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a b s t r a c t

Soot-associated PAHs were exposed to simulated sunlight to investigate disappearance rates under envi-
ronmental aging conditions and to examine the robustness of diagnostic ratios for PAH source apportion-
ment. Naphthalene, acenaphthylene, acenaphthene, and fluorene showed an obvious two-phase
disappearance in all experiments while phenanthrene and anthracene exhibited this behavior for all
but the highest soot loading. The first phase loss is 5–40 times faster than the second phase loss and
occurred within 3 h for naphthalene, acenaphthylene, acenaphthene, and fluorene and within 10 h for
phenanthrene and anthracene. Two-phase disappearance was not observed for any of the higher molec-
ular weight PAHs with 4–6 rings. Each PAH has a unique loss rate via photodegradation and volatilization
and these rates of some PAHs were affected by soot loadings; phenanthrene and anthracene showed sim-
ilar rates in the first phase and increased loss rates in the second phase as soot loading increased. In the
absence of light, the loss of PAHs was related to both temperature and molecular characteristics. Due to
differences in disappearance rates of individual PAHs under illumination over extended times, prolonged
exposure to sunlight could change the interpretation of some diagnostic ratios used previously for PAH
source identification. This result indicates that more consistent and accurate methods that take into con-
sideration the longevity of particulate PAHs are needed for reliable source apportionment.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Since polycyclic aromatic hydrocarbons (PAHs) are ubiquitous,
and some PAHs are carcinogenic and/or mutagenic, their fate and
transport in the environment has been extensively investigated (Ja-
cob, 1996; Hannigan et al., 1998; Douben, 2003). Many attempts
have been made to determine the primary sources of PAHs observed
in air, water, sediment, and soil samples by using selected marker
compounds and homologue distribution patterns as well as specific
PAH ratios. For example, to distinguish PAHs of petrogenic origin
(i.e., PAHs derived from liquid petroleum before combustion) from
those of pyrogenic origin (i.e., PAHs derived from combustion pro-
cesses), the ratios of anthracene to phenanthrene and fluoranthene
to pyrene have been widely used (Sicre et al., 1987; Yunker et al.,
2002). The ratios of the sum of low molecular weight (2–3 rings)
PAHs to the total PAHs, and the sum of major combustion-specific
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compounds (fluoranthene, pyrene, benzo[a]anthracene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene, ben-
zo[a]pyrene, indeno[1,2,3-cd]pyrene) to the total, have also been
used as diagnostic indicators to infer possible PAH sources (Prahl
and Carpenter, 1983; Boehm and Farrington, 1984; Hwang and
Foster, 2006). It has also been documented that the ratios of alkyl-
ated phenanthrenes to phenanthrene, benzo[b]fluoranthene to
benzo[k]fluoranthene, and benz[a]anthracene to chrysene indicate
the relative contributions of PAHs from wood combustion, coal
burning, and vehicle operation, respectively (Berner et al., 1995;
Dickhut et al., 2000). These selected ratios have been applied to
identify major sources of PAHs in field samples collected from the
atmosphere, surface waters, sediments, soils, and even vegetation
and bivalves (Prahl and Carpenter, 1983; Boehm and Farrington,
1984; Sicre et al., 1987; Berner et al., 1995; Dickhut et al., 2000; Yun-
ker et al., 2002; Dreyer et al., 2005; Oros and Ross, 2005; Hwang and
Foster, 2006; Orecchio, 2007). Since PAHs in environmental samples
have multiple origins rather than a single one – and since some PAH
ratios in a certain sample sometimes contradict others – it is not
always simple to predict the major PAH sources and their relative
contributions. PAHs have been reported to display differential deg-
radation rates during transport and deposition (Schauer et al., 1996;
Zhang et al., 2005). Differences in volatility, phototransformation
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rates, and bio-degradation rates of individual PAHs could lead to
changes in PAH profiles in samples aged prior to collection; in such
cases, source apportionment by conventional methods would be
much more complicated.

