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Abstract

Reactions of ambient particles collected from four sites within the Los Angeles, CA air basin and

Beijing, China with a mixture of N2O5, NO2, and NO3 radicals were studied in an environmental

chamber at ambient pressure and temperature. Exposures in the chamber system resulted in the

degradation of particle-bound PAHs and formation of molecular weight (mw) 247 nitropyrenes

(NPYs) and nitrofluoranthenes (NFLs), mw 273 nitrotriphenylenes (NTPs),

nitrobenz[a]anthracenes (NBaAs), and nitrochrysene (NCHR), and mw 297 nitrobenzo[a]pyrene

(NBaP). The distinct isomer distributions resulting from exposure of filter-adsorbed deuterated

fluoranthene to N2O5/NO3/NO2 and that collected from the chamber gas-phase suggest that

formation of NFLs in ambient particles did not occur by NO3 radical-initiated reaction, but from

reaction of N2O5, presumably subsequent to its surface adsorption. Accordingly, isomers known to

result from gas-phase radical-initiated reactions of parent PAHs, such as 2-NFL and 2- and 4-

NPY, were not enhanced from the exposure of ambient particulate matter to N2O5/NO3/NO2. The

reactivity of ambient particles toward nitration by N2O5/NO3/NO2, defined by relative 1-NPY

formation, varied significantly, with the relative amounts of freshly emitted particles versus aged

particles (particles that had undergone atmospheric chemical processing) affecting the reactivity of

particle-bound PAHs toward heterogeneous nitration. Analyses of unexposed ambient samples
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suggested that, in nighttime samples where NO3 radical-initiated chemistry had occurred,

heterogeneous formation of 1-NPY on ambient particles may have contributed to the ambient 1-

NPY concentrations at downwind receptor sites. These results, together with observations that 2-

NFL is consistently the dominant particle-bound nitro-PAH measured in ambient atmospheres,

suggest that for PAHs that exist in both the gas- and particle-phase, the heterogeneous formation

of particle-bound nitro-PAHs is a minor formation route compared to gas-phase formation.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) and their nitrated derivatives (nitro-PAHs) are

mutagenic in bacterial and mammalian assays and are classified as probable human

carcinogens.1-4 Their presence in ambient atmospheres has been shown to contribute to the

mutagenicity of ambient gas-phase and particulate matter (PM).5,6 Consequently, a wide-

range of studies have investigated the sources and atmospheric chemical transformations of

both PAHs (ref.7 and references therein) and nitro-PAHs.8 PAHs are ubiquitous air

pollutants resulting from incomplete combustion processes, while sources of ambient nitro-

PAHs include atmospheric reactions of their parent PAHs as well as primary emissions.7

PAHs found, at least partially, in the gas-phase (those containing 2-4 rings) can react via

gas-phase radical-initiated reactions in the presence of NO2 to form nitro-PAHs, and both

the OH and NO3 radical-initiated reactions of gas-phase fluoranthene (FL) have been shown

to produce 2-nitrofluoranthene (2-NFL)9, generally the most abundant nitro-PAH in ambient

atmospheres (refs.10,11 and references therein). PAHs have been measured in ambient PM

worldwide12 and have been shown to undergo long-range transport from source regions

(e.g., Asia to the western USA13-15) with the possibility of heterogeneous reactions

occurring during transport. Accordingly, there has been renewed interest in the potential for

heterogeneous formation of nitro-PAH.16-20 However, these previous studies did not use

NFL and nitropyrene (NPY) product isomer-distributions to aid in assessing the mechanism

and importance of heterogeneous nitro-PAH formation in ambient atmospheres.

Because FL is a nonalternant hydrocarbon, it has been proposed that the radical-initiated

product, 2-NFL, can be utilized as a mechanistic probe for distinguishing between radical

and electrophilic nitration.11,21,22 Specific isomer distributions of the molecular weight

(mw) 247 NFLs and NPYs have previously been used to distinguish between the

contributions of direct emissions vs gas-phase atmospheric reactions to ambient

concentrations of nitro-PAHs (refs.10,11,23 and references therein). For example, the

dominant NPY and NFL isomers observed in diesel exhaust are 1-NPY and 3-NFL, similar

to the isomers formed from electrophilic nitration of PY and FL, respectively,24,25 while the

isomers observed from the atmospheric gas-phase radical-initiated reactions of FL and PY

include 2-NFL (from both gas-phase OH and NO3 radical reactions) and 2-NPY (only from

OH radical reactions under ambient NO2 concentrations).9,11
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Previous studies of heterogeneous nitration of PAHs with N2O5/NO3/NO2 have used PAHs

adsorbed on Teflon (or Teflon impregnated) filters and disks, particles composed of diesel

and wood soot, and coated azelaic acid particles.16,18,19,26,27 To the authors’ knowledge,

only one other study has examined the formation of the nitro-PAHs from these reactions on

ambient particulate matter.20 The present study investigates the heterogeneous formation of

nitro-PAHs in ambient PM collected in Beijing, China, and at sites located within the Los

