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An aerosol laser time of flight mass spectrometer (ALTOFMS) that can be used for real-time
measurement of the size and composition of individual aerosol particles has been designed
and utilized to provide on-line measurement of secondary organic aerosol (SOA) particles
resulted from Cl-initiated oxidation of toluene in smog chamber. Both the size and chem-
ical compositions of individual aerosol particles were obtained in real-time. According to a
large number of single aerosol diameters and mass spectra, the size distribution and chem-
ical composition of aerosol were determined statistically. Experimental results indicate
that aerosol particles produced from Cl-initiated oxidation of toluene were predominantly
in the form of PM 2.5 particles, and nine positive laser desorption/ionization mass spectra
peaks: m/z 18, 29, 30, 44, 46, 52, 65, 77, and 94 may come from the fragment ions of the
products of the SOA: aromatic aldehydes, aromatic acids, phenolic compounds, and nitro-
genated organic compounds. These results were in good agreement with those ones from
previous Cl-initiated oxidation of toluene. These were demonstrated that ALTOFMS is a
useful tool to reveal the formation and transformation processes of SOA particles in smog
chamber.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

It is well-known that aromatic hydrocarbons such as
benzene, toluene, ethylbenzene, xylenes, and trimethyl-
benzene contribute about 10% to the total global anthro-
pogenic non-methane hydrocarbon (NMHC) emission
[1,2], and toluene is the most abundant aromatic hydro-
carbon among them [3,4]. Besides its carcinogenic and
mutagenic effects on living organisms and human health
[5], the degradation of toluene in the troposphere contrib-
utes substantially to the ozone and photooxidant burden
and also the formation of secondary organic aerosol
(SOA) [6–8], which are known to be harmful to human
and ecosystem health [9–12]. Due to such environmental
impacts atmospheric reactions of toluene has received
much attention during the last few decades. The main
oxidation and degradation way of toluene is assumed to
be the reaction with OH radicals [6–8], but reactions with
ozone, NO3 and halogens also have significant contribu-
tion [13]. Cl atom high reactivity renders Cl-reaction as
an efficient loss pathway for toluene particular in the
marine boundary layer, polar and coastal areas where rel-
atively high concentration of reactive halogens are
observed [14–16]. Under a high chlorine regime, the deg-
radation rate of volatile organic compounds (VOC) by Cl

http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2014.05.038&domain=pdf
http://dx.doi.org/10.1016/j.measurement.2014.05.038
mailto:wjzhang@aiofm.ac.cn
http://dx.doi.org/10.1016/j.measurement.2014.05.038
http://www.sciencedirect.com/science/journal/02632241
http://www.elsevier.com/locate/measurement


M. Huang et al. / Measurement 55 (2014) 394–401 395
can dominate OH-initiated reactions due to up to two
orders of magnitude faster reactions of Cl atom with
VOC in comparison to OH radicals [17–21].

Over the past decade, the chemistry of SOA formation
has been studied using smog chamber. Chemical composi-
tion of SOA particles was often studied by off-line tech-
niques. The particles were usually collected using filters
or impactor plate and samples were prepared by the way
of chemical extracts. Molecular composition of SOA parti-
cles could be analyzed by Gas Chromatograph/mass spec-
trometer (GC–MS) [22–26], or Fourier transform infrared
spectroscope (FTIR) [23]. However, the off-line techniques
are time-consuming and tend to have sampling artifacts
[27]. In addition, it is difficult to measured the size and
chemical compositions of the individual SOA particles
simultaneously and in real-time by using the off-line tech-
niques. From the mid 1990s, a number of real-time single
particle mass spectrometry techniques have been devel-
oped, offering new opportunities for on-line studying aer-
osol particulate matters [28,29]. Among these techniques,
aerosol laser time-of-flight mass spectrometry (ALTOFMS)
can be used to determine both the size and chemical com-
position of individual particles in real-time [29]. The appli-
cation of ALTOFMS to the SOA particles was started in the
2001. Angelino et al. [30] used ALTOFMS to characterize
the aerosol particles formed from reactions of secondary
and tertiary alkylamine. On-line measurements of SOA
particles formed from photooxidation of 1,3,5-tri methyl-
benzene, toluene and ethylbenzene using ALTOFMS was
conducted by Gross et al. [31] and Wang et al. [32] and
Huang et al. [33,34], respectively. However, unlike the con-
ventional aerosol instruments, ALTOFMS can derive thou-
sands of mass spectra during data acquisition in each
experiment, which requires an efficient statistical method
to classify these mass spectra according to their chemical
composition.

