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Abstract

In order to establish effective vehicle emission control strategies, efforts are underway to perform studies which provide

insight into the origin of the source of vehicle particle emissions. In this study, the mass spectral signatures of individual

particles produced from atomized auto and diesel oil and fuel samples were obtained using aerosol time-of-flight mass

spectrometry (ATOFMS). The major particle types produced by these samples show distinct chemistry, falling into several

major categories for each sample. Lubricating oils contain calcium and phosphate based additives and although the

additives are present in low abundance (�1–2% by mass), calcium and phosphate ions dominate the mass spectra for all

new and used oil samples. Mass spectra from used oil contain more elemental carbon (EC) and organic carbon (OC)

marker ions when compared to new oils and exhibit a very high degree of similarity to heavy duty diesel vehicle (HDDV)

exhaust particles sampled by an ATOFMS. Fewer similarities exist between the used oil particles and light duty vehicle

(LDV) emissions. Diesel and unleaded fuel mass spectra contain polycyclic aromatic hydrocarbon (PAH) molecular ions,

as well as intense PAH fragment ions 25(C2H)�, 49(C4H)�, and inorganic ions 23Na+, 39K+, 95(PO4)
�. Unleaded fuel

produced spectra which contained Na+ and K+; likewise, LDV particle emission spectra also contained Na+ and K+.

Comparing oil and fuel particle signatures with HDDV and LDV emissions enhances our ability to differentiate between

these sources and understand the origin of specific marker ions from these major ambient particle sources.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Atmospheric particles are chemically diverse,
ranging from inorganic dust and soil to biological,
organic, soot, and sea salt particles. Sources of the
different particles in the atmosphere include wind
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blown dust, vegetative pollen release, fuel combus-
tion, secondary organic aerosol formation, and
oceanic bubble bursting (Fitzgerald 1991; Graham
et al., 2003; Pandis et al., 1992; Pinker et al., 2001).
To understand the impact of particles on the
environment, the ability to differentiate between
particles from different sources and determine their
ambient contributions is important. Fossil fuel
combustion significantly contributes to the particle
burden in urban areas (Hamilton and Mansfield,
.
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1991; Schauer and Cass, 2000) and these particles
can be transported to non-urban areas as well
(Hughes et al., 2000). Toxicologically, understand-
ing the chemical composition of combustion parti-
cles is important because they have been linked to
an increase in morbidity and adverse health effects
(Collins et al., 1998; Dockery et al., 1992; Harrison
and Yin, 2000; Schwartz et al., 1994; Weyand et al.,
2004). Combustion particles have also been shown
to affect climate by absorbing solar radiation
and changing cloud properties (Ackerman et al.,
2000; Andreae et al., 2004; Chung and Rama-
nathan, 2004; Chung et al., 2002; Krishnan and
Ramanathan, 2002). Furthermore, atmospheric
oxidation of unburned gasoline vapor has been
shown to contribute to the formation of secondary
organic aerosol (SOA) (Lee et al., 2004; Odum et al.,
1997).

Light duty vehicles (LDV) and heavy duty diesel
vehicles (HDDV) produce a significant number of
particles composed of elemental carbon (EC),
organic carbon (OC), trace metals, and salts
(Burtscher et al., 1998; Kittelson, 1998; Kleeman
et al., 2000; Lowenthal et al., 1994; Schauer et al.,
1999, 2002; Silva and Prather, 1997; Suess and
Prather, 2002). Oil and fuel formulations can
influence the amount of the different species emitted
from vehicles (Alander et al., 2004; Isotalo et al.,
2002; Wang et al., 2000b), and these formulations
vary by brand and type (Marr et al., 1999).
Therefore, identical vehicles using fuel and oil
produced by different vendors could potentially
emit chemically distinct particles. Determining
whether the majority of particulate matter produced
by LDV and HDDV results from incomplete fuel
combustion, unburned oil, or engine block elements
will be useful for evaluating LDV and HDDV
particulate emission control strategies, potentially
leading to better fuel or oil formulations and/or
engine design.