Angeles air basin. Ambient particulate samples, along with filters coated with FL-d10 , PY-

d10 and the less volatile deuterated triphenylene (TP-d12), chrysene (CHR-d12),

benz[a]anthracene (BaA-d12), and benzo[a]pyrene (BaP-d12) were exposed to a mix of

N2O5/NO3/NO2 with a focus on the formation of nitro-PAH. Isomer distributions of

deuterated NFLs and NPYs formed in these chamber reactions provide insights into reaction

pathways and their importance in ambient atmospheres.

Experimental Methods

Ambient Filter Sample Collection

Los Angeles Basin—Ambient filter samples were collected during a photochemical

pollution episode in Los Angeles, Azusa, Riverside, and Banning, CA on August 22-23,

1997 as part of the SCOS97-NARSTO Intensive Sampling Periods campaign28 (see Figure

S1 in Supporting Information (SI)). Samples were collected at an average flow rate of ~0.6

m3 min-1 over the time periods 0600-1200, 1200-1800, and 1800-0600 hr at Los Angeles

and Azusa, and 0600-1800 and 1800-0600 hr at Riverside and Banning. The filter samples

were archived in a sub-zero freezer and data on gas-phase PAH and semi-volatile nitro-PAH

were also collected and reported.28 More information on sampling and analysis is presented

in the SI. Data for NOx and O3 were obtained from the California Air Resources Board

historical air quality archives.29

Riverside 2012—Ambient PM was collected using Hi-vol samplers in Riverside during

four consecutive daytime (May 11-14, 0600-1800 hr) and nighttime (May 10-13, 1800-0600

hr) periods in 2012 as described in the SI. Co-pollutant data for this sampling period were

obtained from the California Air Resources Board current Air Quality Data Query Tool.29

Beijing—Particles were collected at Peking University in Beijing, China from May 2009 to

February 2010 and from April 20-22, 2011 using a three-stage High Volume Cascade

Impactor (Series 230, Tisch Environmental, Cleves, OH) equipped with quartz filters (no.

1851-865, Tisch Environmental, Cleves, OH; 8 in × 10 in) during 24-hour collection

intervals at a flow rate of ~1.0 m3 min-1.30 Samples were stored frozen until shipment to the

United States and then stored at -20 °C until this study. A summary of all ambient samples

collected and used in chamber studies is given in Table S1.

Environmental Chamber Exposures

Ambient Particulate Matter and PAH-dx Coated Filters—Experiments were

performed at ~296 K and ~735 Torr of dry purified air in a ~7 m3 collapsible Teflon

chamber equipped with a Teflon-coated fan. The ambient filters were divided into equal

portions to provide an unexposed control for each exposed filter portion, thus allowing the
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initial particle-bound PAH and nitro-PAH concentrations to be compared with those

following exposure to N2O5/NO3/NO2 in the chamber (Figure S2). NO3 radicals were

generated in the dark from the thermal decomposition of N2O5 in the presence of NO2.

Initial concentrations of N2O5 and NO2 were 0.42 - 0.48 ppmv and ~1 ppmv, respectively (1

ppmv = 2.4 ×1013 molecule cm-3 at 296 K and 735 Torr total pressure). The chamber was

continually flushed at 100 L min-1 to avoid build-up of NO2, resulting in an average

residence time of ~70 min for gaseous species in the chamber. N2O5 and NO2 were

introduced hourly into the chamber at the above concentrations a total of 8 times during each

experiment (Table S2 gives details of individual experiments, including experiments in

which PAH-dx coated filters were co-exposed with the ambient filters).

For

(1)

(2)

(I)

at 298 K with k1 and k2 being rate constants for reactions 1 and 2, respectively, and

concentrations in molecule cm-3.31 Based on Equation I and the decay of reactants as a

result of wall loss and flush out, the NO3 exposure in this chamber system was estimated to

be equivalent to ~45 pptv (1 × 109 molecule cm-3) for seven 12-hr nighttime periods,

simulating a maximum ambient NO3 concentration exposure of ambient particles during a

possible week-long transport event. Calculations for this approximation as well as a

discussion of ambient NO3 formation are shown in the SI.

Deuterated PAH-Coated Filter Exposures—Mixtures of PY-d10, FL-d10, and TP-d12

in methanol (50 μg each) were deposited onto clean Teflon-impregnated glass fiber (TIGF)

filters (Pallflex T60A20, 8 in × 10 in), which were then dried in a clean atmosphere for ~30

min. In addition, separate filters coated with solutions containing 50 μg of BaA-d12, CHR-

d12, or BaP-d12 were exposed in two experiments. NO3 radicals were generated as described

above, with initial concentrations of N2O5 and NO2: 0.21-0.48 ppmv and 0.5-1.0 ppmv,

respectively. The number of additions of N2O5 and NO2 varied among individual

experiments, with a maximum number of 8 additions during a single experiment (Table S2).

