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ABSTRACT

Particulate matters (PMs) emitted by automobile exhaust contribute to a significant
fraction of the global PMs. Extractive atmospheric pressure chemical ionization mass
spectrometry (EAPCI-MS) was developed to explore the molecular dependence of PMs
collected from exhaust gases produced at different vehicle engine speeds. The mass
spectral fingerprints of the organic compounds embedded in differentially sized PMs
(e.g., 0.22-0.45, 0.45-1.00, 1.00-2.00, 2.00-3.00, 3.00-5.00, and 5.00-10.00 pm) generated at
different engine speeds (e.g., 1000, 1500, 2000, 2500, and 3000 r/min) were chemically
profiled in the mass range of mass to charge ratio (m/z) 50-800. Organic compounds,
including alcohols, aldehydes, and esters, were detected in all the PMs tested, with varied
concentration levels for each individual PM sample. At relatively low engine speeds
(<1500 r/min), the total amount of organic species embedded in PMs of 0.22-1.00 pm
was greater than in PMs of other sizes, while more organic species were found in PMs of
5.00-10.00 pm at high engine speeds (>3000 r/min), indicating that the organic compounds
distributed in different sizes of PMs strongly correlated with the engine speed. The
experimental data showed that the EAPCI-MS technique enables molecular characterization
of PMs in exhaust, revealing the chemical dependence of PMs on the engine speeds (i.e., the
combustion conditions) of automobiles.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

becoming the main sources of PMs in urban areas (Goel and
Guttikunda, 2015; Calvo et al., 2013; Karar and Gupta, 2007; Liu

Atmospheric particulate matters (PMs), also known as partic-
ulate matters or atmospheric aerosol, are considered to be one
of the most serious pollutants and cause serious health
issues, such as cardiovascular and respiratory diseases and
even mortality (Yuan et al., 2012; Chen et al., 2016a; Tao et al.,
2014; Nguyen et al., 2015; Li et al., 2016; Qu et al., 2016; Pui
et al., 2014; Maria et al., 2002). With the rapidly increasing
amount of vehicles in use, automobile exhaust gases are

et al, 2016a; Kleeman et al., 2000; Police et al., 2016).
In particular, fine PMs (particle diameter < 2.5 um) arouse
greater worldwide concerns than coarse PMs (diameter of
particle <10 um) because fine PMs are able to penetrate lung
cells, giving increased toxicity, and scatter light efficiently,
leading to extensive visibility reduction (Choi et al., 2012; Chen
et al.,, 2016b, 2016c¢; Liu et al., 2016b). The physical properties,
visibility, health effects, mitigation, and transformation of
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Fig. 1 - Schematic diagram of the collection for different size particulate matters (PMs) using a series of membranes with
different apertures (a) and extractive atmospheric pressure chemical ionization mass spectrometry (EAPCI-MS) for the analysis
of PM samples (b). Note: a is the distance between MS inlet and sample sprayer, b is the distance between MS inlet and the
atmospheric pressure chemical ionization sprayer, angle § is the angle between two sprayers.

atmospheric PMs (Hoffmann et al., 2011; Gerald et al,, 2010;
Poschl and Shiraiwa, 2015; Zhou et al., 2016a; Pope and Dockery,
2006) have been extensively studied; however, the potential
correlations between the molecular compositions of exhaust
PMs and different vehicle engine speeds remain unknown.
Consequently, exploring the dependence of the chemical
compositions of PMs on the engine speeds (i.e., the combustion
conditions) of automobiles requires novel analytical methods
for the molecular characterization of PMs in exhaust.