Aerosol time-of-flight mass spectrometry
(ATOFMS) was used to analyze 16 different
aerosolized fluids: new lubricating oil (10W-30),
new lubricating oil (15W-40), used lubricating oil
(10W-30), three used (15W-40) lubricating oils, four
different 87 octane unleaded fuels, four different
diesel fuels, and three diesel fuels taken from the
fuel tank of different diesel trucks. The aim of this
work is to study the variability of the mass spectral
signatures from oil and fuel particles and compare
them with LDV and HDDV emission particles. For
LDV and HDDV sources, an understanding of the
origin of certain unique ions commonly observed in
the single particle spectra will help unravel the
differences observed for these two chemically
similar ambient particle sources.

2. Methods

2.1. Single particle analysis: ATOFMS

Single particle chemical analysis was performed
using a transportable dual ion ATOFMS instru-
ment. A detailed instrumental description has been
previously reported (Gard et al., 1997). Briefly,
particles are drawn into the ATOFMS instrument
through a converging nozzle inlet. Upon exiting the
nozzle, the gas undergoes a supersonic expansion,
causing particles to accelerate to different terminal
velocities depending on their size and shape.
Particles then pass through two 532 nm continuous
wave (CW) lasers separated vertically by 60mm.
Scattered light caused by a particle passing through
a CW laser is measured with a photomultiplier tube
(PMT). The time difference between the two
scattered light pulses is used to calculate particle
velocity and ultimately aerodynamic size. The
measured particle velocity is also used to time a
Q-switched Nd:YAG laser to fire at the particle
precisely as it enters the source region of a dual
ion time-of-flight mass spectrometer. This Q-
switched desorption/ionization laser was operated
at 266 nm and �1.0mJ/pulse. ATOFMS measures
the aerodynamic size and chemical composition
of individual particles between 0.2 and 3.0 mm in
real-time.

2.2. Fuel and oil particle generation

Unleaded and diesel fuel samples (numbered 1–4)
were purchased from public gas stations in San
Diego, California. New LDV and new HDDV oils
were 10W-30 and 15W-40 blends, respectively.
Unleaded (87 octane ‘‘regular’’) auto fuel and diesel
fuel samples (1–4) were stored in separate plastic
petroleum storage containers for one week prior to
experiment. Throughout this paper, the 87 octane
auto fuel is referred to as ‘‘unleaded’’ and diesel
fuel as ‘‘diesel’’. HDDV fuel and HDDV used oil
(numbered 1–3) were obtained from three separate
diesel trucks (i.e. fuel tank or oil pan) that were used
during an ATOFMS dynamometer study (Shields
et al., 2006). Used LDV oil (10W-30) was obtained
from a light duty pickup truck. All used oil samples



ARTICLE IN PRESS
M.T. Spencer et al. / Atmospheric Environment 40 (2006) 5224–52355226
had a dark black visual appearance and were stored
in glass containers. The number of operating hours
on the engines for each used oil sample is unknown.

Fig. 1 shows a diagram of the particle generation
setup. Particles from the fuels and oils were
generated using a Collison nebulizer (May, 1973),
followed by two Pyrex dilution chambers. Dry
laboratory generated, charcoal, Purafil, and HEPA
filtered air was used for aerosol production and
subsequent dilution. A 2 L dilution chamber was
utilized first, followed by a 1 L chamber. The
dilution chambers each yielded about a 10-fold
dilution for an overall dilution of the initial particle
stream of 100-fold. Particle size distributions were
measured using the ATOFMS instrument, an
Aerodynamic Particle Sizer (APS, TSI Inc. model
3321), and a Scanning Mobility Particle Sizer
(SMPS, TSI Inc. model 3936L10).
2.3. LDV and HDDV sampling

Methods for sampling LDV and HDDV emis-
sions used for comparison in this study have been
reported previously (Shields et al., 2006; Sodeman
et al., 2005). Briefly, particle emissions from seven
different HDDV were sampled on a HDDV
transportable dynamometer (Bata et al., 1991).
Twenty eight LDVs were run on a permanent
dynamometer at the California Air Resources
Board (CARB) vehicle testing facility in El Monte,
CA. Vehicles were operated using a variety of
standard testing cycles.
2.4. ATOFMS data analysis

Data were imported into Matlab Version 6.1.0.450
release 12.1 (The Math Works, Inc.) and analyzed
2 liter dilution
chamber