While PAHs are produced from various combustion sources,
soot is also generated from volatiles formed within flames that
subsequently produce carbon-rich material through a complex
mass growth process (Schmidt and Noack, 2000). Pyrogenic PAHs
are suggested to be partially occluded in the soot matrix during
the incomplete combustion process, to be trapped in micropores,
or to have extremely high affinities for the aromatic flat surfaces
of soot (Readman et al., 1984; Eganhouse, 1997). Phototransforma-
tion of particulate PAHs is known to be one of the most important
degradation processes (Kamens et al., 1988). The photolytic behav-
ior of PAHs in particulate matter is dependent on the chemical and
physical properties of substrates such as color, size, carbon con-
tent, surface area, and particle porosity. Carbonaceous materials
such as fly ash, carbon black, and soot have been reported to pro-
tect sorbed PAHs from degradation in the atmosphere, water col-
umn, and sediments, while PAHs on the surfaces of silica gel and
alumina decayed quickly (Korfmacher et al., 1980; Behymer and
Hites, 1985, 1988). However, determination of the intrinsic photo-
degradation rate constants of PAHs in soot particles considering
the layer thickness and the aging effect on the source apportion-
ment of PAHs has not been studied. This study focuses on quanti-
fying the loss rates of soot-associated PAHs under controlled
laboratory conditions of temperature and irradiation. A major
objective is to determine the extent to which differences in such
loss processes among PAHs might affect commonly used indicators
of PAH sources.
2. Experimental

2.1. Soot generation

Soot particles were obtained from a rich premixed ethylene
flame stabilized on a standard laboratory circular flat burner (McK-
enna Products, Inc., Pittsburg, CA). A mixture of ethylene and fil-
tered air with an equivalence ratio of 1.73 (C/O = 0.58) was
delivered to the burner at a total flow rate of 9.7 L min�1. Heat
transfer to the burner was maintained using a 0.5 L min�1 flow of
cooling water. The flame was surrounded by a shroud of nitrogen
gas to minimize the diffusion of oxygen into the flame from the
ambient air. Soot particles were collected using a dilution probe
positioned at a height of 20 mm from the burner surface. Nitrogen
gas was introduced into the dilution probe to quench chemical
reactions. Details regarding the probe construction can be found
elsewhere (Yu et al., 1998). The post-flame gas was stabilized using
a stainless steel screen attached to the sampling probe. The parti-
cles were deposited onto 47 mm diameter PTFE membrane filters
(Sartorius Biotech Inc., Edgewood, NY) with a pore size of 0.2 lm.
The determination of organic carbon (OC) and elemental carbon
(EC) was obtained by the thermal–optical transmission technique
using a carbon aerosol analysis instrument (Sunset Laboratory
Inc., Forest Grove, OR). A temperature profile based on the NIOSH
5040 protocol was used (NIOSH, 1999).

2.2. Irradiation of soot-associated PAHs

To mimic environmental aging conditions with exposure to
sunlight, soot particles were irradiated for 24 h at ambient
temperature with the output from a high pressure 1000 W xenon
arc lamp (Osram Sylvania Inc., XBO 1000 W/HS OFR) after it was
passed through a dichroic cold mirror in the lamp housing (to only
transmit wavelengths between 300 and 500 nm). PAH concentra-
tions were determined as the amount of PAHs per unit mass
of soot by weighing pieces of soot-containing PTFE filters before
and after illumination. To obtain first order decay rate constants
of PAHs on soot, each filter was cut into eight sectors. The sectors
of a filter were placed on a Teflon plate, illuminated for a given
time, and taken out for analysis. A homogeneity test was
performed to ensure that soot particles were evenly spread on
the filters; the deviation between sectors was less than 6% of
the average PAH concentrations. Photon flux values in each
experiment were monitored by measuring the rate constant for
loss of aqueous 2-nitrobenzaldehyde (2NB) as a chemical actinom-
eter.
2.3. Dark controls

