
the lifetimes of the other species based on our data are greater
than hours. These results show that under typical atmospheric
conditions at nighttime, N@radicals (which are not present
during the day) can be a more important sink for PAHs than
NO,, HNO;s, N,Os, or O3 and may impact tropospheric lifetimes

of surface-bound PAHS.

Direct Acting Mutagenicity of Wood Smoke and JNidet-
erogeneous Chemistrin a series of smoke chamber studies,
Kamens et at! have shown that the direct acting mutagenicity
of wood smoke increased by-20-fold in the presence of O
and NQ (and also N@ and NOs since Q and NQ will lead
to these oxidants). Our results suggest that the increased
mutagenicity may have been in part due to the nitration by NO
radicals, since N@can react more efficiently with PAHs in
comparison with @ NO,, and NOs.

Summary and Conclusions

Reactive uptake coefficients were determined for the hetero-
geneous reactions of NON2Os, NO,, HNO;3, and Q on three
different solid PAH surfaces (pyrene, fluoranthene, and benz-
[aJanthracene) at 273 K and at 29397 K. This is the first
measurement of the reactive uptake coefficient gbion PAH
surfaces and only the second study to investigate the reactive
uptake coefficient of N@ on surface-bound PAH materi&.

reactions that occur in the gas phase can also occur on theReaction of NQ radicals with all three PAHs was observed to

surface, although the relative importance of the pathways may
be significantly different. Shown in Figure 7 is a suggested
mechanism based on gas-phase chemistry of PAHs with
NO3.47~50 The possible pathways are as follows: first, addition
of NO; radicals to the carbon atoms of the aromatic rings can
occur to form an N@-PAH adduct (step a), which can undergo
back-decomposition to reactants (step b) in competition with
bimolecular reactions with N©O(step c) and @ (step d). In

be very fast with the reactive uptake coefficient ranging from
0.059 (+0.11/-0.049) for benz[a]anthracene to 0.78Q.21/
0.67) for pyrene. In contrast to the N@eactions, reactions of
the different PAHs with the other gas-phase specig®{NNO,,
HNO;s, and Q) were at or below the detection limi¢ (< 6.6 x
1079 in all cases, illustrating that these reactions are slow or
do not occur. The uptake coefficients determined with,NO
HNO3, and Q showed no discrepancy with values obtained in

addition, the adduct can undergo unimolecular reactions (stepPrevious studies. The reaction of N@n all three PAH surfaces

e).
In our experiments we saw both HN@nd NQ production.

slowed down at 263 K after long NGexposure times. While
benz[a]anthracene showed a similar trend at room temperature,

This is consistent with channels ¢ and e. If these two channelsYnos did not decrease on pyrene and fluoranthene after 60 min

are in fact dominant we would also expect to see nitro-pyrenes

of NO3 exposure at 296 K. This difference is thought to be due

and hydroxyl-pyrenes as surface products. Future experimentsto the different volatility of the three different PAHs and their

focusing on the yields of these products would be beneficial.
Atmospheric Implications. Comparison of the Different
Oxidants.Here we compare the importance of the different
oxidants for heterogeneous oxidation of surface-bound PAHs
in the atmosphere.
In Tables 2 and 3 we included the productjef and the

reaction products.

Our results show that under certain atmospheric conditions,
NOs radicals may be a more important sink for PAHs thamp,NO
HNO3, N2Os, or O3 and may impact tropospheric lifetimes of
surface-bound PAHs. For example, calculations of oxidative
power (yo[oxidantly) and atmospheric lifetimes of PAHs with

average atmospheric concentrations of the gas-phase oxidantgespect to the different gas-phase oxidants showed that under

[oxidanthim yoloxidanthm is @ more relevant parameter for

certain atmospheric conditions, N@&actions should be a more

assessing the importance of the various radicals to atmospherigmportant PAH loss process than the other oxidants studied.

oxidation, compared with justy, since the number of radicals
lost to an organic surface will be proportionahtgioxidantlm.
The most important process will generally be the process with
the largestyoloxidantlym and therefore the highest oxidative
power. As can be seen from these calculations, the oxidative
power of NG is a factor of 66-1000 higher than that of all the
other oxidants studied.

Lifetime fam) Of Surface-Absorbed PAHs with Respect to
the Different OxidantsAbove we usedmto compare results

On the basis of our data, atmospheric lifetimes of surface-bound
PAH material should be on the order of only seconds to minutes
due to heterogeneous reactions with )N@dicals during the
nighttime.

Furthermore, heterogeneous reactions betweeyad@PAHs
could also lead to sampling artifacts when measuring condensed
phase PAHSs in the atmosphere with filters. During the collection
process, ambient air is drawn through the filters and the gas-
phase oxidants can transform the collected particulate matter.
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It has been shown that the reactions betwegra@ PAHSs

adsorbed on filters can lead to sampling artifacts (chemical los

and under-determination of PAHE)The heterogeneous reaction

between N@ and PAHs may also lead to sampling artifacts,

since this reaction should be competitive with thea@d PAH
heterogeneous reaction under certain conditions.

Most likely, there are no pure PAH surfaces in the atmo-
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