Mass spectrometry is preferably employed for the charac-
terization of organic compounds in atmospheric aerosol due to
its high sensitivity and selectivity (Ruger et al., 2015; Parshintsev
and Hyotyldinen, 2015; Roach et al.,, 2010; Bruggemann et al.,
2015; Romonosky et al., 2015). A wide range of organic and
inorganic chemical species in atmospheric aerosol particles
have been detected, such as alkanes, olefins, ketones, alde-
hydes, carboxylic acid, monoterpenes, sugars, heavy metals,
and polycyclic aromatic hydrocarbons (Yadav et al., 2013; Tu et
al., 2016; Kundu et al., 2012; Kaivosoja et al., 2013), depending on
the sources of the PMs. Among the mass spectrometry methods
available, the aerosol mass spectrometer (AMS) is widely used
today (Peck et al., 2016; Spracklen et al., 2011; Zhou et al., 2016b;
Daellenbach et al., 2016). Second organic aerosol (SOA) and
semi-volatile organic compounds (SVOCs) (Kinsey et al., 2011;
Kuwayama et al., 2015) in exhaust PMs have been traditionally
analyzed by mass spectrometry. However, abundant fragment

ions are unavoidably obtained due to the excess internal energy
added by the electron impact (EI, 70 eV) ionization source,
resulting in difficulties in data interpretation. Therefore, a soft
ionization method would favor such applications by enabling
the molecular information to be obtained directly. Recently,
Dunmore and colleagues demonstrated that diesel-related
hydrocarbons comprise more than 50% of atmospheric hydro-
carbon (Dunmore et al., 2015). Ensberg et al. (2014) studied
emission factor ratios and the impact of automobile emissions
on SOA formation. Ruger et al. (2015) conducted research on
ship diesel primary PMs by means of ultra-high-resolution mass
spectrometry (MS) combined with laser desorption ionization
and Sippula et al. (2014) studied the chemical composition
of PM emissions from a medium-speed four-stroke marine
engine operated on both heavy oil and distillate fuel. However,
the potential chemical component dependence of the PMs
on engine combustion conditions has been rarely reported in
the literature.

As one of the novel ambient ionization techniques, extractive
atmospheric pressure chemical ionization mass spectrometry
(EAPCI-MS) combines the advantages of atmospheric pressure
chemical ionization (APCI) and extractive electrospray ioniza-
tion (EESI) (Hu et al., 2008). In its ionization process, neutral
liquid samples are continuously introduced to spray and collide
with the plasma generated by a corona discharge. During the
collision, the analytes are effectively ionized by the extractive

Fig. 2 - (a) Scanning electron microscopy (SEM) images of blank polytetrafluoroethylene (PTFE) membrane with aperture size of
2.0 pm, (b) PMs in the size range of 2.00-3.00 pm with a membrane aperture size of 2.0 pm and (c) 5.00-10.00 pm with a
membrane aperture size of 5.0 pm under an engine speed of 1000 r/min.
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and charge transfer process under ambient conditions. The
current work aims to establish a novel analytical technique
based on EAPCI-MS to facilitate profiling the chemical finger-
prints of PMs, which were collected from the exhaust gas
flow generated under different engine speeds of 1000, 1500,
2000, 2500, and 3000 r/min with differentially centered sizes
of 0.22-0.45, 0.45-1.00, 1.00-2.00, 2.00-3.00, 3.00-5.00, and
5.00-10.00 pm. The experimental results show a strong chemical
dependence of the PMs on the engine combustion conditions
(i.e., the engine speeds, combustion efficiency), which was
clearly revealed by the EAPCI-MS method proposed in this work.

1. Materials and methods
1.1. Material and chemicals

Polytetrafluoroethylene (PTFE) filter membranes with a 90-mm
diameter and different apertures (0.22, 0.45, 1.00, 2.00, 3.00, 5.00,
and 10.00 pm) were purchased from Munktell Filter AB Compa-
ny (Falun, Sweden). High performance liquid chromatography
(HPLC)-grade methanol and acetic acid were purchased from
Return On Equity (ROE) Scientific Inc. (Newark, USA). Analytical
reagent grade glycerin and phthalate butyl ester were pur-
chased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Unless otherwise stated, all chemicals were directly
used without any pretreatment.