During illumination the temperature of the filter increased
gradually until it stabilized at 36 �C. Hence, to investigate possible
contributions of volatilization or other thermal degradation pro-
cesses to the disappearance of PAHs, soot containing PTFE mem-
brane filters were divided, placed on watch glasses, wrapped
with aluminum foil, and located in an environmental chamber
maintained at 36 �C for 24 h (2.1 and 12.7 mg/filter soot samples)
or 18 �C for 48 h (4.9 mg/filter soot sample).
2.4. Extraction, clean-up and analysis

After illumination, sectors cut from PTFE filters with soot-asso-
ciated PAHs were separately introduced into a Soxhlet extractor,
spiked with deuterated surrogates (naphthalene-d8, acenaph-
thene-d10, phenanthrene-d10, and chrysene-d12), and extracted
with dichloromethane for 12 h. All extracts were concentrated
using a rotary vacuum evaporator (Buchii Rotavapor R-3000) to
3–5 mL, and subsequently cleaned up and fractionated by column
chromatography using 40 g of alumina (80–120 mesh) activated at
450 �C for 4 h and deactivated (4%) with water before use. The col-
umn was eluted with 120 mL of 1:1 (v/v) pentane/dichlorometh-
ane mixture to remove retained compounds. Final volume of the
extracts was 0.5–1 mL after rotary vacuum evaporation and nitro-
gen blow-down. Prior to instrumental analysis, a deuterated stan-
dard (pyrene-d10) was added to check analytical efficiency.

Identification and quantification of 16 PAHs – naphthalene
(Naph), acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flu),
phenanthrene (Phe), anthracene (Ant), fluoranthene (Flt), pyrene
(Pyr), benz[a]anthracene (BaA), chrysene (Chry), benzo[b]fluo-
ranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP),
indeno[1,2,3,-cd]pyrene (InP), dibenz[a,h]anthracene (DaA), and
benzo[g,h,i]perylene (BgP) – were accomplished using a Hewlett–
Packard 6890 gas chromatograph equipped with a DB-5MS fused-
silica capillary column (30 m � 1.25 mm ID, 0.25 lm film thickness)
and a Hewlett–Packard 5973 mass selective detector. Helium was
utilized as a carrier gas (1.3 mL min�1). The oven temperature
started initially at 60 �C, programmed for three temperature ramps,
to 150 �C at 15 �C min�1, to 220 �C at 5 �C min�1, and to 310 �C at
10 �C min�1, and held for 7 min. Injector and detector temperatures
were 310 and 300 �C, respectively. The mass selective detector was
operated in the electron ionization (70 eV) and the selected ion
monitoring modes. Concentrations of individual compounds in the
sample were calculated from the response factors determined using
external standards. Calibration standards ranged from 62.5 to
2000 ng mL�1. The method detection limit ranged from 0.09 to
0.76 ng mL�1. A standard reference material (SRM2975, Diesel
particulate matter) purchased from NIST (Gaithersburg, MD) was
analyzed in the same manner as the soot samples. Measured
PAH concentrations in the SRM were within 20% of certified
concentrations.
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3. Results and discussion

3.1. Soot characteristics and PAHs sorbed on the soot particles

The initial concentrations of soot-associated PAHs are given in
Table 1, showing that Pyr, Flu, and BgP were the dominant species,
contributing more than 50% to the sum of the 16 PAH concentra-
tions. In contrast, DaA was not detected and Naph, Ace, and Chry
were the least abundant PAHs on the soot particles. This PAH dis-
tribution pattern is similar to the typical PAH profile of diesel mo-
tor vehicle emissions (Lee et al., 2004). To investigate the effect of
soot layer thickness on loss and phototransformation rates, soot
samples were generated under identical conditions but different
amounts were collected, yielding filters with 2.1, 4.9, and
12.7 mg of soot. PAH mass per soot mass was used as the concen-
tration unit to calculate the kinetics of PAH disappearance.