After exposure, filters were removed from the chamber and stored at -20° C until analysis.

Several filters, coated and dried as described above, were stored unreacted at -20 °C until

analysis for determination of loss of deuterated PAHs during the deposition and drying

processes. A polyurethane foam (PUF) plug was inserted into the chamber outflow vent for

several experiments to monitor any gas-phase deuterated PAHs and nitro-PAHs in the

chamber.
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Analysis

Filter and PUF samples were extracted in dichloromethane and analyzed by gas-

chromatography mass-spectrometry (GC-MS, Agilent Technologies, 5973N MSD) with

electron impact (EI) ionization and positive (PCI) and negative chemical ionization (NCI).

Full details are given in the SI.

Statistical Analysis

The paired t-test analysis was performed for ambient samples for which there existed

replicate measurements [i.e., Beijing 1, Beijing 2, Beijing 3 (n=3), and R97MS (n=9)]. This

test made it possible to distinguish between differences in PAH and nitro-PAHs caused by

exposure to N2O5 and those resulting from variability within experiments and GC-MS

measurements. Cluster analysis of 2-NFL/BeP ratios and reactivity values was performed

using Ward’s minimum-variance clustering method. Since the two variables were measured

on different scales and do not have equal variance, procedure ACECLUS in the SAS

statistical program was first used to transform and standardize the data.

Chemicals

The chemicals used are listed in the SI.

Results

Deuterated Nitro-PAH Formation

Clean TIGF filters coated with deuterated PAHs and exposed to N2O5/NO3/NO2 were

analyzed for the formation of deuterated nitro- and dinitro-PAH derivatives. These reactions

confirmed earlier studies in which specific isomers were observed as filter-adsorbed nitro-

products11,26,32,33 and gas-phase NO3 radical-initiated nitro-products (2-NFL from the gas-

phase NO3 radical-initiated reaction of volatilized FL and, with a significantly lower yield,

4-NPY from PY9,11,33). It was also demonstrated that under the conditions used here for the

ambient PM exposures, nearly complete reaction would be expected for fully available

PAHs (see Figure S3) and reactions of filter-bound PY-d10 and FL-d10 with N2O5/NO2/NO3

formed deuterated nitro-PAH with a relative isomer distribution of 1-NPY-d9 >3-NFL-d9

~8-NFL-d9 ~7-NFL-d9 >1-NFL-d9 (Figure 1, top and Figure S4).11,33 This isomer

distribution may be contrasted with the dominance of 2-NFL-d9 in the gas-phase sample

collected on the PUF plug, which is attributed to desorbed FL-d10 undergoing gas-phase

reaction with NO3 (Figure 1, bottom). The very minor amount of 2-NFL-d9 observed on the

filters (Figure 1, top) likely resulted from desorption of the parent FL-d10 from the filter

surfaces, followed by gas-phase NO3 radical-initiated reaction to form 2-NFL-d9, with

subsequent deposition onto the filter. This process is consistent with the presence of 2-NFL-

d9 and FL-d10, as well as 4-NPY-d9 and PY-d10, on the PUF plugs inserted into the chamber

outflow air. The 4-NPY-d9 on the PUF is attributed to gas-phase reaction of PY-d10 with

NO3.9,11 Because the gas-phase reaction of NO3 radicals with PY has not been shown to

form 1-NPY,9,11 the small amount of 1-NPY-d9 relative to 2-NFL-d9 on the outflow PUF

plugs (Figure 1, bottom) may have been formed by heterogeneous reaction of PY-d10 with

N2O5 on the surface of the PUF plug. The formation of 3-, 8-, 7- and 1-NFL-d9 on the filter
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suggests that the heterogeneous nitration of FL did not occur via reaction with the NO3

radical, which would be expected to lead to 2-NFL formation.

Other deuterated nitro-PAH products on the filters included 1- and 2-NTP-d11, 7- and 12-

NBaA-d11, 6-NCHR-d11, and 6-NBaP-d11, formed from the heterogeneous reactions of TP-

d12, BaA-d12, CHR-d12, and BaP-d12, respectively (Figures S4 and S5). These nitro-PAH

isomer distributions agree with previous studies that examined reactions of surface-bound

PAHs with N2O5.11,26 For a more complete discussion of the various exposure conditions

and formation of dinitro-FLs and PYs see the SI and Figure S6.

