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This article presents a new methodology to potentially
quantify polycyclic aromatic hydrocarbon (PAH) isomers using
high-resolution time of flight aerosol mass spectrometer (HR-
AMS). The fragmentation of PAHs within the HR-AMS is such
that significant signal remains at the molecular ion. After
quantifying the molecular ion signal and taking into account
potential interferences, the amount of the parent PAH in the
aerosol may be inferred once its fragmentation pattern is also
known. The potential of this approach was evaluated using mixed
gasoline and diesel engine exhaust sampled under varying
conditions. This dataset led to the identification and
quantification within the aerosol mass spectra of the molecular
ions associated with 53 PAH isomers, including both
unsubstituted and functionalized species. An evaluation of
anticipated interferences shows that interferences from larger
molecular weight PAHs (i.e., PAH/PAH interferences) could be
constrained based on the fragmentation behavior of PAHs from
existing HR-AMS laboratory spectra. Other signal interferences
for this data set are typically less than 5% of the total signal or,

for 13C isotopic interferents, are well constrained by
measurements of the dominant isotope. The experimental data
reveal that the fractional PAH molecular ion signal remained
stable despite dramatic temporal variability of the total
particulate organic signal. The fractional contributions of the
molecular ions for grouped PAH species and even individual
compounds were remarkably consistent across experiments. The
distribution of PAHs showed no apparent dependence on engine
load or exhaust type. Full application of this approach will
require a greater number of standard HR-AMS spectra for
PAHs, so that the relationship between compounds and their
molecular ions may be understood more precisely.

1. INTRODUCTION

Emissions from diesel and gasoline vehicle engines are a

major source of urban air pollution, releasing a complex com-

bination of gaseous pollutants and particulate matter (PM) to

the atmosphere. The health implications of vehicle exhaust are

directly tied to the chemical composition and particle size of

these PM emissions (Pope et al. 2002; Adonis et al. 2003).

Vehicle emissions have been chemically characterized under

in-use conditions via chassis dynamometer tests (Wang et al.

2000; Nelson et al. 2008), diesel generators (Rajput and

Lakhani 2009), tunnel measurements (Fraser et al. 1998;

Gross et al. 2000; He et al. 2006), mobile laboratories (Cana-

garatna et al. 2004; Shah et al. 2004; Massoli et al. 2012), and

standardized lab fuel studies (Bayona et al. 1988). One class

of exhaust compounds that has been tied to adverse health
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effects is the polycyclic aromatic hydrocarbons (PAHs). Many

PAHs have proven carcinogenic and/or mutagenic properties

(Internal Agency for Research 1989; US EPA 1992; Ravindra

et al. 2008), and because of this risk they are listed among the

Hazardous Air Pollutants regulated under the 1990 amend-

ments to the United States Clean Air Act (CAAA 1990).

PAHs can be present in some fuels or oils, or may form during

the incomplete combustion of organic material; engine emis-

sions are an important source, along with biomass burning,

coal combustion, and cigarette and wood smoke (Polidori

et al. 2008; Ravindra et al. 2008). In metropolitan areas, motor

vehicles can account for as much as 90% of particle-bound

PAH mass (Harrison et al. 1996; Bostrom et al. 2002).

An underlying problem in regulating PAH emissions is that the

concentration and chemical speciation of vehicle exhaust PM

depend on several factors linked to engine operation. These

include driving conditions, driving style, ambient temperature,

humidity, pressure, vehicle age, fuel type, and lubrication oil type.

Trends in PAH levels in fuel and engine exhaust have been previ-

ously reported. Diesel fuel and exhaust contain higher PAH con-

centrations than gasoline fuel or exhaust (Mi et al. 2001; Alkurdi

et al. 2013). Beyond the effects of the fuel, prior work has also

suggested that PAH content in exhaust may be affected by engine

load (Huang et al. 2013), cold starts (Zielinska et al. 2004; Sode-

man et al. 2005), and engine oil age (Zielinska et al. 2004; Fujita

et al. 2007).

In addition to the unsubstituted PAHs (UnSubPAHs), func-

tionalized PAHs can also have significant adverse health

impacts. These functionalized PAHs are either present in the

fuel or lubrication oil, form during combustion, or arise from

the atmospheric aging of UnSubPAHs (Atkinson and Arey

1994; Sasaki et al. 1997). Of most interest are nitrogen-substi-

tuted derivatives (NPAHs), oxygenated PAHs (OPAHs), meth-

ylated PAHs (MPAHs), and amino PAHs (APAHs). NPAHs

form during the combustion cycle as a result of reactions with

either HNO3 or NOx and have been described previously

(Sienra and Rosazza 2006; Zielinska and Samy 2006; Del-

homme et al. 2007; Hattori et al. 2007). OPAHs may include

carboxylate, hydroxy, dihydroxy, aldehyde, carboxaldehyde,

ketone, and acetoxy functional groups and can be divided into

two subgroups; carboxylated PAHs that contain one or more

carbonyl oxygen(s) attached to the aromatic ring (ketones and

quinones) and hydroxylated PAHs containing one or more

hydroxyl groups. The formation, occurrence, and chemical

analysis of particle-phase OPAHs are reported by Sienra

(2006). OPAHs can be formed by incomplete combustion of

engine exhaust (Rappaport et al. 1980; Schuetzle et al. 1981;

Choudhury 1982; Ramdahl 1983; Strandell et al. 1994). While

MPAHs are often present in diesel fuel and may at times be

emitted in the exhaust (Poster et al. 2003) the oxidation of

these MPAHs can also lead to the formation of OPAHs (Ring-

uet et al. 2012). APAHs are usually the result of chemical

reduction of NPAHs under low O2 environments (Liu et al.

2007).

NPAHs, OPAHs, APAHs, and MPAHs have demonstrated

mutagenic effects and genotoxicity, pointing towards their toxico-

logical significance to human health, though they are typically

found at lower concentrations than the analogous UnSubPAHs by

1–2 orders of magnitude (Vincenti et al. 1996; Bezabeh et al.

1997; Bhatia et al. 1998; Layshock et al. 2010; Huang et al.

2013). Their lower concentrations compared to UnSubPAHs

make them more difficult to measure and quantify. They can also

be more difficult to measure with off-line methods, because they

are more easily changed or lost during extraction. For these rea-

sons, understanding the formation, transformation, and impacts of

functionalized PAHs lags behind our understanding of the

UnSubPAHs.

1.1. Approaches for Measuring Particle-Phase PAHs

Detection of particle-bound PAHs has most commonly been

accomplished through off-line analytical procedures (Polidori

et al. 2008), collecting samples on filters for later extraction and

analysis. The main advantage to off-line techniques has been their

ability to both quantify and speciate PAH compounds, discerning

even isomers having the same molecular mass. However, off-line

approaches also have amajor disadvantage in that either high sam-

ple concentrations or long averaging times are necessary to collect

adequate mass for analysis. This long-term averaging can mask

any short-term variability in concentrations. Sampling artifacts

are additional risks, such as from evaporation or chemical reac-

tions during long sample times or from the extraction processes.

An in-depth discussion of off-line aerosol characterization techni-

ques can be found in the review by Pratt and Prather (2011).

On-line PAH measurement techniques offer the advantage

of higher temporal resolution data, allowing the examination

of chemical changes in atmospheric aerosol populations on

short time or spatial scales. Several approaches for accom-

plishing this have been described previously, including

using the commercial photoelectric aerosol sensor (PAS)

(Marr et al. 2004), the aerosol time-of-flight mass spectrome-

ter (ATOFMS) (Silva and Prather 2000), and both the quadru-

pole aerosol mass spectrometer (Q-AMS) (D�zepina et al.