1 liter dilution
chamber

9 liter/min
dilution air

1 liter/min
nebulizer air

9 liter/min
exhaust

9 liter/min
dilution air

1 liter/min
sample1 liter/min

ATOFMS

9 liter/min
exhaust

Collison nebulized
sample

Fig. 1. Experimental setup. Oil and fuel particles are generated

using a Collison nebulizer and diluted with dry, particle free air

using a two stage dilution system prior to analysis with

ATOFMS.
using YAADA version 1.2 [http://www.yaada.org].
Mathematical comparisons between the major LDV,
HDDV and oil/fuel sample particle types were made
using components of the YAADA toolkit.

were grouped using an Adaptive Resonance
Theory neural network, ART-2a (Hopke and Song,
1997; Song et al., 2001, 1999). ART-2a groups
particles together based on similarities between ion
peak intensities in each individual particle mass
spectrum. The parameters used for ART-2a in this
experiment were: learning rate ¼ 0:05, vigilance
factor ¼ 0:85, and iterations ¼ 20. A particle cluster
resulting from ART-2a can be used to generate a
weight matrix (WM). The WM represents a weighted
average of a group of similar mass spectra deter-
mined using ART-2a. The WM of different particle
types can then be analyzed manually and further
refined into distinct chemical classes. From this
grouping of similar particles, an area matrix (AM)
can then be generated. This AM represents the
average intensity for each m=z for all particles within
a group. In general, the AM strongly resembles the
individual mass spectra of each particle within a
group.

3. Results and discussion

For the following discussion, the presence and
relative intensities of certain ion peaks are used to
differentiate EC and OC (Spencer and Prather,
2006). EC is characterized by distinct carbon cluster
ion peaks in the positive and negative mass spectra
(12, 24, 36yCn) that are typically higher in intensity
than OC peaks occurring in the same spectra. OC
peaks, such as m=z (15+, 27+, 29+, 37+, 43+, 25�,
and 26�), can be assigned to a number of different
organic fragments (McLafferty, 1980). Some of
these include, 15(CH3)

+, 27(C2H3)
+, 27(CNH)+,

29(C2H5)
+, 29(COH)+, 43(CHNO)+, 43(C2H3O)+,

43(C3H7)
+, 91(C7H7)

+, 25(C2H)�, and 26(CN)�.
Organic compounds can also produce ions at
m=z 12, 24, 36, etc. (Silva and Prather, 2000),
however, these are significantly lower in intensity
than other OC markers at m=z 15+, 27+, 29+, 43+,
25�, and 26�.

Lab generated oil and diesel fuel particles ranged
in size from 500 to 5000 nm (aerodynamic dia-
meter). Oil particles from all samples produced a
mode centered at roughly 2300 nm and the diesel
fuel particle mode was centered at 1000 nm as
measured by an APS. Very few oil and diesel fuel
particles were generated within the size range

http://www.yaada.org
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between 10 and 250 nm. Unleaded fuel particle sizes
ranged from 20 to 250 and 500 to 1500 nm, as
measured with an SMPS and APS, respectively.
Unleaded fuel particles showed a mode at 100 nm
on the SMPS and 670 nm on the APS. These
size distributions are directly related to the method
used to generate the particles, and a different
formation method would produce different size
distributions.
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3.1. New and used oil samples

Fig. 2(a–d) contains the AM for the different
particle classes detected in the new and used oil
samples. Particle classes are labeled by order of ion
intensity in the mass spectra. Fig. 2a shows the AM
of a particle type containing Ca, phosphate, and OC
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are dominated by an intense 40Ca+ peak as well as
peaks at 57(CaOH)+, 96(Ca2O)+, and m=z 27+. The
peak at 27+ is most likely 27HCN+, based on
the simultaneous presence of an intense 26(CN)� in
the negative ion spectra of the same particle, and
attributed to the presence of nitrogen-containing
organics (Silva and Prather, 2000). The correspond-
ing negative ion spectrum in Fig. 2a shows the
presence of phosphate 63(PO2)

�, 79(PO3)
�, and

95(PO4)
�/95(CH3SO3)

�, carbon clusters out to
60C5
�, 26(CN)�, 42(CNO)�, and 111(CH3SO4)