1.2. Particulate matter sampling procedure

The schematic diagram of the collection process for automobile
exhaust PMs samples of different size ranges is shown in
Fig. 1a. The PM samples were directly collected from the emission
of a vehicle (Shanghai Volkswagen Lavida 1.6 L, EA211 engine,
China) with all sizes of PTFE filter membranes (0.22, 0.45, 1.00,
2.00, 3.00, 5.00, and 10.00 um) without any treatment. For the
simultaneous collection of different size PMs, filter membranes
with different apertures were overlapped together in the order
of 0.22, 0.45, 1.00, 2.00, 3.00, 5.00, and 10.00 um. The set of
filter membranes was locked in a tube that was connected to
the engine’s tailpipe, and a pump was used to extract the
exhaust emissions. To collect PM samples under different engine
combustion conditions, different engine speeds, including 1000,
1500, 2000, 2500, and 3000 r/min, were applied to the vehicle.
The collected PM samples on the PTFE filter membranes were
further imaged with a scanning electron microscope (Nova Nano
450, FEI, USA).

1.3. EAPCI-MS analysis of PM samples

The EAPCI-MS analytical process for the PM samples is shown in
Fig. 1b. For each analysis, the filter membrane with PM was cut
into pieces (1.0 cm?) for the EAPCI-MS sample, followed by placing
it in the sample loading tube. Next, the methanol/water/acetic
acid (v/v/v 50: 50: 3) extraction solvent was pumped at a flow rate
of 5 uL/min into the sample tube for the chemical extraction
of the PMs on the filter membrane, followed by spraying to
the APCI nebulizer connected to a linear trap quadrupole (LTQ)
mass spectrometer (LTQ XL, Thermo Scientific, USA). Mass
spectra were collected in the mass range of mass to charge ratio

Table 1-Possible chemical components of particulate
matters (PMs) emitted from automobile exhaust analyzed

by extractive atmospheric pressure chemical ionization
mass spectrometry (EAPCI-MS) and Thermo Xcalibur
software.

Mass to charge Possible Calculated
ratio (m/z) components compounds

75 CaHi5N, C,H1,0

78 Celfly, Gl

83 CeH11, CsHgN 2-Cyclopentenone

93 C3HgOs Glycerol

97 CsHsS, C4H30,N

121 CgHsON,, CeHsNS

125 GsH5;ONS, C3H508S,

128 CgHgN, C1oHg Naphthalene

132 CeH14NS, CsH10ONS

143 CgH1,0 4-Hydroxy-5-
ethylhexenal

149 CsH1,0,NS, CoHoS

153 CoHq30,, CoH13S

163 C,HsN3S, CoHoO,N

181 CoH1504N5, CoHoNS

195 C14H110, CsH1505N,S

225 C;H1905N;S, CrsHisON

256 C17H3sN, Ci6H3eN>

274 C1sHsgNy, C16H3gNS

279 C16H2,04 Diisobutyl phthalate

294 C13H12,0NS3, CsHy603N3S,

299 CsH1106N6, C7H13010N3

338 Ca3HggN, CoqHso

575 Ca6Hs904N10, C14H705510

590 Cy3Hs405N6S, CsoHs,0NS,

389 HO(CH,CH,0),, H Polyethylene glycol

433

477

521

565

609

653

669

C, H, O, N and S were selected to calculate the assignments of mass
peaks observed in the mass spectra.

(m/z) 50-800 in positive ion detection mode. The experimental
parameters followed our previous study (Hu et al., 2008). Briefly,
the ionization voltage was set at +3.5 kV, and the temperature
of the heated LTQ capillary was maintained at 150°C. The
pressure of the nitrogen sheath gas was 1.2 MPa. Collision
induced dissociation (CID) experiments were carried out for
tandem mass spectrometry (MS/MS) analysis with a window
width of 1.5 Da and a normalized collision energy (NCE) of
15%—40%. Other parameters were set to the default values of
the LTQ instrument.