2007) and the newer high-resolution time-of-flight aerosol

mass spectrometer (HR-AMS) from Aerodyne Research, Inc.

(Billerica, MA) (DeCarlo et al. 2006; Canagaratna et al.

2007). Within on-line PAH measurement techniques, systems

that have the capability of identifying unique ions at the same

unit mass have advantages over systems that cannot make

these distinctions. For example, the HR-AMS separates ions

with a typical m/z resolving power of 0.01 (meaning the HR-

AMS can resolve between peaks with mass-to-charges of 0.01

apart), which enables distinguishing between, for example, the

molecular ions for methyl-fluorene C14H12
C (exact mass

180.245) and fluorenone C13H8O
C (exact mass 180.202), both

with unit m/z 180. However, the HR-AMS still cannot distin-

guish structural differences at the same ion exact mass.

Furthermore, even with state-of-the-art on-line technology, it
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is still necessary to understand the fragmentation behavior of

PAH molecules and the fragmentation behavior of the sur-

rounding particle phase constituents to effectively quantify

PAH concentrations.

This article describes a new method for a real-time characteri-

zation of the contributions of individual PAH isomers in the aero-

sol phase. The potential of the method is evaluated using

measurements from engine exhaust chamber studies made with an

Aerodyne HR-AMS. Using high-resolution analysis, it was possi-

ble to isolate and quantify signals from the molecular ions associ-

ated with 53 PAH compounds. We describe the procedures for

applying this new approach, which depends on resolving ion sig-

nals associated with PAHs betweenm/z 128 andm/z 279. We also

evaluate the potential for interferences from other PAHs and non-

PAH organic fragments at the target masses. The results suggest

that robust quantification of PAH isomers will be possible by this

approach once more complete PAH fragmentation data are avail-

able for the HR-AMS. Examining the molecular ion data reveals a

high quality time series that allows the particle-phase PAH trends

to be determined relative to total organic mass based on individual

ions and ion subgroups. The trends observed are in some ways

consistent with previous results, but also reveal areas where fur-

ther focused work will be required.

2. EXPERIMENTAL DATASET

The data used in this analysis were collected during a three-

week campaign at the Lovelace Respiratory Research Institute

(LRRI) in Albuquerque, NM in April-May 2012. LRRI has a

facility capable of operating diesel and gasoline engines under

varying conditions and blending their exhaust together in con-

trolled proportions (MacDonald et al. 2003, 2004a,b, 2005,

2011). The major objective of the LRRI campaign was to

obtain detailed characterizations of the particle- and gas-phase

compositions of the blended exhaust for a wide range of PM

loading and engine operating conditions. During the campaign,

exhaust from a single diesel generator and a single gasoline

engine were sampled under varying operating conditions, mix-

ing ratios, and dilutions. Details of the facility operation and

the experiments used in our analysis are included in the online

supplemental information, with the experimental conditions

provided in Table S1.

2.1. HR-AMS Operation

Particle composition was characterized using an Aerodyne

HR-AMS (DeCarlo et al. 2006; Canagaratna et al. 2007). The

instrument can quantitatively measure chemically resolved

size distributions and bulk mass concentrations of nonrefrac-

tory chemical species (including organic and inorganic com-

ponents) within the aerosol ensemble by alternating between

mass spectrum (MS) scanning and particle time of flight

(pToF) modes (Allan et al. 2003a; Jimenez et al. 2003). The

ToF mass analyzer can operate under two modes (V and W) to

provide different traveling distances for the ions, resulting in

different sensitivities (~0.003 mg m¡3 and 0.05 mg m¡3,

respectively, for nitrate typically) and mass resolving powers

(~2000 m/Dm and ~4000 m/Dm, respectively) (DeCarlo et al.

2006).

The HR-AMS collected data with 1-min time resolution at a

vaporizer temperature of 600�C, alternating between MS and

pToF modes, while the ToF was operated in both V- and

W-mode. For each measurement cycle, the system began with

V-mode sampling, spending 10 s in MS mode followed by

20 s in pToF mode, and then sampled in W-mode for 30 s in

MS mode. Only MS mode data are used in this analysis. The

m/z range was from 6–1993 in V-mode and 2–330 in W-mode.

The average resolution at m/z 28 was 2900 and 4000 in V- and

W-modes, respectively. At m/z 32, the average resolution was

3400 and 4000 in V- and W-mode, respectively, and at m/z

184, the average resolution was 3500 and 4000 in V- and W-

mode, respectively. Both V- and W-mode data were used to

identify ions in the HR data and to compare overall concentra-

tions; however, only the V-mode data are presented here. All

data from the HR-AMS were analyzed using SQUIRREL (ver-

sion 1.55), and the high-resolution analysis software tool,

PIKA (version 1.14) (Sueper 2010). Flow, mass accuracy,

velocity, and ionization efficiency (IE) calibrations were per-

formed following standard procedures. Mass accuracy (i.e.,

m/z) calibrations included multiple tungsten isotopes (m/z

181.95, 183.95, and 185.95) that appear in HR-AMS mass

spectra as an instrument artifact. The inclusion of these ions in

the m/z calibration allows accurate attribution of ions at the

higher masses relevant for PAH analysis.

Consistent with common practice, we used the fragmenta-

tion algorithm described by Allan et al. (2004). Gas-phase cor-

rections to the standard fragmentation table were done based

on HEPA filtered air sampled from the inlet line. In addition,

the CO2
C signal was corrected using real-time CO2 gas-phase

concentrations measured using a Li-Cor closed path CO2/H2O

analyzer. During the study CO2 concentrations averaged

4,200 ppm and went as high as 21,500 ppm. The AMS mea-

sured inlet flow was corrected to standard temperature and

pressure. The single ion (SI) value in both V- and W-mode

were documented during the campaign and the values were

postcorrected during data analysis. Common practices were

used to postcorrect the air beam (AB) to account for natural

drift in the instrument sensitivity (Allan et al. 2003b). As rec-

ommended by Timko et al. (2009, 2014), we have also

removed signal contributions related to the contamination arti-

facts that arise from the fragmentation of aerosolized polydi-

methylsiloxane (SiO(CH3)2), found in conductive silicone

tubing.

As with several prior engine exhaust studies using an AMS

(Canagaratna et al. 2004; Slowik et al. 2004; Matthew et al.

2008; Chirico et al. 2010; Dallmann et al. 2014), a collection

efficiency (CE) of unity was used to estimate the aerosol mass

concentration for all experiments. Studies using an HR-AMS

NOVEL METHOD FOR CHARACTERIZING PAHS BY HR-AMS 1133



to quantify PAHs in wood combustion studies have also

used CE D 1 (Eriksson et al. 2014; Bruns et al. 2015a). Any

uncertainty associated with the choice of CE would affect the

absolute concentrations of particulate components, but would

not affect the relative quantities or the mass spectral features.

Furthermore, Organic (Org), nitrate (NO3), sulfate (SO4),

ammonium (NH4), and chloride (Chl) concentrations have

been quantified based on the relative ionization efficiency

(RIE) of individual species. PAH-associated ions are treated

similarly to all other Org species using an RIE of 1.4. D�zepina
et al. (2007) and Slowik et al. (2004) each tested four PAH

standards and found RIEs ranging between 1.35 and 2.1.