Ambient PM Results

Ambient Particulate PAH Concentrations—The concentrations of selected particulate

PAHs from ambient samples collected in Beijing, China, at four sites in southern California

in August 1997 during the Southern California Ozone study (SCOS97), and in Riverside,

CA (October 1997 and May 2012) are given in Table S3. Note that reporting only the

particulate concentrations of FL and PY, as collected on filters, is an underestimation of

their total atmospheric concentrations because FL and PY are predominantly present in the

gas-phase.34 PAHs are primary emissions resulting from incomplete combustion processes

and Beijing is clearly highly impacted by direct emissions.35 In the SCOS97 study,

emissions were highest in heavily traffic-impacted Los Angeles and significantly decreased

for the simultaneously sampled downwind sites of Riverside and Banning.

Ambient Particulate Nitro-PAH Concentrations—Initial ambient concentrations of

particle-bound molecular weight (mw) 247 and 273 nitro-PAHs were measured at all sites

and are reported in Table S4. While the 2-NFL/1-NPY ratios varied, 2-NFL was consistently

the mw 247 nitro-PAH isomer observed in greatest abundance. Other isomers, such as 2-

NPY, 4-NPY, 3-NFL and 8-NFL were identified and measured in most, but not all, samples.

The mw 273 nitro-PAHs were present in lower concentrations relative to 2-NFL, and 7-

NBaA was the most consistently measured mw 273 nitro-PAH in each sample (Table S4).

Other isomers observed included 12-NBaA, 1- and 2-NTP, with 6-NCHR being less

frequently detected. 6-NBaP was detected only in the particulate matter collected in Beijing,

China, and in one Azusa morning sample.

Ambient PM Exposed to N2O5/NO3/NO2

After exposure to 8 additions of N2O5/NO2/NO3 over 8 hr in the environmental chamber,

the ambient PM samples were examined for degradation of particle-bound PAHs and

formation/losses of particle-bound nitro-PAHs. Exposures of most ambient PM samples

were accompanied by the exposure of a FL-d10, PY-d10, and TP-d12 coated filter to verify

consistency in nitrating agent concentrations, as shown by similar losses of deuterated PAHs

and formation of deuterated nitro-PAHs (Figures S3 and S4, respectively).

PAH Degradation—The relative degradation of a given particle-bound PAH upon

exposure to N2O5/NO3/NO2 is defined as: [(Δ[PAH]/[PAH]0) ×100] with Δ[PAH] the

concentration difference between the unreacted and reacted filter samples and [PAH]0 the

unreacted concentration of the specified PAH. Calculated degradations of these PAHs are
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given in Table S5. Degradation was observed for all reported particle-bound PAHs in

Beijing PM, although the relative degradation of these PAHs differed among the three

ambient Beijing samples. Results of paired t-test analyses of unreacted and reacted PAH

concentrations (Table S5) show that statistical significance of PAH degradation was sample-

dependent, with only pyrene (PY) concentrations changing significantly (p-value <0.05) for

all three Beijing samples. Variable PAH degradation was also observed for PM collected

during SCOS97 and in Riverside in 2012, with no loss detected for several PAHs in these

samples. Therefore, considering the large losses of deuterated PAHs in these exposures

(Figure S3), it is clear that some fraction of the PAHs present in ambient particles collected

on filters was unavailable for reaction with N2O5/NO3/NO2.

Degradation of benzo[a]pyrene (BaP) was measured in all but one of the exposed PM

samples, while no loss of benzo[e]pyrene (BeP) was observed for several samples (Table

S5). BeP has previously been shown in laboratory studies to be a relatively unreactive PAH,

while BaP is considered reactive.36,37 Our data are consistent with these findings as shown

in Table S6, where the BaP/BeP ratios of the unexposed PM were higher than the

corresponding ratio for the exposed PM for 78% of the samples. Therefore, when comparing

relative extents of atmospheric processing in samples from various sites and times, we have

chosen to ratio the PAHs and their atmospheric reaction products to the initial (i.e.,

unexposed) BeP concentration as a way of normalizing the ambient samples for the strength

of direct emissions and meteorological differences such as inversion heights.

Nitro-PAH Formation and Loss—For the majority of exposed samples, 1-NPY was

formed in the greatest amounts (Table S7). Other isomers formed consistently, but in lower

amounts, included 3-NFL, 8-NFL, 6-NCHR, 7-NBaA, 1-NTP and 2-NTP (Figure 2 and

Figure S7). Results of paired t-test analyses of unreacted and reacted nitro-PAH

concentrations (Table S7) showed statistically significant (p<0.05) formation of 1-NPY, 7-

NBaA, 6-NCHR, 2-NTP, and 6-NBaP in all three Beijing samples and, interestingly, the 6-

NBaP formation in these samples exceeded that of 1-NPY. Thus the nitro-isomers formed in

the exposed ambient PM were the same isomers observed from the exposed PAH-dx. In

contrast, the amounts of 2-NFL and 4-NPY, nitro-PAHs formed from gas-phase reaction of

FL and PY with NO3 radicals, respectively, were not enhanced by exposure and generally

decreased somewhat (see Table S7). The changes for 2-NFL and 2-NPY in the Beijing

samples and the R97 MS sample were shown to be statistically insignificant. In contrast to

the deuterated PAH study, dinitro-PYs or dinitro-FLs were not formed in any of the exposed

ambient PM samples.