2. Results and discussion

2.1. Characterization of PM samples by scanning electron
microscopy

The surface morphology of the PTFE filter membrane was
comparatively studied by scanning electron microscopy (SEM)
before and after sampling. Fig. 2 illustrates the SEM images
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Fig. 3 - EAPCI-MS spectra of automobile exhaust PMs of different particle sizes with constant engine speed at 1000 r/min. PMs
with particle sizes (a) 0.22-0.45, (b) 0.45-1.0, (c) 1.0-2.0, (d) 1.0-2.0, (e) 3.0-5.0 and (f) 5.0-10.0 pm. Note: the relative abundance of
m/z 120-800 was magnified 30 times. m/z: mass-to charge ratio; NL: normalize level.

of a blank PTFE filter membrane and a PM-loaded PTFE
filter membrane. In comparison with the blank PTFE filter
membrane (Fig. 2a), PMs of 2.00-3.00 pm (Fig. 2b) and
5.00-10.00 pm (Fig. 2c) were loaded on the surface of the
blank PTFE membrane. Thus, the successful sample collection
was confirmed by the SEM images, showing that the PM-loaded
filter membranes could be used for subsequent EAPCI-MS
analysis.

2.2. EAPCI-MS analysis of differentially sized PMs

Differentially sized PM samples collected from automobile
emissions generated under different engine speeds were
successfully analyzed by EAPCI-MS in positive ion detection
mode. The possible assignments of the mass peaks are summa-
rized in Table 1. As shown in Fig. 3, dominant mass peaks at m/z
83,93, 121, 153, 181, 251, 279, 299, 318, 338, 355, etc. were detected
in all sizes of PMs generated at an engine speed of 1000 r/min.
The signals of interest were tentatively identified using CID
experiments, with the authentic compounds as reference.
Organic compounds, including ketone (cyclopent-2-enone, m/z
83), alcohols (glycerol, m/z 93, 4-hydroxy-oct-5-enal, m/z 143),
ester (diisobutyl phthalate, m/z 279), etc. were detected in the PM
samples. A small mass peak of polycyclic aromatic hydrocarbons

(PAHSs) was also detected, e.g. m/z at 128 might be attributed to
naphthalene in Fig. 3. These results revealed that the PAHs were
not the major component in these PMs. More interestingly,
the peaks in the relatively high mass range, such as m/z 389, 433,
477, 521, 565, 609, 653, and 669, were ascribed to the formation
of polyethylene glycol in the process of gasoline combustion. The
characteristic mass shift of 44 Da in the mass spectral finger-
prints is consistent with the mass spectrum recorded by
EAPCI-MS using standard polyethylene glycol. According to the
literature (Kong et al., 2008; Mortaheb et al., 2012) polyethylene
glycol is used as a templating agent of a gasoline catalyst
for increasing fuel efficiency and reduction of environmental
pollution. However, no such signal was detected from the
raw fuel of the vehicle, indicating that the polyethylene glycol
detected by EAPCI-MS from the PMs was not artificially spiked.
Possibly, polyethylene glycol was formed via polymerization of
the glycol monomer, which might be generated from the residue
of alkanes in the gasoline fuel during the combustion as a result
of the unique conditions created in the engine. In addition, the
organic compounds found in differentially sized PM samples
generated under the same combustion conditions presented
varying intensity levels. For example, more organic compounds
were detected from the PMs of small sizes (e.g., 0.22-0.45 pm)
rather than the large sizes (e.g., 3.00-5.00 pm, 5.00-10.00 pm)
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Fig. 4 - EAPCI-MS spectra of PMs with a size of 0.45-1.00 pm
collected under different automobile engine combustion
conditions. Engine speeds at (a) 1000, (b) 1500, (c) 2000, (d)
2500 and (e) 3000 r/min. Note: the relative abundance of m/z
120-800 was magnified 30 times.

at the engine speed of 1000 r/min. The results demonstrated
that the fine PMs were likely produced by the engine at low
speeds, indicating that low air intake at low speeds resulted
in incomplete combustion of the fuel inside the automobile
engine.

x

=N

o
g}

Total signal intensity

Fig. 5 - Analysis of automobile exhaust PMs from different
combustion conditions using EAPCI-MS.