The measured OC fractions of the samples used in this study
were about 60%. Laboratory generated soot provides useful infor-
mation for understanding combustion particles because it is pro-
duced under conditions that are reproducible and controllable.

3.2. Disappearance of PAHs during simulated sunlight illumination

The average first order rate constant for 2NB loss in the solar
simulator (0.016 s�1) is approximately 20% higher than the mea-
sured value in Davis, California, USA, at solar noon on the sum-
mer solstice (0.013 s�1; Anastasio and McGregor, 2001). Thus,
the 300–500 nm photon flux in the solar simulator is approxi-
mately the same as that for mid-latitudes during midday in
summer.

Soot-associated PAHs can be categorized into three groups
according to their loss rates under irradiation (Table 1). For the first
group, the lowest molecular weight PAHs, an obvious two-phase
loss was observed. Naph, Acy, Ace, and Flu were lost quickly over
the first 3 h and then more slowly for the remainder of the exper-
iment, independent of soot loading. The first phase loss rates are
Table 1
Initial PAH concentrations on soot samples and first order loss constants during illuminat

Initial conc.a

(ng/mg soot)
2.1 mg soot 4.9 mg soot

Illuminated
(j2NB = 0.016 s�1)b

Dark control
(36 �C)

Illuminated
(j2NB = 0.020

0–3.5 h R2 3.5–24 h R2 0–24 h R2 0–3 h R2

Naphc 87 (±17) 0.04 n/ad 0.004 0.49 0.005 0.37 0.21 n/ad

Acy 1300 (±400) 0.37 n/ad 0.026 0.92 0.054 0.98 0.80 n/ad

Ace 24 (±12) 0.37 n/ad 0.024 0.79 0.068 0.96 0.44 n/ad

Flu 180 (±37) 0.33 n/ad 0.025 0.89 0.035 0.97 0.54 n/ad

0–9.6 h 9.6–24 h 0–8.9 h

Phe 1600 (±410) 0.19 0.96 0.021 0.50 0.025 0.93 0.19 1.00
Ant 290 (±65) 0.18 0.94 0.017 0.47 0.012 0.62 0.16 0.95

0–24 h 0–2

Flt 8900 (±750) 0.043 0.86 0.005 0.30 0.02
Pyr 22 000 (±3300) 0.045 0.91 0.005 0.26 0.02
BaA 250 (±200) 0.012 0.86 0.041 0.66 0.01
Chry 130 (±23) 0.005 0.20 0.003 0.09 0.00
BbF 860 (±150) 0.008 0.29 �0.002 0.19 0.00
BkF 320 (±100) 0.013 0.84 0.002 0.25 0.00
BaP 3300 (±1000) 0.016 0.92 0.001 0.10 0.01
InP 3300 (±920) 0.003 0.31 �0.001 0.02 0.00
DaA nd
BgP 8900 (±1500) 0.004 0.44 0.002 0.19 0.00