Reactivity Toward Nitro-PAH Formation and 2-NFL/BeP Ratios—Because 1-NPY

was consistently formed when ambient PM was exposed to N2O5/NO2/NO3, 1-NPY was

used as a representative nitro-PAH to describe the differing relative formation of nitro-PAHs

among the various PM samples. The “reactivity” of ambient particles in this study, with

respect to nitration by N2O5, is expressed as:

(II)
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where Δ[1-NPY] is the change (exposed filter – corresponding unexposed filter) in 1-NPY

and [PY]0 is the original amount of PY measured on each unexposed filter (a measure of the

amount of PY potentially available for nitration in our chamber system). The calculated

reactivity values varied among the PM samples, with relatively high calculated values for

the averaged 24-hour samples collected in Beijing and much lower values for the daytime

samples collected in the SCOS97 study and Riverside 2012 (Figure 3; Table S8). The

reactivity values for the 12-hr nighttime SCOS97 samples are higher in the source regions of

Los Angeles and Azusa relative to the Riverside and Banning receptor regions (Figure 3).

Aged air masses contain primary and secondary particles which have experienced

heterogeneous reactions with gas-phase oxidants at the surface of the particle and/or have

accumulated the products of gas-phase reactions of volatile organic compounds (VOCs)

with OH radicals, O3, and in some cases, NO3 radicals.38 Recent studies have shown that

particle ageing may change the phase-state of ambient PM, affecting the diffusion of gas-

phase nitrating species into particle bulk, as well as the accessibility of reactants to surface

reactions.39-42 Thus primary particles containing PAHs and nitro-PAHs may be modified by

particle aging, which may inhibit the availability of particle-bound PAHs for further

nitration.

The presence of 2-NFL in ambient PM has been attributed to atmospheric gas-phase

reactions of FL with both OH and NO3 radicals.9,11 In contrast, BeP is a direct emission and

is expected to be relatively stable with respect to atmospheric chemical degradation.36,37

Thus, ambient 2-NFL/BeP ratios can be used to assess the relative contribution of

atmospheric chemical aging or primary emissions to ambient PM, with higher 2-NFL/BeP

ratios indicating greater atmospheric processing. Figure 3 shows a plot of the reactivity

toward nitration for each PM sample based on the result of the chamber experiments

(Equation II), together with the initial 2-NFL/BeP ratio of each unexposed PM sample. In

general, PM samples with high reactivity, (such as those from Beijing) had low 2-NFL/BeP

ratios, suggesting that air masses that had undergone little atmospheric processing had

greater reactivity with respect to nitro-PAH formation via reaction of particle-bound PAHs

with N2O5/NO2/NO3. For daytime samples, 2-NFL/BeP ratios were relatively low, with all

of the 17 daytime California samples having reactivities <20% of the maximum (Figure 3,

Table S8), consistent with ubiquitous chemical processing by OH radical reaction under

sunlit conditions. In contrast, the Beijing 24-hr samples (where nighttime PM was sampled

on top of daytime PM) and the California nighttime samples have widely varying 2-

NFL/BeP ratios and reactivity values. These ratios may fluctuate due to differing nighttime

contributions from primary emissions (greater BeP in Beijing, Los Angeles, and Azusa) and

early-evening processing by NO3 chemistry (efficiently producing 2-NFL in Riverside and

Banning). Cluster analysis of the reactivity and 2-NFL/BeP data show that 4 clusters

account for 90.7% of the variation within samples. These clusters are shown in Figure 4, and

can be described as Cluster 1: mainly daytime samples (15/16 points in cluster) from both

source (Los Angeles and Azusa) and receptor (Riverside and Banning) regions indicating

aging by daytime OH and O3 chemistry, and hence lower reactivity in the chamber system;

Cluster 2: consisting of five nighttime and two daytime samples, all from the downwind

receptor sites of Riverside and Banning with the highest 2-NFL/BeP ratios, suggesting

particles sampled from an aged air mass; and Clusters 3 and 4: consisting of one Riverside
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2012 nighttime sample (discussed below), a SCOS97 Los Angeles nighttime sample, and the

24-hour Beijing samples characterized by high reactivity and low 2-NFL/BeP ratios,

indicating a greater relative contribution from direct emissions and greater availability of

PAHs for nitration.

The reactivities for the majority of the Riverside 2012 PM samples were similar to those of

the Riverside samples collected in 1997. This suggests that archival storage of the SCOS97

filter samples did not significantly affect the nitration of ambient particle-bound PAHs.