The detection limits (DLs) of the five major nonrefrac-

tive species (Org, NO3, SO4, NH4, and Chl) and of the

PAH family of ions were determined from filter samples

taken at the beginning and end of sampling each chamber

experiment. Test04 is an exception; in this test a filter sam-

ple was only taken in the middle of the experiment, lead-

ing to inaccurate DLs due to the shorter filter sampling

time and the high PM loading. Each detection limit was

calculated as three times the standard deviation of high-res-

olution filter sample concentrations. Table S2 (see the sup-

plementary information) summarizes the DLs (in mg m¡3)

using 30-s sampling times.

Elemental analysis (EA) was performed using the recently

updated calibration factors described by Canagaratna et al.

(2015). EA has been shown to be useful in obtaining the aver-

age elemental composition in organic aerosols thus allowing

for a more accurate calculation of the density of the organic

material (Kuwata et al. 2012). The calculated density of

organic material was determined to be smaller than the fre-

quently assumed 1.2 g cm¡3; values ranged between 0.85 and

1.1 g cm¡3 depending on test conditions.

2.2. Supporting Instrumentation

Additional particle-phase measurements complemented the

HR-AMS data. The total particle mass was collected on 47-mm

Pallflex (Pall-Gelman, East Hills, NY) filters, then measured

gravimetrically during each chamber experiment with a Mettler

MT5 microbalance located in the exposure laboratory. Total

PAHs adsorbed onto the particle surfaces (ngm¡3) weremeasured

with a PAS 2000CE. The PAS is factory-calibrated for surface

PAH concentrations up to 1000 ngm¡3 and expected to give a lin-

ear response up to 5000 ng m¡3. The manufacturer-reported limit

of detection for the PAS is 10 ng m¡3 and Marr et al. (2004,

2006) has previously estimated uncertainty with the PAS as 20%.

CO2 and water vapor concentrations were measured using a

Li-Cor 840A analyzer. Factory response factors were used to

calculate CO2 and water vapor mixing ratios, with the instru-

ment performance for CO2 also verified by using a calibration

gas containing 390 ppmv CO2 § 1% (Scott Marrin). CO2 and

water vapor concentrations were recorded at 1 Hz and then

time averaged to 1 min.

3. QUANTIFICATION OF PAHS BY MOLECULAR ION
PROXY (P-MIP)

3.1. Fragmentation of PAHs in the HR-AMS

An examination of the HR-AMS spectra obtained during the

LRRI experiments revealed peaks at masses consistent with the

ionization of PAH molecules. These ions were not generally

included in the existing PIKA database, which extends only tom/z

120, but their presence in AMS mass spectra has been previously

observed in some limited cases. In one of the earliest papers char-

acterizing AMS instrument performance, Alfarra (2004) com-

pared mass spectra from a Q-AMS against those reported by

NIST for a wide range of compounds, including pyrene, a PAH

with MWD 202. For pyrene, Alfarra found that smaller ion frag-

ments (<m/z 60)were relativelymore intense in theAMS spectra,

while higher masses were relatively less intense. He concluded

that the AMS vaporization/ionization configuration results in a

more significant fragmentation of long chain species than in stan-

dard EI ionization mass spectrometry. However, both the NIST

and Q-AMS spectra had m/z 202 as the most significant fragment

contribution for pyrene; for the Q-AMS the relative abundance of

m/z 202 to the total signal was 27% while in the NIST spectra it

was 53%.

D�zepina et al. (2007) tested eight additional PAH standards

with molecular weights between 202 and 300 using the Q-AMS.

The tested compounds were pyrene (C16H10, MW D 202), 1-

methylpyrene (C17H12, MW D 216), 2,3-benzofluorene (C17H12,

MW D 216), triphenylene (C18H12, MW D 228), 10-methylbenz

[a]anthracene (C19H14, MW D 242), benzo[e]pyrene (C20H12,

MWD 252), benzo[ghi]perylene (C22H12, MWD 276), and coro-

nene (C24H12 MW D 300). In each case but one (2,3-benzofluor-

ene), the highest contributing ion in the mass spectra was

associated with the molecular ion, accounting for between 20%

and 36% of the total mass signal. This finding was consistent with

prior studies of EI ionization, which found that 20% of the abun-

dance of the PAHmolecular signal is associated with the molecu-

lar ion (Lee et al. 1981). Both 1-methylpyrene and 2,3-

benzofluorene are odd-PAHs (o-PAHs), having an odd number of

carbon atoms. This structure leads to reduced stability during ioni-

zation. D�zepina (2007) and her coauthors observed that for each

o-PAH analyzed by the Q-AMS, a major contributing ion

occurred at the [M-H]C ion.While the relative contributions of the

molecular ions did vary, PAH mass spectra generally consisted of

an intensemolecular ion peak, smaller peaks at ions due to the loss

of one to four hydrogen atoms, and doubly charged ions. Dzepina

and her coauthors also developed a method for quantifying PAHs

in ambient sample that depended on inferred fragmentation pat-

terns in the UMRmass spectra. However, later work revealed sev-

eral instances where there were significant errors in the inferred

fragmentation patterns (Eriksson et al. 2014), and this PAH quan-

tification approach has not been broadly adopted.

Aiken et al. (2007) measured three PAHs using the higher

resolution W-mode in a HR-AMS – pyrene (C16H10, MW D
202), fluoranthene (C16H10, MW D 202), and benzo[e]pyrene
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(C20H12, MW D 252) – and found good correlation between

the HR-AMS and NIST spectra. They showed that the stron-

gest signal in the spectra occurred at the molecular ion mass in

all three cases: 18.0% of the relative signal for fluoranthene,

49.6% for pyrene, and 17.8% for benzo[e]pyrene.

Most recently, a HR-AMS was used to quantify 18 PAH

“base ions” (Bruns et al. 2015b), generated during wood burn-

ing and then oxidized to form secondary organic aerosol (SOA).

These base ions, denoted as [M], are treated as PAH molecular

ions but the parent molecule is not always identified. Bruns and

colleagues used the high-resolution mass spectral data to deter-

mine ratios between their PAH base ion and each of its

“associated ions” in the primary emissions (measured before

photooxidation). The analyzed associated ions included signals

from [M]2C, [M¡H]C, [M¡H]2C, [M¡2H]C, [MCH]C, and
[MCH]2C (where M is the mass of the base ion and H is the

mass of a hydrogen atom), as well as the isotopic contributions

from each of the singly charged ions from the presence of a sin-

gle 13C. The mechanism for how the addition of hydrogen atoms

to form [MCH]C or [MC2H]C ions occurs in the HR-AMS is

not explained in the article. The ratios of each associated ion to

base ion signal were derived from the primary emissions of a

single high load experiment and were then incorporated into the

UMR fragmentation table (associated ion signal D ratio value/

base ion signal) and applied to the entire dataset.

3.2. P-MIP Procedure

Building on this previous body of work, we develop here a new

approach for analyzing HR-AMS data to quantify PAHs, using

the PAH molecular ions as a proxy (P-MIP). The P-MIP analysis

will not in itself allow for the direct quantification of each PAH

species unless standard mass spectra are available for each com-

pound, a step left for future work. However, even in the absence

of PAH standard spectra, P-MIP is still useful for tracking the rela-

tive presence of different PAH species within a sample.

P-MIP analysis depends first on identifying target molecu-

lar ions for PAH species within the mass spectra. To isolate

the contributions of specific PAH-related ions in the observed

signal, a list of target molecular ions was developed from three

sets of sources: (1) PAH-related molecular ions that have been

identified in previous AMS measurement studies (Alfarra

2004; Aiken et al. 2007; D�zepina et al. 2007); (2) PAHs that

have been prominently linked to diesel emissions (Frenich

et al. 2010; Pandey et al. 2011; Alkurdi et al. 2013; Huang

et al. 2013) or to particularly strong health impacts (US EPA

1992; International Agency for Research 2013); and (3) PAHs

that are consistent with ions that are prominent in one or more

mass spectra from the LRRI case study experiments. Table 1

lists the 53 target PAHs identified by this process, which

include molecular ions from 15 UnSubPAHs, 12 MPAHs, 15

OPAHs, 7 NPAHs, and 4 APAHs. The identified PAHs range

from two to six rings and have mass-to-charge ratios (m/z)

between 128 and 279.