a 1 Standard error of the mean in parenthesis.
b Measured photon fluxes.
c Compounds are in order of molecular weight.
d Rate constants were calculated based on two data points.
about 5–40 times higher than the second phase rates of these four
PAHs. The rate constants obtained from the second phase loss of
soot-associated Acy, Ace, and Flu are similar to each other and
independent of soot loading. Soot loading masses did not depend
systematically on either the first phase loss constants or normal-
ized photon flux (jPAH/j2NB), suggesting that the variability may
be random. For example, the highest first phase loss constants
were observed on 4.9 mg/filter soot for Acy and Flu and on
12.7 mg/filter soot for Ace, respectively. Phe and Ant behave some-
what differently from the first four low molecular weight PAHs;
the first loss phase lasted about 10 h on 2.1 and 4.9 mg/filter soot
samples, whereas only a single loss mode was observed during
24 h of illumination on the 12.7 mg/filter soot sample. In the Phe
and Ant cases, the first phase loss rates were 5–10 times faster than
the second phase rates. The rate constants of these compounds in
the second loss phase increased as the mass loading of soot in-
creased, while the first phase rate constants of both compounds
are very similar to one another, implying that both compounds
have a similar loss mechanism and the thickness of substrates
are not significant for their first loss phase. More than 80% of PAHs
were lost in the first phase under illumination with a solar simula-
tor. Flt and Pyr in 2.1 mg/filter soot might be categorized into the
second group such as Phe and Ant. However, calculated first phase
rate constants of Flt and Pyr were not significantly different from
those for the single mode disappearance. In larger amount of soot,
they showed an obvious single mode. The rest of the PAHs, those
with 4–6 rings, however, did not exhibit the rapid initial loss and
a single first-order rate characterized their disappearance over
the 24 h experiment.

The aging process of particulate PAHs under sunlight includes
both photochemical degradation and volatilization. Fig. 1 shows
the disappearance rates of selected PAHs sorbed on soot particles
under illumination and in the dark suggesting that photodegrada-
tion could be the main loss pathway of soot-associated PAHs
deposited on land from the atmosphere rather than volatilization.
Flu and Phe sorbed on 2.1 mg/filter soot had much higher rate
ion and in the dark (h�1).

12.7 mg soot

s�1)b
Dark control
(18 �C)

Illuminated
(j2NB = 0.013 S�1)b

Dark control
(36 �C)

3–24 h R2 0–48 h R2 0–3 h R2 3–24 h R2 0–24 h R2

0.016 0.73 0.003 0.42 0.02 0.54 0.003 0.22 0.018 0.86
0.030 0.93 0.016 0.98 0.47 0.94 0.022 0.68 0.076 0.98
0.033 0.50 0.018 0.97 0.54 0.99 0.014 0.16 0.073 0.97
0.028 0.83 0.008 0.84 0.18 0.97 0.033 0.62 0.033 0.97

8.9–24 h 0–24 h

0.043 0.93 0.003 0.64 0.043 0.94 0.016 0.95
0.035 0.89 0.002 0.43 0.051 0.88 0.015 0.93

4 h 0–24 h

5 0.97 «0.001 «0.01 0.006 0.50 0.005 0.98
7 0.96 0.001 0.05 0.008 0.60 0.005 0.94
6 0.75 0.002 0.60 0.004 0.32 0.012 0.88
7 0.89 0.001 0.08 «0.001 «0.01 0.010 0.93
6 0.75 0.001 0.40 �0.001 0.06 0.001 0.59
8 0.77 0.002 0.83 0.001 0.03 0.004 0.96
2 0.77 0.002 0.62 0.003 0.23 0.003 0.89
1 0.32 0.002 0.71 «0.001 0.01 0.004 0.43

7 0.36 0.002 0.84 0.002 0.09 0.005 0.76
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Fig. 1. First order disappearance of selected PAHs (a. fluorene, b. phenanthrene, and
c. pyrene) sorbed on 2.1 mg soot particles under illumination (solid line) and in the
dark at 36 �C (dashed line).
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Fig. 2. Loss rate constants in the second phase as a function of the molecular weight
of PAHs (4.9 mg/filter soot).
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constants (0.33, 0.17 h�1) for the first loss phase compared to loss
rates for dark control experiments (0.035, 0.025 h�1). After a signif-
icant fraction of PAHs on the surface of soot particles were lost un-
der irradiation within 3–10 h, the disappearance of Flu and Phe
became slightly slower than the loss rate under dark conditions.
There was no apparent two-phase loss for Pyr but its rate constant
(0.045 h�1) during illumination is nine times greater than in the
dark (0.005 h�1). Compared to 36 �C, dark losses of PAHs associated
with soot at 18 �C were dramatically lower, but remained log-lin-
ear over the entire experiment for most PAHs (Table 1). A potential
mechanism consistent with the experimental findings is that the
near surface lower molecular weight PAHs rapidly photodegrade
and are depleted in the first phase; subsequent losses are governed
by diffusion from layers closer to the soot particle centers. This dif-
fusion rate would be slower than observed in dark controls for
which near surface PAH concentrations were higher. For higher
molecular weight PAHs phototransformation was slower and diffu-
sion from deeper particle layers kept pace with photolytic loss,
producing the observed ‘‘one phase” behavior.