However, the reactivity of the first sample taken on May 10, 2012 from 1800-0600 in

Riverside was high compared to those from the downwind receptor samples (Figure 3 and

Table S8). The low 2-NFL/BeP ratio in this sample suggests fresh emissions during this

sampling period, consistent with the relatively high NO and CO concentrations (markers of

primary emissions) measured the day prior to commencing sampling (Figure S8). Thus, the

differences in the nitration reactivity of ambient PM in our chamber system (Figures 2 and

3) can be explained by the degree of processing that a particle has undergone prior to

collection and suggest that extrapolating from laboratory studies on pure PAH or adsorbents

coated with PAH must be done very cautiously.

SCOS97- Ambient Case Study with Downwind NO3/N2O5 Chemistry

Archived PM filters collected during a southern California photochemical pollution episode

that occurred on August 22-23, 1997 (Intensive #3 of the SCOS97 field campaign) were

included in this study. Together with simultaneous measurements of volatile PAHs, semi-

volatile nitro-PAHs and co-pollutants that have previously been reported,28,29 this forms a

unique data set to examine the effects of downwind transport and atmospheric aging of

ambient particles on the reactivity of their particle-bound PAH toward nitration.

Additionally, because gas-phase NO3 radical chemistry was demonstrated to have occurred

during this campaign,28 heterogeneous chemistry by NO3/N2O5 should also have occurred

and its effects on 1-NPY concentrations under actual ambient conditions can be examined.

The sampling locations in Los Angeles (source site), Azusa (source and mid-basin receptor

site), Riverside and Banning (downwind late-basin receptor sites) are shown on Figure S1

and the O3, NO2 and NO data for Aug. 22-23 at these sites are given in Figure S9. Higher

and more sustained O3 levels were observed at the down-wind sites compared to Los

Angeles. Unlike the Los Angeles site where O3 was rapidly titrated by fresh vehicular NO

emissions after sunset, O3 and NO2 are clearly present after sunset at Riverside and

Banning, allowing for NO3 radical formation.

The major PAH sources during this episode were vehicle emissions and, reflecting this,

profiles of gas-phase naphthalene (measured immediately after collection28) and particle-

associated benzo[ghi]perylene (B[ghi]P) and BeP (both measured from archived filters) look

very similar to one another (Figure S10) and are consistent with the NO profiles (Figure S9)

resulting from vehicle emissions. Thus, the highest PAH concentrations were in Los

Angeles and Azusa and, because of lower emissions and dilution during downwind

transport, lowest in Banning. Traffic was present throughout the day at the Los Angeles site

and decreased PAH concentrations for the 1200-1800 hr samples largely reflect an increase

in the inversion height.
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Because certain nitro-PAH isomers are the products of both OH radical-initiated

(dominantly daytime) and NO3 radical-initiated (early-evening and nighttime) gas-phase

reactions of the parent PAH, their spatial and temporal trends reflect the radical chemistry

that has occurred. However, particle lifetimes are sufficiently long that “carry-over” from

night to day, or vice versa, may influence time-concentration profiles. The semi-volatile 3-

nitrobiphenyl (3-NBPh) and particle-associated 2-NPY are only formed from gas-phase OH

chemistry7 and their highest concentrations occurred in the daytime samples. When

normalized as a ratio to BeP (Figure S11), the highest 3-NBPh/BeP ratios were the Azusa

and Los Angeles 1200-1800 hr samples and a Riverside daytime (0600-1800 hr) sample. All

eight of the daytime Los Angeles and Azusa samples (and 7 out of 9 of the Riverside and

Banning daytime samples) fall into Cluster #1, namely, PM with low reactivity toward

nitration and relatively low 2-NFL/BeP ratios. Therefore, daytime OH radical reactions, e.g.,

OH + VOCs followed by product adsorption onto PM, may decrease the availability of the

PAH in PM toward nitration. The 2-NFL/BeP ratios of these samples were generally <1

(Figure 3), likely reflecting the lower yield of 2-NFL from the OH reaction vs the NO3

reaction of FL9.

The nighttime PAH concentrations at Los Angeles were similar to the daytime (0600-1200

hr) concentrations (Figure S10), but NO emissions from vehicle traffic removed any ground-

level O3 present at sunset, and, therefore, NO3 could not form (Figure S9). Thus, neither OH

nor NO3 radical reactions (nor reactions with O3) occurred and this lack of atmospheric

reactions, combined with continued vehicle emissions during the Los Angeles nighttime

sampling period, resulted in it having the lowest 2-NFL/BeP ratio and the highest reactivity

(Figure 5) of any SCOS97 sample (note that this sample clusters with 2 of the Beijing

samples).