2.3. EAPCI-MS analysis of PMs generated at different
combustion conditions

The different combustion conditions inside the automobile
engine have a significant impact on the chemical composition
of the exhaust PMs. For a demonstration, the exhaust PMs
of 1.00-2.00 pm generated at different engine combustion
conditions with various speeds of 1000, 1500, 2000, 2500, and
3000 r/min were studied by EAPCI-MS, as shown in Fig. 4.
The organic chemical compounds provided similar spec-
tral fingerprints for the PM samples with the same sizes
(1.00-2.00 pm) collected from different engine conditions,
but the total signal intensity of all organic compounds observed
in the spectra were surprisingly differentiated from each other.
The intensities of the major mass peaks gradually changed
while increasing the speed of the automobile, e.g. the mass
peaks of m/z at 93, 279, 433, 477 and 575 continually declined
with increasing engine speed. New ions were detected at high
engine speed, such as the ions of m/z at 371 detected at engine
speed of 3000 r/min. These results might all be attributed
to the difference in combustion efficiency at various engine
speeds. Moreover, higher signal intensities were observed at
engine speeds of 1000 and 1500 r/min, and the quantity of
the total organic compounds decreased when the engine speed
was increased from 1000 to 2500 r/min. However, once the
engine speed exceeded 2500 r/min, the quantity of total organic
compounds increased with increasing engine speed from 2500
to 3000 r/min. These data showed that the efficiency of gasoline
combustion changed at different engine speeds, and a higher
combustion efficiency was obtained when the engine speed
reached 2500 r/min. These results further indicated that traffic
congestion would produce more fine PMs and air pollutants
than a smooth flow of traffic. Therefore, avoiding and relieving
traffic congestion should be effective methods for reduction of
the air pollution from vehicles.
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The relationship between the total organic compound levels
of PMs with different sizes and the automobile combustion
conditions was further explored using EAPCI-MS. As shown in
Fig. 5, the total organic compound levels recorded from PMs of
0.22-1.00 pm were much higher than the rest of the samples
tested at engine speeds from 1000 to 3000 r/min. Interestingly,
the sizes of PMs were substantially increased along with the
rise of engine speed. For example, the major fraction of PMs
collected at engine speeds of 1000 r/min was in the size range
0.45-1.00 pm, while PMs of 5.00-10.00 pm became the major
fraction at higher engine speeds of 3000 r/min. With increased
engine speed, more gas-phase H,0 was produced in the com-
bustion cylinder due to the high combustion efficiency. The
water vapor quickly cooled down and collided with the fine PMs,
which might become glued to each other by water molecules,
resulting in the formation of PMs with large sizes during
the exhaust gas emission process. Therefore, fine PMs could be
easily formed at low engine speeds (1000 and 1500 1/min), and
larger, heavier PMs could be produced at high engine speeds
(3000 1/min). The degree of completion of fuel combustion inside
an automobile engine, however, can be adjusted by tuning the
quantity of air intake and gasoline discharge.

3. Conclusions

Automobile exhaust PMs contribute to a significant fraction of
the global PMs. To explore the potential chemical component
dependence of the PMs on the engine combustion conditions, a
novel method based on EAPCI-MS was developed to facilitate
the recording of the molecular profiles of PMs collected from
the exhaust gas generated at different vehicle engine speeds.
By comparatively studying organic components embedded
in differentially sized PMs (e.g., 0.22-0.45, 0.45-1.00, 1.00-2.00,
2.00-3.00, 3.00-5.00, and 5.00-10.00 pm) generated at different
engine speeds (e.g., 1000, 1500, 2000, 2500, and 3000 r/min),
the dependence of the chemical composition of PMs on the
engine speed (i.e., the combustion conditions) of an automobile
has been revealed at the molecular level. Organic chemicals,
including alcohols, aldehydes, and esters, were detected from
all the PMs tested, with varied concentration levels for each
individual PM sample. The experimental data showed that the
EAPCI-MS, by enabling molecular characterization of exhausted
PMs in exhaust, is a promising analytical tool for advanced
studies on PMs and their dependence on fuel combustion inside
the engines of vehicles.
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