�.
Calcium is added to engine lubricants as part of a
detergent complex as well as to serve as a base to
neutralize acids and stabilize highly polar com-
pounds that are formed in the engine during
combustion (Lyyranen et al., 1999; Rudnick,
2003). Zinc dialkyldithiophosphate (ZDDP) is also
added to commercial lubricants and serves as an
anti-wear and extreme-pressure agent (Gautam
et al., 1999). ZDDP and the thermo-oxidative
breakdown products orthophosphate and pyropho-
sphate have been measured in lubricant films, and
therefore the presence of phosphates is expected
(Canning et al., 1999; Willermet et al., 1992). The
presence of zinc is also expected, however due to a
relatively low sensitivity of the ATOFMS instru-
ment to organometallic zinc, no zinc ions were
detected during this study. It is important to note
that calcium makes up 1–2% of the oil mass,
however the calcium ion peak at m=z 40+ dom-
inates the spectrum, demonstrating how Ca+ can
suppress the organic and trace metal ion intensities
in this matrix. Furthermore, desorption and ioniza-
tion of base mineral oil which did not contain the
additive package (i.e. no calcium and phosphate)
at the same wavelength (266 nm laser) and power
(1.5mJ) produced only a few particle spectra
containing low intensity ions, indicating weak
absorption. This is not surprising given the compo-
sition of mineral oil is dominated by long chain
hydrocarbons which do not absorb 266 nm radia-
tion. However, the oil samples in these experiments
which did include additive packages strongly
absorbed the 266 nm radiation.

Figs. 2b–d show the AM for particles detected in
used LDV and HDDV oil samples. Fig. 2b shows
the particle type (Ca–EC–OC–phosphate–NO2–Na)
that is readily distinguished from the new oil shown
in Fig. 2a by the increased intensities of the EC ion
peaks (36C3

�, 48C4
�, 60C5

�, 72C7
�), OC ion markers

(i.e. 27+, 29+, 43+, 55+, 69+, 71+, 81+, 83+, 85+,
93+, 95+), the presence of 23Na+, and an intense
peak at 46(NO2)
�. Normal and branched alkanes

typically fragment to ions at m=z 29+, 43+, 57+,
and 71+, while alkenes and cycloalkanes will
yield ions at m/z 27+, 41+, 55+, 69+ and 83+

(McLafferty, 1980). These fragment ions are ob-
served for used oil and HDDV exhaust particles by
the ATOFMS instrument, as well as in previous
studies with a thermal desorption particle beam
mass spectrometer and an Aerodyne aerosol mass
spectrometer (AMS) (Alfarra et al., 2004; Canagar-
atna et al., 2004; Tobias et al., 2001). These are most
likely the non-absorbing aliphatic hydrocarbons in
the base oil described above. Apparently, the
additional EC in these particles acts as a strongly
absorbing matrix, enhancing the signals from these
non-absorbing aliphatic species in direct analogy to
matrix assisted laser desorption ionization (Karas
and Kruger, 2003). The presence of a strong peak at
m=z 46 can be explained by several factors. NOx

formation occurs during the combustion process
from reactions between oxygen and nitrogen in the
fuel-air mixture (Heywood, 1988). It can react to
form nitrogen-containing species that can then be
absorbed into the oil and stabilized as inorganic
salts (Rudnick, 2003). It has also been shown that
nitro-PAH’s commonly fragment into CN� and
NO2
� when ionized using a 266 nm laser which was

used in these experiments (Bezabeh et al., 1997).
Peaks at 26(CN)� and 46(NO2)

� could therefore
derive from nitro-PAH’s which have been measured
in both used oil and diesel exhaust particles
(Bezabeh et al., 1997; Zielinska et al., 2004).

Used LDV oil particles are distinguished from
HDDV oil particles by the unique particle class
(Ca–PAH–OC–phosphate) shown in Fig. 2c. This
particle type is characterized by a 40Ca+ peak, OC
peaks at 27+, 29+, and intense ion signals at 192+,
206+, 220+ and 234+. Each of these ions are
separated by a mass difference of 14, which suggests
they could be phenanthrene, anthracene, or possibly
heteroatom PAH’s with increasing numbers of
methyl or ethyl substituents. Previous work has
shown that over one hundred different PAH species
accumulate in LDV oil over prolonged vehicle
operation (Wang et al., 2000a). Zielinska (2004)
and Wong (2001) observed similar PAH species in
oil, fuel, and HDDV and LDV tailpipe emissions.
Zielinska (2004) also shows that lubricating oil in
gasoline engines contains a larger amount of PAH’s
compared to diesel oil.