After the molecular ion for each target PAH was identi-

fied in the HR signal, it was next necessary to further iden-

tify surrounding ion masses that were not initially included

in the standard PIKA ion-fitting list. The identification of

unknown ion formulas was initiated using the fragmentation

patterns of higher molecular-weight PAHs, alkanes,

hopanes, steranes, and other cyclic compounds typically

generated in engine exhaust as structural starting points for

ion signal identification at smaller m/z. For example, when

the molecular ion could be clearly identified in the HR sig-

nal for nitrochrysene (C18H11NO2
C) at m/z 273, then related

signals would also be present at, e.g., m/z 227 [M-46]C after

loss of NO2, at m/z 226 [M-47]C after loss of HNO2, and at

m/z 216 [M-58]C after loss of CNO2. Following this pro-

gression of fragment identification for each of the target

PAHs, as well as for other large molecules identified in

engine exhaust, allowed for realistic resolution of the signal.

This approach identified the most appropriate and realistic

ions in engine exhaust. A web-based tool (www.chemcals.

com) provided a second complementary ion identification

step (Patiny and Borel 2013), by aiding the identification of

additional ions located in the HR-AMS signal spectrum.

Combining these approaches, a total of 2488 ions (1030

dominant ions and 1458 less dominant isotopes) were fit

and identified in the HR mass spectra out to m/z 279. The

1458 less dominant isotopes were constrained by assigning

their abundance based on the theoretical value relative to

the dominant isotope ion. After completing the fits, mass

spectral residuals were 5% or less for all available LRRI

data. Molecular ions for PAHs larger than m/z 279 could

also be identified in the HR mass spectra; however, the

large number of possible molecular formulas at these m/z

made it difficult to robustly resolve the surrounding ions,

and so they were omitted from the analysis. For the LRRI

data set, on average only 0.06% of the aerosol mass signal

occurred above m/z 279; the range for individual tests was

0.04–0.21%.

In applying P-MIP analysis, the distinction must be maintained

between PAH molecular ion concentrations (Cion,i, Cion,C10H8,

Cion,C11H8, etc.) and PAH compound concentrations (Ci, CC10H8,

CC11H8, etc.) with respect to the HR-AMS measurements. Here,

Cion,i refers to the molecular ion associated with each of the PAHs

(such as those listed in Table 1). The PAH compound concentra-

tions (Ci) can be approximated based on the relative abundance

(fA,i) of the PAHmolecular ion in referencemass spectra (obtained

for single PAH compounds). Thus the total concentration for any

PAH compounds is calculated as follows:

Ci D Cion;i

fAi

[1]

It is critical to note that for most of the PAHs, including

those in this study, standard mass spectra have not yet been
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TABLE 1

List of 53 target PAH compounds for P-MIP analysis. This list includes 15 UnSubPAH ions, 15 OPAH ions, 12 MPAH ions, 7

NPAH ions, and 4 APAH ions. In the cases of m/z 156, 168, 180, 182, 194, and 256 the exact mass of the two molecular ions are

unique and can be independently identified in the AMS signal

m/z Molecular Formula Common Name Category # Rings

128 C10H8 Naphthalene UnSubPAH 2

152 C12H8 Acenaphthylene UnSubPAH 3

154 C12H10 Acenaphthene UnSubPAH 3

166 C13H10 Fluorene UnSubPAH 3

176 C14H8 Paracyclene UnSubPAH 4

178 C14H10 Anthracene

Phenathrene

UnSubPAH 3

190 C15H10 Benzo[def]fluorene UnSubPAH 4

202 C16H10 Pyrene

Fluoranthene

Acephenanthrylene

UnSubPAH 4

216a C17H12 Benzofluorene

Methylpyrene

UnSubPAH

MPAH

4

4

226 C18H10 Cyclopenta[cd]pyrene

Benzo[ghi]fluoranthene

UnSubPAH 5

228 C18H12 Benz[a]anthracene

Triphenylene

Chrysene

UnSubPAH 4

250 C20H10 Corannulene

Dicyclopenta[cd,mn]pyrene

UnSubPAH 6

252 C20H12 Benzo[b]fluoranthene

Benzo[j]fluoranthene

Benzo[k]fluoranthene

Benzo[a]pyrene

Benzo[e]pyrene

UnSubPAH 5

276 C22H12 Indio[1,2,3-cd]pyrene

Benzo[ghi]perylene

UnSubPAH 6

278 C22H14 Dibenzanthracene

Pentacene

UnSubPAH 5

142 C11H10 Methyl-naphthalene MPAH 2

156 C12H12 Dimethyl-naphthalene MPAH 2

168 C13H12 Methyl-acenaphthene MPAH 3

180 C14H12 Methyl-fluorene MPAH 3

192 C15H12 Methyl-phenanthrene MPAH 3

194 C15H14 Dimethyl-fluorene MPAH 3

206 C16H14 Ethyl-phenathrene MPAH 3

220 C17H16 Trimethyl-phenanthrene MPAH 3

234 C18H18 Retene

Tetramethyl phenanthrene

MPAH 3

242 C19H14 Methylbenz[a]anthracene

methyl chrysene

MPAH 4

256 C20H16 Di-methylbenz(a)anthracene MPAH 4

268 C21H16 Methyl cholanthrene MPAH 5

132 C9H8O Indanone OPAH 2

156 C11H8O Benzocycloheptenone OPAH 2

(Continued on next page)
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measured using an HR-AMS or other comparable vaporiza-

tion/ionization technology. Thus the relative abundance

coefficients (fA,i) cannot yet be determined for most PAHs.

However, there are a few laboratory-measured standard

spectra using the AMS; spectra measured by D�zepina et al.

(2007), Aiken et al. (2007), and Alfarra (2004) are avail-

able on the public AMS mass spectral database (Ulbrich

et al. 2007; Ulbrich et al. 2009). The sampled PAHs

include pyrene (C16H10, m/z 202), fluoranthene (C16H10, m/

z 202), 2,3-benzofluorene (C17H12, m/z 216), 1-methylpyr-

ene (C17H12, m/z 216), triphenylene (C18H12, m/z 228), 10-

methylbenz[a]anthracene (C19H14, m/z 242), benzo[e]pyr-

ene (C20H12, m/z 252), and benzo[ghi]perylene (C22H12, m/

z 276). For these compounds, the relative contribution of

the molecular ion to the total mass spectrum ranged from

17% to 37%. Table 2 lists the relative abundance of the

molecular ion for each previously characterized PAH

compound.