3.3. Degradation half-lives of PAHs on soot compared to other
substrates

Table 2 shows that a wide range of half-lives of particle-associ-
ated PAHs have been previously reported, at least in part because of
differences in the characteristics of the substrates where PAHs were
sorbed. In most cases, half-lives were calculated on the basis of rate
constants for photochemical degradation without considering dark
loss of PAHs. Behymer and Hites (1985) observed no concentration
changes in dark control experiments; Matuzawa et al. (2001) con-
ducted illumination of PAHs at 17 �C to reduce the effect of heat
from the light source, while Wang et al. (2005) reported the total
loss rate constants including photodegradation and thermal disap-
pearance of PAHs sorbed on pine needles exposed to natural
sunlight. Although Ant, BaA, and BaP are regarded as the most
photoreactive components (Yunker et al., 2002), it is hard to gener-
alize their reactivity on various substrates. In the present study,
half-lives of those three PAHs in 2.1 and 4.9 mg/filter soot were very
similar to each other while those on 12.7 mg of soot were 3–6 times
greater. Furthermore, Ant, BaA, and BaP are not likely to photode-
grade more quickly on fly ash, carbon black, or pine needles com-
pared to other species. PAHs have common physico-chemical
properties such as planar structure, hydrophobicity, low water sol-
ubility, high melting and boiling point, and low vapor pressure. Due
to their conjugated structures, PAHs exhibit high light absorptivity
in the UV/Vis range. The reason that high molecular weight PAHs
associated with soot show relatively poor photoreactivities, how-
ever, is likely to be related to low quantum yield, possibly due to
strong interactions with the substrate. Loss rate constants of PAHs
were most strongly correlated with the molecular weights of PAHs
rather than any other factors when the first loss phase is excluded
(Fig. 2). Volatile losses would be expected to vary with molecular
weight in roughly this manner, but phototransformation may also
depend on molecular weight because higher molecular weight
PAHs have stronger p-electron donor tendency (Zhu and Pignatello,
2005). The p–p electron donor–acceptor interactions between
PAHs and soot surfaces might result in decreased phototransforma-
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tion rates for the higher molecular weight PAHs by the decline of
diffusion from inner layers to the surface because of their strong
bonding.

3.4. Influence of aging on the PAH species ratios used for source
apportionment

Some diagnostic PAH species ratios have been widely used for
the source identification of PAHs in the environment. However, if
aging alters the PAH profiles of soot particles (or other primary
particulate emissions) then direct application of PAH ratios could
provide the wrong information about PAH sources. This could be
important in the atmosphere (where soot particles can remain sus-
pended for approximately a week), but it is likely especially impor-
tant for PAHs deposited on surfaces since the corresponding aging
times can be much longer (Andreae, 2001; Kim and Young, 2009).
At a given time t, the ratio of concentrations of PAHs ‘‘A” and ‘‘B”
can be calculated by

CA
t

CB
t

¼ CA
0

CB
0

eðkB�kAÞt ð1Þ
Table 2
Comparison of the half-lives (h) of PAH degradation on various substrates under illumina