All three used HDDV oils contained a significant
amount of the Ca–EC–OC–phosphate particle type.
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In Fig. 2d, the positive ion AM for this particle class
shows dominant peaks for 40Ca+, 57(CaOH)+,
96(Ca2O)+, and OC peaks 27+, 29+ and 43+. The
negative ion AM shows a carbon envelope extend-
ing out to 156C13

� and the presence of 63(PO2)
�,

79(PO3)
�, and 95(PO4)

�. It has been well documen-
ted that diesel powered engines generate more EC
than spark ignition engines (Burtscher et al., 1998;
Zielinska et al., 2004). One function of lubricating
oil is to help disperse agglomerated EC particles in
the oil. Because diesel engines generate more EC,
more EC agglomerates are observed in the used
HDDV oil than the used LDV oil.

3.2. Diesel fuel samples

Diesel fuel and regular unleaded fuel particles are
readily distinguished from each other based on the
presence of unique PAH ions. Fig. 3 shows the AM
that makes up between 40 and 80% of the mass
spectra for the different diesel fuel samples. This
class is labeled PAH-containing and is comprised of
any clusters containing intense ion signals at m/z

181+, 195+, 206+, 220+, 234+ and m/z 193�,
207�, 208�, 222�, and 236�. Two series of PAH are
observed, one at m=z 181+ and 195+ (separated by
14 amu) and the other series at m=z 206+, 220+,
234+ (also separated by 14 amu). PAH compounds
have been shown to comprise a large fraction of
diesel fuel (Rhead and Hardy, 2003). The formation
of negative ion PAH species is a unique feature of
the diesel fuel. One possible explanation for the
negative ion PAHs is they contain electronegative
functionalities such as oxy-PAHs which have been
measured in diesel fuel (Zielinska et al., 2004). For
example, anthraquinone, has a molecular weight
(MW) of 208, and methyl-anthraquinone has a MW
of 222. However, assignment of these negative ions
to oxy-PAHs is speculative until further analysis is
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performed on these samples. Peaks for OC are also
observed at m/z, 27+, 29+, 43+, 26(CN)�, 25�, and
49�. Ions at 25�, 49�, and 73� have been shown to
come from PAH fragmentation (Silva and Prather,
2000).

3.3. Unleaded fuel samples

Fig. 4(a–e) shows the AM for the five different
particle classes that are unique to the unleaded fuel
samples. Each of the particle classes shown in Fig. 4
contain PAH fragment ions at 25�, 49�, 73� and
sulfate peaks at 97(HSO4)

�. Organic carbon frag-
ment peaks at m/z 15CH3

+, 27+, 29+, 43+, sulfur-
containing ions at 80(SO3)

� and 81(HSO3)
� and

peaks at m/z 109�, 123�, and 137� are also
observed in many of the AM shown in Fig. 4.

Shown in Fig. 4a is the AM of particles observed
for all of the unleaded fuel samples (PAH–sulfate–
NO2–Cl). The AM of this particle type is character-
ized by intense peaks attributed to PAH ions at m/z,

192+, 206+, 218+, 230+, and 242+, as well as
peaks due to 35Cl� and 46(NO2)

�. The largest
fraction of particles in the unleaded fuel samples
were an OC–K–Na–sulfate–phosphate type, shown
in Fig. 4b. The presence of potassium in this
unleaded fuel class distinguishes it from diesel fuel.
Potassium is not generally used as a fuel additive;
however it is clearly present in all of the unleaded
fuel samples. ATOFMS has a high sensitivity to
potassium so even though it is present in low
concentrations in fuel, it produces a large ion peak
in the ATOFMS spectra (Gross et al., 2000).
Phosphate 79(PO3)

� and carbon cluster peaks
extending out to m/z 72� also are detected in
Fig. 4b negative ion AM. Unleaded fuel samples #1
and #3 contain an OC–sulfate–phosphate particle
class which is unique to these samples (Fig. 4c).
This AM contains unique peaks at 130+, 162+, and
0.30
0.25
0.20
0.15
0.10
0.05

0.35

0 20 40 60 80 100 140 180 220 260 300
m/z

ng particle class detected exclusively in diesel fuel.