Equation (1) and the definitions of Ci and Cion,i are appro-

priate for individual compounds. A similar distinction should

be made for the summed category PAH molecular ion concen-

trations (PAHion total, OPAHion total, UnSubPAHion total, etc.)

and PAH concentrations (PAHtotal, OPAHtotal, UnSubPAHtotal,

etc.). For example, the total molecular ion concentration asso-

ciated with OPAH, using the species included in this study, is

calculated as:

OPAHion total D ∑
OPAHi

Cion;i DCion;C9H8O CCion;C11H8O

CCion;C10H6O2
CCion;C12H8O CCion;C13H8O

CCion;C13H10O CCion;C12H6O2
CCion;C12H8O2

CCion;C14H10O CCion;C13H8O2
CCion;C15H8O

CCion;C14H8O2
CCion;C16H8O2

CCion;C19H10O

CCion;C18H10O2

[2]

TABLE 1

List of 53 target PAH compounds for P-MIP analysis. This list includes 15 UnSubPAH ions, 15 OPAH ions, 12 MPAH ions, 7

NPAH ions, and 4 APAH ions. In the cases of m/z 156, 168, 180, 182, 194, and 256 the exact mass of the two molecular ions are

unique and can be independently identified in the AMS signal (Continued)

m/z Molecular Formula Common Name Category # Rings

158 C10H6O2 Naphthoquinone OPAH 2

168 C12H8O Dibenzofuran OPAH 3

180 C13H8O Fluorenone OPAH 3

182 C13H10O Dibenzopyran OPAH 3

182 C12H6O2 Acenaphthoquinone OPAH 3

184 C12H8O2 Hydroxydibenzofuran OPAH 3

194 C14H10O Anthrone OPAH 3

196 C13H8O2 Xanthone OPAH 3

204 C15H8O Cyclcopenta-phenanthrene-one OPAH 4

208 C14H8O2 Anthraquinone OPAH 3

232 C16H8O2 Aceanthraquinone OPAH 4

254 C19H10O Benzo[cd]pyrenone OPAH 5

258 C18H10O2 Benzanthracene OPAH 4

173 C10H7NO2 Nitro-naphthalene NPAH 2

199 C12H9NO2 Nitro-acenaphthlene NPAH 3

211 C13H9NO2 Nitro-fluorene NPAH 3

223 C14H9NO2 Nitro-anthracene

Nitro-phenathrene

NPAH 3

247 C16H9NO2 Nitro-pyrene NPAH 4

256 C13H8N2O4 Dinitrofluorene NPAH 3

273 C18H11NO2 Nitrochrysene NPAH 4

217 C16H11N Aminopyrene

Carbazole

APAH 4

259 C18H13NO Aminobenzanthrone APAH 4

267 C20H13N Dibenzocarbazole

Amino benzopyrene

APAH 5

279 C21H13N Dibenz[a,j]acridine APAH 5

aAt m/z 216 the UnSubPAH and MPAH have identical exact masses and cannot be independently identified.
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While the total OPAH associated concentration is

calculated as:

OPAHtotal D ∑
OPAHi

Cion;i

fAi

D ∑
OPAHi

Ci DCC9H8O CCC11H8O

CCC10H6O2
CCC12H8O CCC13H8O CCC13H10O

CCC12H6O2
CCC12H8O2

CCC14H10O CCC13H8O2

CCC15H8O CCC14H8O2
CCC16H8O2

CCC19H10O

CCC18H10O2

[3]

Equations for each of the other subgroups can be derived

similarly.

3.3. PAH Molecular Ion Signal Interference
Considerations

The effectiveness of the P-MIP analysis for quantifying the

contributions of individual PAH compounds is impacted by

the degree to which other compounds interfere with the molec-

ular ion signals. Such interferences could come either from

non-PAH species, including isotopic ions, or from other

PAHs. A first step toward evaluating potential interferences is

to determine what classes of competing compounds may be

present. For engine exhaust, the broad array of potential chem-

ical constituents has been characterized in previous studies

(Rogge et al. 1993; Fraser et al. 1998; Schauer et al. 1999,

2002; He et al. 2006). Based on these studies, which reported

both the gas- and particle-phase emissions of organic com-

pounds in the exhaust, the predominant large non-PAH

organic compounds in the particle phase were n-alkanes

(C18-C29), branched alkanes (C15-C18), saturated cycloalkanes,

hopanes, steranes, n-alkanoic acids, alkanedioic acids, and aro-

matic acids. Fortunately, our assessment indicates that the ions

associated with each of these major competing compound

classes are distinct from the set of PAH molecular ions. This

finding was reached by first identifying fragmentation patterns

for each of the competing compound classes through repeated

analysis of individual compounds within a single compound

class. Next, any ion fragments appearing with the same unit

mass as our target PAHs were inspected for exact chemical

structure. From this analysis of over two-dozen compounds a

trend developed that the non-PAH ion fragments that occurred

at the same unit m/z consistently had H:C ratios greater than

one, whereas the PAH molecular ions had H:C ratios that were

less than or equal to one (cf. Table 1). This finding parallels a

prior argument by Canagaratna et al. (2004) and is supported

by previous studies of the fragmentation patterns of alkanes,

alkenes, and aromatics (Mohr et al. 2009) and of aromatics

(Tobias et al. 2001). The resolution of the HR-AMS is such

that the PAH molecular ions’ signals can be unambiguously

distinguished from those of ions associated with non-PAH

sources.

Another class of potential interferents on the PAH molecu-

lar ions are non-PAH 13C isotope ions. A survey of the HR sig-

nals of all 53 PAH molecular ions showed such ions were

present as very near neighbors for 14 of 15 UnSubPAHs and 9

of 12 MPAHs; instances can be seen in Figure 1. Three

MPAH and one UnSubPAH molecular ions had no overlap-

ping 13C isotopic ions (at m/z 234, 256, 268, and 276), nor did

any of the NPAH, OPAH, or APAH molecular ions. Fortu-

nately, the abundances of the 13C isotopic ions are well con-

strained, and algorithms are already in place within PIKA to

fit them based on the fit of the more abundant 12C isotope and

TABLE 2

Relative abundance (fA,i) of PAH signal at the molecular ion mass based on AMS laboratory PAH standards. Spectra data are

obtained from AMS spectra database Ulbrich et al. (2007) and refer to original publications by (1) D�zepina et al. (2007);
(2) Aiken et al. (2007); and (3) Alfarra (2004)

m/z Molecular Formula Common Name Relative Abundance at Molecular Ion Mass

202 C16H10 Pyrene 0.3631

0.3722

0.2713

202 C16H10 Fluoranthene 0.3212

216 C17H12 Benzofluorene 0.2681

216 C17H12 Methylpyrene 0.1981

228 C18H12 Triphenylene 0.2591

242 C19H14 Methylbenz[a]anthracene 0.1701

252 C20H12 Benzo[b,j,k]fluoranthene 0.2621

0.2562

276 C22H12 Benzoperylene 0.2441

300 C24H12 Coronene 0.2061
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their relative abundance. In these cases the error of the isotope

ion is therefore also predetermined by the signal of the parent

ion and the relative isotopic abundance and does not depend

on the signal at the m/z of the isotopic ion (Sueper 2014). The

presence of near-neighbor isotopic ions increases the uncer-

tainty in the fit of the target PAH molecular ion, but the uncer-

tainty remains well-defined. These errors will be evaluated for

the LRRI data set later in the article.

A more significant source of potential interferences in the

P-MIP analysis are those arising from fragments of larger

PAH molecules, as these are less easily constrained. One

example from prior studies is benzo[e]pyrene (C20H12, m/z

252). As shown by Aiken et al. (2007) and D�zepina et al.