The high 2-NFL/BeP ratios during SCOS97 Riverside and Banning nighttime samples

(Figure 5, note these samples fall into Cluster #2 in Figure 4) are attributed to a significant

contribution from NO3 radical chemistry to 2-NFL formation, consistent with the semi-

volatile methylnitronaphthalene (MNN) and dimethylnitronaphthalene (DMNN)

concentrations previously reported.28 Based on laboratory studies of relative OH vs NO3

formation profiles, certain nitro-PAH ratios have been identified as “markers” whose

increase signifies a contribution from NO3 chemistry to ambient nitro-PAH

formation.9,11,43-45 For example, 2-NFL is formed from both OH and NO3 radical species

and, therefore, may be formed both during the daytime and evening, while 2-NPY is only

formed from the OH radical reaction.7,9,11 Therefore the 2-NFL/2-NPY ratio will be high

(typically >10) in atmospheres where significant NO3 formation of 2-NFL has occurred (see

Riverside and Banning samples in Figure S12).10,11 Similarly, laboratory studies reporting

different relative yields of MNNs and DMNNs from OH and NO3 chemistry have shown

that increasing ratios of 2-methyl-4-nitronaphthalene/1-methyl-5-nitronaphthalene (2-M-4-

NN/1-M-5-NN), and 2,7-dimethyl-4-nitronaphthalene/1,7-dimethyl-5-nitronaphthalene (2,7-

DM-4-NN/1,7-DM-5-NN) are indicative of gas-phase NO3 chemistry.9,11,43-45 Figure S12

shows these three nitro-PAH ratios for the SCOS97 samples, along with the calculated

reactivity observed toward nitration in the environmental chamber. All three marker ratios

show significant increases in the Riverside and Banning samples demonstrating NO3

radical-initiated nitro-PAH formation. Because NO3 and NO2 are in thermal equilibrium
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with N2O5 (Equation I), atmospheres in which NO3 chemistry had occurred would also

contain gas-phase N2O5. In our chamber exposures, heterogeneous reaction of PY-d10

produced 1-NPY-d9 and, hence, the SCOS97 study provides the opportunity to examine 1-

NPY formation at downwind ambient sites.

1-NPY is generally the most abundant nitro-PAH in diesel emissions24,46 and is not formed

from the OH or NO3 radical-initiated reactions of gas-phase PY.9,11 Consistent with 1-NPY

resulting from direct emissions, the 1-NPY/BeP ratios were similar for all daytime samples

and for the evening samples at Los Angeles and Azusa (Figure 5). However, 1-NPY/BeP

ratios in the Riverside and Banning nighttime samples were higher relative to the

corresponding samples from Los Angeles and Azusa. Increases in the 1-NPY/BeP ratio were

observed for 27 of 28 PM samples upon exposure to N2O5 in our chamber system (Table

S9) and, as noted, the presence of NO3 radical chemistry is demonstrated in both the

Riverside and Banning nighttime samples from ambient 2-NFL/2-NPY ratios (Figure S12).

We propose that (assuming negligible differences in the degradation rates of particulate

phase 1-NPY and BeP) the elevated 1-NPY/BeP ratios in the Riverside and Azusa nighttime

samples, although modest, may have been due to reactions of ambient particle-bound PY

with N2O5 to form 1-NPY. However under these ambient conditions, gas-phase reaction of

FL with NO3 producing 2-NFL clearly dominates over heterogeneous formation of 1-NPY

(note the scale of the y-axes for 2-NFL/BeP vs 1-NPY/BeP in Figure 5) and this is

consistent with the dominance of 2-NFL in ambient PM (ref.10,11 and references therein).

Mechanistic Implications

The kinetic dependence of the NO3 radical-initiated reaction of gas-phase naphthalene on

NO2 was initially misinterpreted as a gas-phase reaction with N2O5.47 It has now been well

established that this reaction involves addition of NO3 to form an NO3-naphthalene adduct

which, in competition with back decomposition to reactants, adds NO2 and presumably loses

HNO3 to form nitronaphthalenes.9,43,48 This experimental understanding is in agreement

with the theoretical work of Ghigo et al.,49 who concluded that the gas-phase reaction of

naphthalene is with the NO3 radical and not with N2O5 or NO2 alone. A similar mechanism

for the gas-phase reaction of NO3 with FL would have the NO3 adding at the position of

highest electron density (the 3-position), followed by addition of NO2 in the ortho position

and loss of HNO3 to give 2-NFL. This is consistent with the formation of 2-NFL in high

yield from the room temperature, solution-phase reaction of FL with N2O5 in the aprotic

solvent, CCl4, while at subambient temperatures or in polar solvents, N2O5 is ionized [NO2
+