We have recently developed an improved aerosol laser
time of flight mass spectrometer (ALTOFMS) for real-time
single-particle measurements. The ALTOFMS is capable of
high time-resolution measurements of the size and chem-
ical compositions of individual particles. Either the positive
or negative-ion mass spectra are obtained for individual
particles by changing the voltage polarity of the instru-
ment. The ALTOFMS has a simple inlet and optical design,
so that all particles detected by scattered light are virtually
hit by desorption/ionization laser pulses. An improved data
acquisition and processing system developed in our labo-
ratory can be used to get the appearance probability of
the certain mass spectra [32,33]. So according to a large
number of single aerosol diameters and mass spectra, the
size distribution and chemical composition of aerosol were
determined statistically. In this paper, we present the
results from chamber studied of SOA formation from Cl-
initiated oxidation of toluene. Then the SOA chemical com-
position was analyzed by the on-line ALTOFMS with the
aid of appearance probability processing system. Our moti-
vation is to demonstrate whether the ALTOFMS coupled
with appearance probability processing system is a useful
tool to reveal the formation and transformation processes
of SOA particles in smog chambers.
2. Experimental

2.1. Material

Benzaldehyde, phenol, benzoic acid, nitrobenzene, tolu-
ene, and 2-propanol (>99%) was obtained from Sigma–
Aldrich Chemistry Corporation, Germany. Sodium nitrate
(>99%) and methanol (>99%) were purchased from the
Tianjin (The third Reagent Manufactory), nitrogen oxide
and Cl2 (99.9%) from Nanjing Special Gas Factory.
2.2. Generation of standard aerosol particles

The current knowledge of laser desorption/ionization
(LDI) processes is still relatively limited. However, the typ-
ical features in the resulting mass spectra strongly depend
on the operating conditions of the laser (i.e., wavelength,
power, beam homogeneity). Moreover, when probing a
particle with a high energy laser pulse, there is the possi-
bility of rearrangements and/or reactions of the particle
constituents in the laser plume. Therefore, understanding
the complexity of ion formation processes, in particular
when analyzing organic substances, requires detailed stud-
ies of the fragmentation patterns for the chemical class of
interest under the same experimental conditions [30]. To
this end, a preliminary investigation was carried out to
characterize the behavior of benzaldehyde, phenol, benzoic
acid, and nitrobenzene which are observed to be the major
products formed from Cl-initiated oxidation of toluene
[17–19]. Each compound was dissolved in 2-propanol
(about �1 � 10�5 g ml�1) without further purification.
Standard aerosol particles were generated from the solu-
tion by a constant output atomizer (TSI Inc. Model 3076),
and subsequently passed through a diffusion dryer (TSI
Inc. Model 3062) to decrease the humidity. All aerosol par-
ticles were passed through an 85Kr charge neutralizer (TSI
Inc., Model 3054) before entering ALTOFMS. The typical
initial concentrations of the standard particles were
10,000–50,000 particles cm�3 with number mean diameter
of 90–140 nm. The resulted dried aerosol particles were
directly introduced to the ALTOFMS, and 1000 pieces of
mass spectrum were got for each compound using for ana-
lyzing the appearance probability of mass spectra peaks.
2.3. Smog chamber experiments

Oxidation of toluene was performed using UV-irradia-
tion of aromatic hydrocarbon/Cl2/NO/air mixtures in our
home-made smog chamber, the overall system compo-
nents have been presented in detail previously [34,35]
and will only be briefly described here. The experimental
setup consists of a smog chamber and manifold system.
The smog chamber is made of FEP-Teflon film, and its vol-
ume and the ratio of surface to volume are 1 m3 and
6.5 m�1 respectively. The reactor is surrounded by 12 fluo-
rescent black lamps used to initiate the reactions. The out-
put power of each black lamp is 20 W and its wavelength
of UV radiation is 300–400 nm. The volume of glass
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manifold system is 0.84 liter, equipped with a vacuum
gauge whose measuring range is 10–5000 Pa.

Pure air system consists of an air compressor, drying
system, particle filtering system, and zero air supply (TEI,
model 111, USA). Pure air system produces pure air at rates
up to 10 L/min at pressures of 1.72 � 105 Pa. The reactor of
zero air supply, which is setted to 350 �C, removes hydro-
carbons (HCs). The pure air has no detectable non-methane
HCs (NMHC < 1 ppb), NOx (<1 ppb), has low O3 concentra-
tion (<3 ppb), and low particle densities (<5 particles/
cm3), and relative humidity (RH) below 15%.

Prior to start each experiment, the chamber was contin-
uously flushed with purified laboratory compressed air for
60 min. Toluene was sampled by a micro liter injector and
injected directly into a small heated glass tube and dis-
persed into the chamber using the pure air flow. NO and
Cl2 were expanded into the evacuated manifold to the
desired pressure through Teflon lines, and introduced into
the smog chamber by a stream of pure air. And again the
chamber was filled with the pure air to full volume. Then
turn on four black lamps and initiate the photooxidation
reaction. Chlorine atoms were generated by the photolysis
of Cl2 in air at wavelengths longer than 300 nm [17–21].