(2007), benzo[e]pyrene can fragment during the vaporization/

ionization process to produce a fragment ion of identical

empirical formula to that of the pyrene molecular ion

(C16H10
C, m/z 202). If both benzo[e]pyrene and pyrene are

present in a sample, then the observed signal at m/z 202 for

C16H10
C would be partially due to pyrene and partially due to

fragments originating from benzo[e]pyrene. Fortunately, an

inspection of the fragmentation patterns from previously stud-

ied PAH laboratory standards, using a Q-AMS (Alfarra 2004;

D�zepina et al. 2007) and HR-AMS (Aiken et al. 2007), shows

that such interferences are usually small. Table S3 (see the

FIG. 1. Examples of the HR-AMS high-resolution ion fitting from LRRI Test04 from m/z 128 and m/z 182 in both V- and W-mode. PAH ions of interest are

C12H8 at m/z 128 and for C12H8O and C13H10O at m/z 182. (a) V-mode ion fits for m/z 128; (b) W-mode ion fits for m/z 128; (c) V-mode ion fits for m/z 182; (d)

W-mode ion fits for m/z 182.
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supplemental information) lists the contributions to the molec-

ular ion signals of PAHs listed in Table 1 from the nine PAH

compounds that have available laboratory AMS spectra. Typi-

cally, the fraction of a PAH’s signal that overlaps with another

smaller PAH’s molecular ion ranges between 0.005% and

1.2% of the total signal. At these levels, the interference of the

larger PAH onto the smaller would result in only a small bias.

EI spectra for most other PAH compounds are available

from the NIST database (NIST Mass Spec Data Center 2014),

and it is tempting to use these spectra to attempt to further

probe the PAH fractionation patterns and potential interfer-

ences in the HR-AMS. However, it is not appropriate to apply

NIST reference spectra to P-MIP analysis; the HR-AMS

vaporization/ionization process usually results in significantly

greater fragmentation than other EI techniques included in

NIST database (Figure S2, see the supplemental information).

There is even some evidence that fragmentation patterns may

vary between individual AMS instruments. Three independent

measurements are available for the fragmentation of a labora-

tory standard of pyrene (Alfarra 2004; Aiken et al. 2007;

D�zepina et al. 2007). In comparing these three measurements,

the fractional signal contributions at the molecular ion mass

(m/z 202) were observed to be 36%, 37%, and 27% by D�zepina
et al. (2007), Aiken et al. (2007), and Alfarra (2004), respec-

tively, while the contributions at other fragment ion masses

along the spectra are comparable. The smaller signal observed

by Alfarra at the molecular ion occurred despite the fact the

AMS in his study was operated at a lower vaporizer tempera-

ture, 500–550�C, versus 600�C for the other two studies. In

another instance where two different measurements of the

same PAH compound yielded different results, Aiken et al.

(2007) observed a 6% contribution from benzo[e]pyrene at m/

z 202 (due to fragmentation), a <0.1% contribution at m/z 216,

and a 26% contribution at m/z 252, while D�zepina et al.

(2007) found the contributions from the same PAH compound

to be 0.8%, 0.8%, and 26%, for m/z 202, 216, and 252, respec-

tively. All of these results are included in Table S3 (see the

supplemental information). Differences in instrument tuning

are a likely cause for these variations in performance.

There are specific circumstances where the interferences

from larger PAHs onto the signals of smaller PAH molecular

ions are likely to be particularly significant – when the two

PAH compounds are separated by 2 amu. The [M-2H]C ion is

frequently a major fragment in EI mass spectra for PAHs, as

previously reported by D�zepina et al. (2007). Two such cases

exist for PAHs where Q-AMS or HR-AMS standard spectra

are available – one where a fragment of C18H12 (triphenylene

and its isomers, m/z 228) affects the signal associated with the

molecular ion C18H10
C (cyclopenta[cd]pyrene and its isomers,

m/z 226), and another where a fragment from benzo[e]pyrene

(C20H12, m/z 252) interferes with the molecular ion C20H10
C

(corannulene and its isomers, m/z 250). In these cases, the

fragmentation pattern of triphenylene and benzo[e]pyrene

show that »10% of their total signal is found at the [M-2H]C

fragment, corresponding to the C18H10
C and C20H10

C ions,

respectively. These same ion masses also remain present as

the molecular ions for their respective PAH compounds. While

the available compounds with AMS-measured laboratory

standards are limited, the same interference pattern is likely to

be seen for seven additional PAH pairs among the compounds

included in this study – C12H10 (acenaphthene, m/z 154) with

the C12H8
C (acenaphthylene, m/z 152) ion, C12H12 (dimethyl-

napthalene, m/z 156) with the C12H10
C (acenaphthene, m/z

154) ion, C13H12 (methyl-acenaphthene, m/z 168) with the

C13H10
C (fluorene, m/z 156) ion, C14H10 (anthracene and its

isomers, m/z 178) with the C14H8
C (paracyclene, m/z 176) ion,

C15H12 (methyl-phenanthrene, m/z 192) with the C15H10
C

(benzo[def]fluorene, m/z 190) ion, C15H14 (dimethyl-fluorene,

m/z 194) with the C15H12
C (methyl-phenanthrene, m/z 192)

ion, and C22H14 (debenzanthracene and its isomers, m/z 278)

with the C22H12
C (indio[1,2,3-cd]pyrene and its isomers, m/z

176) ion. In these instances, the true signal associated with the

smaller PAH’s molecular ion is the measured ion signal for

that ion minus the calculated contribution from the [M-2H]C

fragment of the larger PAH’s signal (which could be calcu-

lated as a fraction of the larger PAH’s molecular ion signal).

The degree to which these interferences affect the interpreta-

tion of the P-MIP analysis depends on the relative amount of

the larger and smaller PAHs in each sample; this will be evalu-

ated for the LRRI dataset in section 4.

Mueller et al. (2015) recently described a strategy to quan-

tify PAH ions with the HR-AMS in a way that largely avoids

interference issues. Like P-MIP, this alternative approach uses

PAH molecular ions as the signal source, but rather than using

the dominant ion, it focuses specifically on doubly charged

ions that include a single 13C atom. This is an elegant solution

to the interference problem, as such ions typically have no

near neighbors and can therefore be unambiguously resolved

when detectable. However, the doubly-charged 13C isotopic

molecular ion is also much less abundant then the dominant

molecular ion, by roughly two orders of magnitude (Mueller

et al. 2015). Thus only the most concentrated PAHs would be

detectable by this approach, making it unlikely to be broadly

useful.

4. APPLICATION OF P-MIP ANALYSIS TO ENGINE
EXHAUST DATA

We applied the new P-MIP analysis approach to the data set

of diesel and gasoline engine exhaust mixtures collected at

LRRI in April-May 2012. We first compared these exhaust

measurements to AMS mass spectral data available from other

groups for diesel and gasoline exhaust. Figure S3 (see the sup-

plemental information) shows the AMS relative abundances

from previously published work in comparison with the LRRI

data. While the plots suggest some differences that may be

attributable to fuel, engine type, or operating conditions, over-

all the sets of spectra correlate well, with r2 coefficients

1140 C. L. HERRING ET AL.



ranging between 0.88 and 0.90. Because the LRRI data are

largely representative of gasoline and diesel exhaust primary

emissions, it provides a good test data set for the P-MIP analy-

sis procedure. Note that throughout the P-MIP analysis pre-

sented here, data are shown for molecular ions only. Standard

spectra are not yet available for most PAHs, and therefore fA,I
is not known and the parent PAH concentration could not be

calculated.