This studya Pennise and Kamensb Behymer and Hitesc

Soot Combusted wood chip Silica gel Alumina Fly ash Car

Naph 44–220 (3.4–36)
Acy 23–32(0.9–1.9) 0.7 2.2 44 170
Ace 21–50 (1.3–1.9) 2 2.2 44
Flu 21–28(1.3–3.9) 110 62 37 >10
Phe 16–33 (3.6–3.7) 150 45 49 >10
Ant 14–41 (3.9–4.4) 2.9 0.5 48 310
Flt 16–120 1–17 74 23 44 >10
Pyr 15–92 0.75–7.8 21 31 46 >10
BaA 5.9–180 0.8–12.4 4 2 38 650
Chry 110–130g 0.8–12.4 100 78 38 690
BbF 84–126g 0.66–7
BkF 54–84g 0.66–7
BaP 42–280 0.11–5.7 4.7 1.4 31 570
Ind 210–1200g 0.34–7.6
DaA 0.35–6
BgP 100–160g 0.31–10 7 22 29 >10

a Values are for three different soot loadings (first phase decay half-lives in parenthes
b Exposed to natural sunlight in Pittsboro, NC.
c 450 W medium pressure Hg lamp used.
d 300 and 900 W xenon lamp used, DPM: diesel particulate matter.
e Exposed to natural sunlight in Dalian, China.
f Illuminated with simulated sunlight.
g Values for 12.7 mg soot were not included due to R2 less than 0.1.

Table 3
Changes of some selected PAH source apportionment ratios (2.1/4.9/12.7 mg/filter soot) e

0 h 24 h 100 h

Ind/(Ind + BgP) 0.27/0.34/0.26 0.29/0.34/0.26 0.29/0.3
Flt/(Flt + Pyr) 0.29/0.26/0.30 0.31/0.27/0.31 0.33/0.3
BaP/(BaP + Chry) 0.98/0.97/0.94 0.97/0.97/0.93 0.98/0.9
BaP/BgP 0.44/0.38/0.45 0.33/0.33/0.44 0.13/0.2
Ind/BgP 0.37/0.52/0.34 0.38/0.52/0.36 0.41/0.5
Ant/178 0.18/0.16/0.16 0.21/0.23/0.14 0.28/0.4
BaA/228d 0.66/0.68/0.77 0.12/0.60/0.73 «0.01/0.
Phe/Ant 4.48/5.40/5.34 3.82/3.44/6.07 2.59/1.3
Flt/Pyr 0.41/0.34/0.43 0.44/0.37/0.45 0.50/0.4

a Ravindra et al. (2006) and therein.
b Budzinski et al. (1997).
c Baumard et al. (1998).
d Triphenylene was not monitored in this study and BaA/228 was calculated based on
CA
t

CA
t þ CB

t

¼ CA
0e�kAt

CA
0e�kAt þ CB

0e�kBt
¼ 1þ CB

0

CA
0
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" #�1
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where C0 is the initial concentration and k is the first-order loss rate
constant at a given mass loading of soot. The second phase loss rates
were used for Flt, Ant, and Phe to calculate ratios for 24–500 h. It is
noted that environmental diurnal variations in temperature and ac-
tinic flux in extrapolations are needed for more accurate application
of PAH ratios.

Table 3 shows the changes in some previously proposed diag-
nostic ratios as aging of soot-associated PAHs proceeds over ex-
tended times, resulting in changes in the source identification in
some instances. Extrapolating our first-order loss rates to 500 h
aging, for instance, produces an increase in the ratio of Flt/
(Flt + Pyr) from 0.26–0.30 (which is in the range for a gasoline com-
bustion source) to 0.51–0.57 (diesel combustion source), indepen-
dent of the soot mass loading. Although all of our samples were
from the same source, the apparent source changes with aging
time based on this diagnostic ratio. Likewise, the source interpreta-
tion based on the ratio of BaA to BaA plus Chry/triphenylene (BaA/
228) changed from pyrogenic to petrogenic between fresh and
tion.