A series of experiments were carried out to investigate
SOA from the Cl-initiated oxidation of aromatics under
the conditions summarized in Table 1. And the SOA parti-
cles produced by the photooxidation were analyzed by the
ALTOFMS connected directly to the chamber using a Teflon
line.
2.4. Aerosol laser time-of-flight mass spectrometer (ALTOFMS)

Our ALTOFMS consists of sampling system of aerosol
particle, sizing system of aerosol particle, timing circuit,
linear time of flight mass spectrometer, a pulsed KrF exci-
mer laser, data acquisition and processing system, and
control software [32–34]. Two different kinds of time of
flight techniques were employed in the ALTOFMS: one
for measuring the size of the SOA particles, and the other
for analyzing molecular composition of the same SOA par-
ticle. Aerosol particles produced in the smog chamber were
introduced into the sizing system of the particles through a
sampling system of ALTOFMS with an aerodynamic lens. In
the sizing system of the particles, the particles passed
through two continuous –wave laser beams with the
detected scattering pulses sent to a timing circuit. The tim-
ing circuit could be used to measure the time of flight of
the SOA particle and to track the same particle, whose
Table 1
Summary of the experimental conditions.

Experiment
No.

Aromatic [Aromatic]
(ppbv)

[Cl2]
(ppbv)

[NO]
(ppbv)

4 Black
lamps

1 Toluene 0 0 0 On for 4 h
2 Toluene 1000 0 0 On for 4 h
3 Toluene 0 0 500 On for 4 h
4 Toluene 0 2000 0 On for 4 h
5 Toluene 0 2000 500 Off for 4 h
6 Toluene 1000 2000 500 On for 4 h
diameter was measured just before. The timing circuit
can read the time of flight required for the particle to pass
the distance between the scattering laser beams, deter-
mine when each particle will be in the focal zone of an
ablation laser, and prepare a pulsed KrF excimer laser very
soon to perform laser desorption/ionization of a SOA parti-
cle at appropriate time based on the particle velocity
which was calculated using the distance and the particle
time-of-flight. An external size calibration uses particles
of known size to relate the velocity to a physical aerody-
namic diameter. The particle size calibration of ALTOFMS
is determined by sampling diocyl phthalate (DOP) particles
produced by TSI 3940 system (TSI Model 3940), which had
been stored within a computer in advance. Once the laser
has fired, the computer will read the data of the time of
flight from the flight time data latch, acquire the signal of
mass spectrum from the ion detector of a linear time of
flight mass spectrometer, and send the master reset signal
to prepare the timing circuit for the next track and the fire
event.

In the experimental study on the photooxidation of aro-
matic hydrocarbons, the ALTOFMS was connected with our
home-made smog chamber, and used to analyze the size,
size distribution and molecular compositions of SOA parti-
cles produced from the photooxidation processes. The
248 nm laser beam from a pulsed KrF excimer laser inter-
sected perpendicularly with the particle beam for desorp-
tion/ionization of them in the ion source. The ions
produced here were mass-analyzed with a linear TOFMS
mounted in a direction perpendicular to the plane defined
by the molecular beam and laser photon beam. Then ions
enter the flight tube (100 mm i.d. � 1000 mm), and the
ion signal is detected by a dual microchannel plate detec-
tor (MCP) fixed at the end of the flight tube and sent to a
pre-amplifier then recorded by a transient recorded inter-
faced to a personal computer. The pressure in the TOFMS
chamber is �7.5 � 10�5 Torr. By monitoring the ion cur-
rent from the MCP as a function of time, a complete mass
spectrum is obtained for the chemical compositions of a
single particle. During the whole experiment, the pulse
energy of the 248 nm laser is �1–2 mJ with 20 ns pulse
duration, which provides a power density of �1 � 107 -
W cm�2 when the laser spot size is 1 mm.

Each mass spectrum contains 4096 data points, corre-
sponding to ion signal intensity. The particle mass spectra
were calibrated using software which was compiled in
Visual C++ developed by our laboratory. A list containing
the area and exact mass-to-charge ratio of all peaks in each
particle mass spectrum is generated. Peaks less than 10
arbitrary units above baseline on a 256-unit scale or with
areas of less than 30 arbitrary units were rejected [32–
34]. Each revised spectrum is then converted to a normal-
ized 300-point vector, each point representing one mass
unit. Then the positive ion mass spectra of a single particle
are described as 300-dimensional data vectors using the
ion masses as dimensions and the ion signal peak areas
as values. Using the origin software, we can get not only
the total number of mass spectra (Ntol) during each exper-
imental study, but also the appearance frequency (Naf) of a
mass spectra peak with a special ratio of mass to charge.
The appearance probability (Ap) of a mass spectra peak
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can be defined as the ratio of its appearance frequency (Naf)
to the total number (Ntol) of mass spectra (Ap = Naf/Ntol). For
example, for the toluene photooxidation experiment, the
total number of mass spectra (Ntol) is 1000, and the appear-
ance frequency (Naf) of a mass spectra peak with a special
m/z 44 is 360, so the appearance probability of m/z 44 mass
spectra peak is 36%.
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Fig. 1. Size distribution of the sized and hit particles as the variation of
particle detection efficiency during Cl-initiated oxidation of toluene.
3. Results and discussion