The HR-AMS spectra were resolved between m/z 12 and m/z

279 using the high-resolution data analysis package PIKA. Fig-

ure 1 provides examples of one easily identified UnSubPAH

molecular ion, naphthalene (C10H8
C, m/z 128), and also two

OPAH molecular compounds both located at m/z 182, acenaph-

thoquinone (C12H6O2
C) and dibenzopyran (C13H10O

C). Results
for both V-mode and W-mode are provided. For m/z 128, the

signal is dominated by the naphthalene molecular ion

(C10H8
C), with only small signal contributions from the

C7H12O2
C ion and two isotopic ions, 13CC9H7

C and
13CC8H19

C. In this case, all the ions necessary to accurately fit

the signal were already available in the PIKA ion analysis

library. However, for the signal at m/z 182, the PAH molecular

ions C12H6O2
C (acenaphthoquinone) and C13H10O

C (dibenzo-

pyran) were not included in the default PIKA library; nor were

the other two dominant organic ion fragments, C14H14
C and

C13H26
C. As in many other cases, it was necessary to add these

ions to the PIKA library to complete the analysis.

The P-MIP analysis revealed that prominent PAH features

were present in the experiment-average mass spectra throughout

the LRRI dataset. One representative example is shown in

Figure 2, which shows the entire spectrum (from m/z 12–280)

with contributions of organics, lumped inorganic components,

and PAH molecular ions each indicated. It can be seen in the m/z

range>100 that the PAHmolecular ions are a significant fraction

of the HR-AMS signal. Additional data for each of the sixteen

tests are reported in Table S4 (see the supplemental information)

and include: average mass loadings of Org, NO3, SO4, NH4, and

Chl; average summed PAH molecular ions and for each of the

subcategories; average elemental ratios for H:C, O:C, and N:C;

and the average calculated organic density. The average values

are determined from the HR-AMS V-mode time series data as

simple averages across the duration of each test. For any summed

quantities, the reported value is the average of the summed data.

While there were at times significant variations in the measured

concentrations during a test, all data were included in the calcu-

lated mean values to best capture the average performance of the

engines under a given set of operating conditions. Figure 3 dem-

onstrates the temporal variability of Org as a box and whisker plot

with the mean and 10th, 25th, 75th, and 90th percentiles for each

of the 16 tests shown. The Org concentrations in the set of experi-

ments varied by more than an order of magnitude, providing an

opportunity to evaluate the effectiveness of the P-MIP analysis

over a similarly broad range of PAH loadings.

Mean values and mean measurement errors were calculated

for each of the 53 target PAH isomers for each of the LRRI

experiments. Representative results from two tests, Test04 and

Test21, are shown in Table S5 (see the supplemental informa-

tion). Measurement errors were calculated for each measure-

ment time using the procedure included in PIKA, as described

by Sueper (2014) and Corbin et al. (2015). For these tests,

average measurement errors were 0.0013 § 0.0008 mg m¡3

(Test04) and 0.0010 § 0.0008 mg m¡3 (Test21). Results for

other tests were similar. For less abundant PAH molecular

ions, these measurement errors were of the same magnitude as

the test-average concentrations. For more abundant ions, the

relative errors were often 10% or less.

The direct impact of the PAH/PAH interference for the

ten identified D2 amu PAH pairs in the LRRI data set were

examined as a percentage of the molecular ion overesti-

mate. It was necessary to roughly approximate the PAH

fractionation pattern to estimate the magnitude of these

impacts. For this purpose only, we assumed that the signal

at the [M-2H]C ion fragment was 40% of the signal at the

molecular ion [M]C, based on inspection of the HR-AMS

fragmentation pattern of PAH compounds. This is

FIG. 3. HR-AMS Org concentrations for each of the LRRI experiments. Each

box indicates the mean and 25th and 75th percentile, and the whiskers indicate

the 10th and 90th percentile.

FIG. 2. HR-AMS Test04 V-mode average mass spectrum, showing the con-

tributions of organics, lumped inorganic components (nitrate, sulfate, ammo-

nia, and chloride), and the PAH molecular ions.
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consistent with 25% of the total signal occurring at the

molecular ions and 10% at the [M-2H]C ion. Using this

assumption, we found that the magnitude of these particular

PAH/PAH varied considerably. For example, because of the

relatively large amount of C14H10
C (anthracene and its iso-

mers) molecular ion in the exhaust data, the interference to

the C14H8
C (paracyclene) molecular ion is also large,

~60%. However, since there is relatively little of the

C14H12
C (methyl-fluorene) molecular ion measured in the

exhaust, the interference to the C14H10
C (anthracene and its

isomers) molecular ion is <10%. While these interferences

are not negligible, nor are they excessive. More impor-

tantly, it will be possible to constrain them effectively once

PAH standard spectra are available, since the molecular

ions for the interfering compounds would be measured and

the fragmentation patterns known.

4.1. PAH Contributions in Exhaust Experiments

Figure 4 shows two examples, from the Test04 (Fig-

ure 4a) and Test21 (Figure 4b) experiments, of the HR-

AMS time series of Org and CO2, alongside the summed

molecular ion contributions of PAH, UnSubPAH, MPAH,

OPAH, NPAH, and APAH (for the species included in this

study). The CO2 concentration (in ppm), measured by the

Li-Cor 840A analyzer in tandem to the HR-AMS, is also

included for Test04 to demonstrate that the temporal fluc-

tuations are a true indication of the system dynamics and

not an artifact of a single instrument (simultaneous CO2

measurements were not available for Test21). It is apparent

that each of the PAH subgroups and the total molecular

ion concentrations closely follow the temporal fluctuations

seen in the Org and CO2 signal. Although only two experi-

ments are shown, this trend was observed for all of the

LRRI experiments, and holds even over two orders of mag-

nitude change in the total Org signal. The results show

clean signal above the typical HR-AMS detection limit

even for the least abundant PAH molecular ion categories,

NPAHs and APAHs, which have mean concentrations of

~10 and 5 ng m¡3, respectively, in the experiments shown

in Figure 4. Figure 5 shows the PAH subgroup data

expressed as a fraction of the total PAH molecular ion con-

centration. The relative fractions of each PAH subgroup

remains approximately constant despite the temporal fluctu-

ations in the absolute concentrations. Even more notewor-

thy is that when the relative fraction of any particular PAH

subgroup is compared between experiments (Table S6, see

the supplemental information), the variation is small,

despite the mixing of different amounts of gas and diesel

and the variations in engine loads as described in Table S1.

Comparison of the calculated mean values for the ratios

UnSubPAH/PAH, MPAH/PAH, NPAH/PAH, OPAH/PAH,

and APAH/PAH across the 16 tests demonstrate that the

PAH subgroup ratios do not vary significantly across tem-

poral variations in the measured Org signal or across varia-

tions in engine operating conditions (the variance, or s2 of

FIG. 4. Time series for (a) Test04 and (b) Test21. Shown are the gas phase CO2 concentration (Test04 only), HR-AMS Org, and the summed total molecular ion

PAH contributions and the total for each of the PAH subcategories. Error bars reflect the instrument measurement error. CO2 data were not available for Test21.
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the aforementioned PAH subgroup ratios ranged between

2.25 £ 10¡6 and 1.21 £ 10¡4). This suggests that changes

in engine operations, or even switching from a diesel-dom-

inated to gasoline-dominated regime, did not impact the

relative formation of any subgroup of PAH compounds.

The strong correlations observed for PAH categories in Fig-

ure 5 can also be seen in individual molecular ions. Figure 6

shows the time series for five such ions – naphthalene (C10H8
C),

methylnaphthalene (C11H10
C), nitronaphthalene (C10H7NO2

C),
aminopyrene (C16H11N

C), and fluorenone (C13H8O
C), along

with the time series for the total PAH molecular ion concentra-

tion. The figures shows that the same time variations seen in the

total PAH signal are also observed for individual PAH molecular

ions.

4.2. Mass Composition and Concentration Across
Exhaust Experiments

The ratios of PAH categories and individual ions are

strongly correlated with the total PAH molecular ion

concentration within each experiment, and these ratios are

consistent from experiment to experiment. The ratio of total

PAH molecular ion signal to the total Org signal (PAH/Org) is

also very stable within individual experiments (Figure 7).