ARTICLE IN PRESS

0.30

0.25

0.20

0.15

0.10

0.05

R
el

at
iv

e 
In

te
ns

ity
R

el
at

iv
e 

In
te

ns
ity

R
el

at
iv

e 
In

te
ns

ity
R

el
at

iv
e 

In
te

ns
ity

R
el

at
iv

e 
In

te
ns

ity
0.16

0.12

0.08

0.04

0.4

0.3

0.2

0.1

0 100 140 180 220 260 300 0

0 3010 20 40 50 60 70 80 90 100 3010 20 40 50 60 70 80

80604020

90 100

200180160140120100

0 80604020 200180160140120100

0 80604020 200180160140120100

0 80604020 200180160140120100

110

0 3010 20 40 50 60 70 80 90 100

0 3010 20 40 50 60 70 80 90 100

0

0.4

0.3

0.2

0.1

0.5

0.4

0.3

0.2

0.1

0.4

0.3

0.2

0.1

0.5

0.4

0.3

0.2

0.1

0.5

0.6

0.4

0.3

0.2

0.1

0.5

0.6

0.4

0.3

0.2

0.1

0.4

0.3

0.2

0.1

m/zm/z

20 40 60 80

0 100 140 180 220 260 30020 40 60 80

(a)

(b)

(c)

(d)

(e)

Fig. 4. Positive and negative ion AM for five particle types unique to unleaded fuel. The five different types shown are:

(a) PAH–sulfate–NO2–Cl; (b) OC–K–Na–sulfate–phosphate; (c) OC–sulfate–phosphate; (d) OC–sulfur containing; and (e) OC–sulfate–

other.
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214+, that other fuel types did not contain. Figs. 4d
and 4e show the AMs for OC particle classes almost
exclusive to unleaded fuel samples #2 and #4,
respectively. The major difference between Figs. 4d
and e is an ion at m/z 57+ (Fig. 4d), instead of 58+

(Fig. 4e).
Both unleaded and diesel fuel produced an

OC–Na–sulfate–phosphate particle class. Fig. 5
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shows the AM for this class characterized by the
presence of OC at 27+, 29+, 43+, 91+, PAH
fragment ions at 25�, 49�, 73�, sulfate at
97(HSO4)

�, and phosphate at 79(PO3)
�. Higher

molecular weight ions at 165+, 179+, and 193+

are present as well. These ions could be attributed to
nitrogen-containing aromatics with alkyl substitu-
tions based on the presence of odd masses
(McLafferty, 1980). Further, ions at m/z 119+,
105+, 91+ are attributed to fragmentation of
phenylalkyl (substituted mono-aromatic) type com-
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across the x-axis, and the percent (normalized) of each particle class obs
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pounds (McLafferty, 1980). However, given the
enormous number of organic species present in
gasoline and diesel fuels, these assignments are
somewhat speculative without further analysis.

Fig. 6 shows the fractional contributions of the
different particles types for each oil and fuel sample
determined using ART-2a analysis. Fig. 6 clearly
shows that new oil, used oil, diesel fuel, and
unleaded fuel can be distinguished from each
other at the single particle level. New oil samples
are dominated by calcium, phosphate, and OC
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signatures (Ca–phosphate–OC chemical class).
Used HDDV oil samples show additional marker
ions from NO2

� and Na+ (Ca–EC–OC–phospha-
te–NO2–Na), as well as EC (Ca–ECOC–phosphate).
Used LDV oil differs from used HDDV oil by the
presence of PAH-containing particles (Ca–PA-
H–OC–phosphate type). Diesel fuel particle mass
spectra are dominated by PAH’s (40–80% of
particles contain PAHs), OC, Na, sulfates, and
phosphates. The majority (50%) of unleaded fuel
particles contained K+, which differentiates it from
diesel fuel. Furthermore, a fraction (10–20%) of
unleaded fuel particles contained PAH, NO2, and Cl
ions, another distinguishing feature.