Matuzawa et al.d Wang et al.e Niu et al.f

bon black DPM Soil components DPM/soil mix Pine needles Fly ash

10.7
27.7 76
33.0 89

00 39.8 90
00 4–61 1–5 9.1 34.5 112

22.4 81
00 11–22 1.6–4.2 6.5 21.5 154
00 9–734 0.8–1.6 10.2 21.9 95

20.6 139
12–405 1.7–8.8 8.4 27.0

37.7 198
28.3 248

1.6–6.6 <0.5–1.6 6.2 33.5 178
41.3 182
37.1 198

00 44.1 169

es, illuminated with 1000 W xenon lamp).

xtrapolated to extended times.

500 h Interpretation

7/0.29 0.38/0.46/0.41 0.35–0.7 diesel emissionsa

2/0.34 0.53/0.57/0.51 >0.5 diesel , <0.5 gasolinea

5/0.92 0.13/0.69/0.81 0.49 diesel, 0.73 gasolinea

3/0.42 «0.01/0.03/0.30 >0.6 traffic emissiona

9/0.40 0.62/0.85/0.70 �0.4 gasoline, �1 diesela

3/0.06 0.65/0.94/«0.01 >0.1 combustion, <0.1 petroleumb

41/0.69 «0.01 / 0.01/0.31 <0.2 petroleum, >0.35 combustionb

5/15.1 0.54/0.06/291 <10 pyrogenic, >15 petrogenicc

6/0.52 1.15/1.30/1.02 �1 pyrogenic, «1 petrogenicc

data from BaA and Chry.
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aged soot samples of 2.1 and 4.9 mg/filter. For our 2.1 and 4.9 mg/
filter soot samples and aging conditions, the Ant to Ant plus Phe
(Ant/178) and Phe/Ant ratios provided the correct diagnosis that
the samples were combustion-derived at all times. However, Ant/
178 and Phe/Ant ratios in the 12.7 mg/filter soot sample are chan-
ged enormously after 100 and 500 h of aging, suggesting that the
loss mechanism of Phe and Ant sorbed on a large amount of soot
particles under illumination would be significantly different from
other cases. The ratio BaA/228 correctly indicated pyrogenic origin
initially but indicated petrogenic origin after 500 h of aging. Other
ratios designed to differentiate between gasoline and diesel pro-
vided ambiguous results in all cases. If fast photodegradation of
PAHs are added for the calculation of PAH ratios over extended
time, then the difference between predicted values based on PAH
profile and real ones will be further enhanced. When the aging ef-
fect and various mass loadings of soot were considered, therefore,
there was no ratio that could be universally used for PAH source
identification. Many researchers, of course, have developed other
useful methods for the prediction of PAH sources that are not con-
sidered in Table 3. In addition, particulate PAHs deposited on land
can also degrade through biological and other abiotic processes not
considered here.
4. Conclusions

This work demonstrates the loss rates for PAHs associated with
soot particles under illumination and the validity of some diagnos-
tic PAH ratios for source apportionment of aged PAHs. An apparent
two-phase disappearance in all experiments was observed for
Naph, Acy, Ace, and Flu, while Phe and Ant exhibited this behavior
for all but the highest soot loading. Only a single mode of disap-
pearance, however, was observed for the higher molecular weight
PAHs with 4–6 rings. The observed results might be related to
molecular sizes, intrinsic photolysis rates, and interaction between
PAHs and soot particles. Further investigation is needed to deter-
mine contributions of the direct photolysis and the diffusion kinet-
ics to the apparent disappearance rates of PAHs on soot. Due to
differences in disappearance rates of individual PAHs, prolonged
exposure to sunlight could change the interpretation of some diag-
nostic ratios used widely for PAH source identification. Unlike
PAHs in aerosol which are relatively fresh, therefore, sources of
PAHs from surface waters and sediments should be determined
by considering the potential influence of aging on any diagnostic
method.
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