However, unlike the ratios of the PAH subgroups, there was

considerable variation in the PAH/Org ratio experiment-to-

experiment. So while the profile of PAHs is remarkably stable

across all of the LRRI tests, the amount of total PAHs relative

to the total organic aerosol shows significant variability.

Based on previous work showing that PAH emissions during

combustion were a function of engine operating conditions, var-

iability in the PAH/Org ratio is not especially surprising. Indeed,

the consistency in the PAH profile is probably more noteworthy.

We examined several factors related to engine operation in an

attempt to identify the drivers for the observed PAH/Org vari-

ability. Factors examined included engine load, the relative

amounts of gasoline and diesel exhaust, and the amount of dilu-

tion used in generating the exhaust mixture. No significant

trends could be observed for any of these factors. The two pan-

els of Figure 8 compare the PAH and Org concentrations for

FIG. 5. Time series for the total organic signal (Org) and the total molecular

ion contributions for each PAH sub-group relative to the total PAH molecular

ion signal (UnSubPAH/PAH, MPAH/PAH, NPAH/PAH, OPAH/PAH, and

APAH/PAH). Shown are data for (a) Test04 and (b) Test21. Error bars reflect

insturment measurement error.

FIG. 6. Time series for the total PAH molecular ion signal (PAH) and the

individual molecular ion signals for select individual PAHs: naphthalene

(C10H8
C), methylnaphthalene (C11H10

C), nitronaphthalene (C10H7NO2
C), flu-

orenone (C13H8O
C), and aminopyrene (C16H11N

C). Shown are data for (a)

Test04 and (b) Test21. Error bars reflect instrument measurement error.
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different experiments. The markers incorporate three additional

factors that might be expected to influence the PAH/Org ratio.

The first character in each marker represents the gasoline engine

load (0 D no gasoline exhaust, L D low load, T D typical load,

and H D high load) and the second character represents the die-

sel engine load. These conditions can also be referenced in

Table S1 as the “Engine Load Type” (see the supplemental

information). The symbol color groups tests conducted on the

same day. Figure 8a shows that there is a fairly strong correla-

tion between total PAH molecular ion signal and the total Org

(r2 D 0.86). Consequently, from Figure 8b we find that there is

not a strong correlation between the relative contribution of the

PAH molecular ions signal and the total Org (r2 D 0.31). More-

over, we do not see any clear pattern linking the observed vari-

ability to engine operating conditions, except for possibly

changes related specifically to the day of measurement – simi-

larly colored points tend to have similar PAH/Org ratios. We

have no physical interpretation for these results; the engines and

lab facilities were run according to the same protocols each day.

Although not shown, several other comparisons were attempted

without producing informative results. More work is needed to

resolve whether and how factors related to engine operations

can influence the profile of PAHs and their relative abundance

within vehicle exhaust.

4.3. PAH Measurement Intercomparison

PAHs adsorbed onto the particle surfaces were measured

during the LRRI study using a PAS 2000CE (EcoChem Ana-

lytics, League City, TX, USA). Periods of overlap between

PAS and HR-AMS PAH measurements were limited, but in a

few instances it was possible to compare measurements

between the two instruments. Figure 9 shows the time vari-

ability for both the HR-AMS measurements and PAS measure-

ments; r2 values ranged between 0.76 (in Test17) to 0.98 (in

Test24). However, while there was clearly a correlation

between the P-MIP derived PAH molecular ion concentration

and the PAS-measured surface PAH concentration for each of

these individual tests, there were inconsistencies in the ratio of

the HR-AMS-measured concentration to the PAS-measured

concentration between tests. In Test12 and Test17, the ratio of

FIG. 7. Time series of the total HR-AMS organic signal (Org) and the ratio of

total PAH molecular ion signals to the total organic signal (PAH/Org) for (a)

Test04 and (b) Test21. Error bars reflect instrument measurement error.

FIG. 8. Scatter plots comparing PAH signals at different engine test condi-

tions. Plots relate (a) the total PAH molecular ion mass loading to the total

measured organic mass loading (Org); and (b) the relative total PAH molecular

ion mass load (% PAH) to the total measured organic mass load (Org). Indica-

tors with the same hue designate tests performed in the same day. Symbols

indicate the gasoline engine load and diesel engine load, as described in the

text.
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HR-AMS PAH molecular ion concentration to average surface

PAH concentration was 67. During Test24, the ratio was 208.

The source of this discrepancy is not clear. It may simply be

that one or both instruments’ sensitivities to PAHs changed

over the course of the study – neither instrument was cali-

brated against PAHs while at LRRI. Alternatively, the differ-

ences may instead be due to differences in their measurement

approaches. The PAS specializes in measuring only the sur-

face concentration of PAHs, and even then not all PAH species

are measured (e.g., the PAS is not sensitive to naphthalene).

The PAS is also more sensitive to larger PAH molecules due

to their relative intensity of the signal produced by the larger

PAH versus the smaller compounds. Without the ability to cal-

ibrate to precise PAH mixtures, it is difficult to definitively

eliminate measurement bias based on PAH size. Performance

of the PAS 2000CE has been previously documented by Marr

et al. (2004, 2006).

5. CONCLUSIONS

In this study, a new methodology for the real-time charac-

terization of speciated PAH compounds in the aerosol phase

was developed that takes advantage of the measurement capa-

bilities of the Aerodyne HR-AMS. A target list of 53 relevant

PAH compounds was generated based on their previous identi-

fication in engine exhaust or their association with high carci-

nogenic health risk. These compounds, ranging between m/z

128 and m/z 279, included 15 UnSubPAHs, 15 OPAHs, 12

MPAHs, 7 NPAHs, and 4 APAHs. An additional 2490 near-

neighbor ions were also added to facilitate accurate fitting of

the target PAH ions. The P-MIP analysis was tested using a set

of chamber mixed engine exhaust data collected at LRRI dur-

ing April–May 2012.

To better account for the contribution of PAHs in the mixed

engine exhaust, potential interferences to the PAH molecular

ion signals were identified. Non-PAH interferences were found

to be generally unimportant due to the high m/z resolution of

the HR-AMS. 13C isotopic interferences are well constrained

by the unambiguous measurements of dominant isotope ions

and known isotopic relative abundances. The potential impact

of PAH/PAH interferences is small and based on available

data would typically bias the results by 1% or less. The case

data showed that for a few select PAH molecular ions, there

was an increased occurrence of interference when two PAHs

(UnSubPAH or MPAH) were separated by 2 amu. If uncor-

rected, the resulting bias would range between approximately

10% and 60% for this dataset, but in fact the contributions of

each molecular parent could be corrected readily when PAH

standard spectra are available.

Using P-MIP analysis, we have shown that it is possible to

generate high-resolution time-series data of the PAH molecu-

lar ions, of summed PAH subgroups, and of individual PAH

molecular ion concentrations. The total PAH molecular ion

concentration was correlated with the total organic mass signal

and, notably, that the relative quantities of PAHs remained

constant across two orders of magnitude of variation in the

total organic mass. The ability to track PAH molecular ion

contributions across time highlights the advantages of this new

approach. However, for P-MIP analysis to be fully useful, it

must be able to robustly quantify PAH concentrations, and for

that to be possible, it is crucial that extensive work be carried

out to characterize the response of the HR-AMS to a broad

range of PAH species. These efforts will vastly increase the

value of the analysis and allow for greater progress in under-

standing the sources of PAHs and their behavior and effects in

the atmosphere.
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