NO3
-] and 3-, 8-, 7- and 1-NFL are then the nitration products.32 A similar radical-initiated

reaction producing 2-NFL has also been demonstrated for N2O4 in CCl4.21,22 Therefore, we

assume that the heterogeneous reactions observed in ambient PM exposed to

N2O5/NO3/NO2 which lead to 3-, 8-, 7- and 1-NFL are not radical-initiated, but rather

nitration occurring after adsorption of N2O5. Similarly, since gas-phase reaction of PY with

NO3 does not form 1-NPY (4-NPY is formed in very low yield9,11), the heterogeneous

reaction of PY exposed to N2O5/NO3/NO2 to give 1-NPY is also unlikely to be NO3 radical-

initiated.
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Recently NO3 and N2O5 uptake coefficients on PAH surfaces including FL and PY were

reported, and while the reactive uptake of NO3 was very fast, that of N2O5 was slow.17 A

mechanism was suggested based on gas-phase chemistry of PAHs with NO3, but specific

nitro-isomer products were not measured. As noted, the surface-bound deuterated PAH and

the PM exposures to N2O5/NO3/NO2 reported here did not result in nitro-FL or nitro-PY

radical-initiated products, suggesting that the heterogeneous nitration mechanism must be

different from the gas-phase mechanism (see SI for further discussion).

In the present study, the [N2O5]/[NO3] ratios in the chamber experiments exceeded the

corresponding ratios in ambient atmospheres due to the high NO2 concentrations employed.

Furthermore, the concentrations of NO2 (~1 ppmv) and N2O5 (~0.5 ppmv) are factors of

≥100 higher than observed in ambient atmospheres.50-53 Thus, while the ambient PM was

exposed to a NO3 concentration reasonably appropriate for a week-long transport event, the

NO2 and N2O5 concentrations far exceed those expected in ambient for the same time

period. Hence, our chamber exposures had high potential for heterogeneous N2O5 reactions,

and it is also possible that the high concentrations of N2O5 and NO2 used could have

blocked NO3 radicals from being accommodated on the surfaces and reacting. However, as

noted above, the SCOS97 data are consistent with gas-phase NO3 radical formation of 2-

ring nitro-PAHs and 2-NFL and very minor heterogeneous formation of 1-NPY.

Since NO3 is a secondary pollutant (formed from reaction of O3 with NO2) and our results

suggest that the PAH in PM quickly become deactivated (or unavailable) toward nitration,

heterogeneous formation of nitro-PAH by N2O5/NO3 is not likely to be important, in

comparison with gas-phase nitro-PAH formation. Additional uptake and product studies,

especially for FL, are needed to resolve the mechanism of heterogeneous nitro-PAH

formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of the isomer distribution of mw 256 deuterated nitro-PAHs extracted from the

filter (top) and from the PUF plug placed in the chamber outflow (bottom). The filter ion

chromatogram (top) comes from deuterated PAHs exposed in MTC 2419 (see Table S2) and

the PUF plug ion chromatogram is from a combination of PUF plug extracts from

experiments MTC 2419-2422 (Table S2). Note that due to sensitivity differences, the filter-

bound nitro-PAH-d9 were analyzed with EI ionization and those from the PUF plug were

analyzed using NCI; thus, the two chromatograms are shown on different relative scales. A

60 m DB-17 capillary GC column was used to provide good separation of all isomers.

Zimmermann et al. Page 16

Environ Sci Technol. Author manuscript; available in PMC 2014 September 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Effects of exposing ambient particulate matter collected in Beijing 2009 (top left), Los

Angeles 1997 night (top right), Riverside 1997 night (bottom left), and Riverside 2012 night

(bottom right) to N2O5/NO3/NO2 . GC-MS/NCI ion chromatograms for mw 247 NFLs and

NPYs for the unexposed and exposed PM for each site are shown on the same scale relative

to one another.
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Figure 3.
Comparison of calculated reactivity toward nitration in chamber exposures (Reactivity =

(Δ[1-NPY]/[PY]0) × 100) and ambient 2-NFL/BeP ratios for samples from: Beijing,

collected 2009- 2011 with 24-hr sampling periods (Beijing 24-hr; ), Los Angeles,

Azusa, Riverside, and Banning during the SCOS97 intensive (SCOS97; ), Riverside

2012 (R2012; ), and Riverside 1997 using a Mega-Sampler (R97MS; ). Error bars

represent the standard deviation of the mean for replicate filter exposures. See Table S8 for

data and Table S1 for ambient sampling details.
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Figure 4.
Cluster analysis of the relationship between 2-NFL/BeP ratios and calculated reactivity

toward nitration for 28 PM samples. The first four clusters (shown here as different

symbols) account for 90.7% of the variation.
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Figure 5.
Ratios of 2-NFL/BeP (top), 1-NPY/BeP (middle), and reactivity of ambient samples toward

nitration (bottom) from the SCOS97 field study. Daytime samples = ; nighttime

samples = . LA = Los Angeles; Az = Azusa; Riv = Riverside; Ban = Banning.
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