3.4. Comparison with PM emissions

When comparing particle types observed in fuel
and oil samples with HDDV exhaust particles
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duty diesel trucks; and (c) the AM of a class of particles that made up
between 500 and 2500 nm, the calcium and phos-
phate dominated types (Ca–OC–phosphate–NO2–
Na and Ca–ECOC–phosphate) detected in the used
HDDV oil samples show a strong degree of
similarity to the most dominant particle type
detected in HDDV exhaust. The dot products
of the weight matrices for the used oil particle
types (Ca–EC–OC–phosphate–NO2–Na and Ca–
ECOC–phosphate particle class) with the corre-
sponding HDDV exhaust particle types were
0.87 and 0.85, respectively. A significant fraction
(�60%) of freshly emitted HDDV particles in the
500–2500 nm size range showed the same mass
spectral fingerprint as used HDDV oil (Shields
et al., 2006). Figs. 7a and 7b show the dual ion AM
for the Ca–ECOC–phosphate mass spectral class
from used oil and the AM for the most abundant
particle class from a HDDV dynamometer study
using ATOFMS (Shields et al., 2006). By visual
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inspection, one can see the two area matrices are
strikingly similar. Shields (2006) and Toner (2006)
show that a dominant particle class from diesel
trucks from 50–500 nm is an EC–Ca particle type
which differs from the Ca–ECOC–phosphate type
discussed above in the relative intensity of the Ca+

ion peak to the carbon ion clusters in the positive
ion mass spectra. This would suggest that EC
particles in this smaller size range from diesel
trucks are a mixture of freshly generated EC with
a small fraction of unburned oil. These findings are
consistent with a previous report that states up to
95% of the volatile component of nanoparticles and
accumulation-mode particles emitted from diesel
trucks are from unburned oil (Sakurai et al., 2003).
Other research has shown a significant fraction of
Ca coming from fuel (Sharma et al., 2005; Wang
et al., 2003). Data here would suggest that unburned
oil might also be a significant source of Ca in diesel
particle emissions.

Recent results from a study by Shields (2006)
show that the particle emissions can reflect the
oil signatures from HDDV trucks. Specifically,
a particle type from used oil showed increased
amounts of Na (HDDV #3 oil); correspondingly,
the emissions from the HDDV from which this
sample was taken produced exhaust particle spectra
with higher amounts of Na+. This finding provides
further evidence that HDDV exhaust particles
contain a significant fraction of unburned oil and
that the chemical composition of the oil is reflected
in the chemistry of the HDDV particle emissions.

Comparison of the dominant particle class
detected in used LDV oil with LDV exhaust particle
classes yielded few similarities, suggesting that LDV
emissions are not normally composed of a large
fraction of unburned oil. However, one LDV that
emitted heavy amounts of smoke from its tailpipe
(i.e. ‘‘smoker’’) did contain a small fraction (�2%)
of the LDV oil particle class (Ca–OC–phosphate–
NO2–Na). The area matrix for the comparable
particle class from the LDV smoker is shown in
Fig. 7c for comparison with the HDDV oil type
(Sodeman et al., 2005).

Unleaded fuel and diesel fuel particles do not
resemble LDV and HDDV exhaust particles,
suggesting vehicle emissions do not contain a large
fraction of unburned fuel particles. However
unburned fuel vapor could condense on other
particle cores; these vapor coated particles may
not be comparable to pure fuel particles. Potassium
and sodium were observed in the fuel samples and
LDV emissions also show peaks due to K+ and
Na+ (Shields et al., 2006; Sodeman et al., 2005;
Toner et al., 2006), suggesting that these elements
could be coming from the fuel.

4. Conclusions

To differentiate between fresh particle emissions
from HDDV and LDV (with the exception of
‘‘smoker’’ LDV) using ATOFMS, the used HDDV
oil particle mass spectra provide good indicators for
HDDV exhaust particles. Using ATOFMS, lubri-
cating oil is characterized by a very intense Ca+

peak accompanied by less intense organic fragment
ions. Ambient particles sampled using ATOFMS
containing a combination of intense Ca+, CaOH+,
and EC/OC marker ions are likely to be fresh diesel
combustion particles composed of a significant
amount of unburned lubricating oil. Comparing
oil and fuel particle signatures with particle
characterization studies of HDDV and LDV emis-
sions enhances our ability to differentiate between
HDDV and LDV sources and understand the origin
of specific marker ions from these major ambient
particle sources.
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