3.1. Size distribution of SOA particles

The ALTOFMS instrument, sampling through the aero-
dynamic lens used here, is known to have size-dependent
transmission of particles into the instrument. The trans-
mission and detection for smaller particles is significantly
less efficient than that for larger particles. And as described
in the Experimental methods section, an external timing
circuit sends a triggering pulse to fire the KrF laser when
the sized particle arrives in the ion source region of the
ALTOFMS. In general, not all particles that are sized pro-
duce mass spectra. As proposed by Allen et al. [36] detec-
tion efficiency of the particles DE, is defined as the ratio
between the number of particles hit by the LDI laser that
generate ions detectable by the mass spectrometer and
the total number of particles sampled into the ALTOFMS
during the same time period. In this work, the number con-
centration of particles sampled into the ALTOFMS was
measured using a commercially available scanning mobil-
ity particle sizer (SMPS;TSI 3080L DMA, TSI 3775 CPC).
SMPS was chosen because of its ability to provide fast mea-
surements, high resolution data, and wide concentration
range from 1 to 107 particles/cm3. DE is calculated by the
following equation:
DE ¼ NH=CSMPSQ
where NH is the number of particle hits per minute (parti-
cles/min); CSMPS is the particle number concentration mea-
sured by the SMPS (particles/cm3), and Q is the flow rate of
the sampling inlet (cm3/min). Particle detection efficiency
is an important parameter for evaluating the performance
of the ALTOFMS, This parameter depends on the perfor-
mance of the sampling inlet and the components used
for light scattering measurement, as well as on the particle
size, shape, and chemical composition.

Fig. 1 shows the size distributions of the sized and
hited particles as well as the variation of particle detec-
tion efficiency in Run 6. The current ALTOFMS has detec-
tion efficiencies ranging from �25% to �1% for aromatic
SOA particles as a function of particle size. It is relatively
uniform for aromatic SOA particles between 600 and
1,200 nm but decreased nearly to zero beyond this range.
Aerosols created by these aromatics are predominate in
the form of fine particles, which have diameter less than
2.5 lm (PM 2.5), Studies have shown that these fine par-
ticulate matters are more easily deposit in the lung of
the human being, and do great harmful to the health
[12].
3.2. Laser desorption/ionization mass spectra of standard
particles

The positive laser desorption/ionization mass spectra of
standard particles measured by the ALTOFMS were
obtained by averaging 50 spectra are shown in Fig. 2. As
shown in Fig. 2(a), the mass spectra of benzaldehyde parti-
cles has the parent ions of m/z 106. In general, the most
important primary fragmentation process occurring for
benzaldehyde involves the cleavage of the C–C bond, with
loss of aldehyde group, leading to the formation of m/z 29
(HCO+) and benzene ion. Moreover, benzene ion in the high
energy laser plume can crack to smaller fragments [37],
such as the signals at m/z 65[C5H5]+, 52[C4H4]+,
39[C3H3]+, and 28[C2H4]+. According to the results of the
data acquisition and processing, appearance probability
of major m/z of standard aerosol particles are listed in
Table 2. m/z 29 has the highest appearance probability
among all the mass peaks of benzaldehyde.

In addition to the signals at m/z 77[C6H5]+, 65[C5H5]+,
52[C4H4]+(Fig. 2(b)), ALTOFMS analysis of benzoic acid par-
ticles produces spectra with the most abundant signals at
m/z 44 accompanied by m/z 18 which is similar to LDIMS
of carboxylic acids obtained by Alfarra et al [38]. Mass
fragment 44 has the appearance probability of 95% corre-
sponds to the CO2

+ fragment and laboratory experiments
have shown that it arises, along with a mass fragment 18
(H2O+) which has the appearance probability of 91%, from
decarboxylation of carboxylic acids [38].

In the LDI–MS of phenol particles shown in Fig. 2(c)
with parent ions m/z of 94, and fragments of benzene ion
of m/z 65[C5H5]+, 52[C4H4]+, 39[C3H3]+, and 28[C2H4]+.
m/z 94 has the appearance probability as high as 92%. This
result indicates that phenolic compound in aerosol parti-
cles provide intense m/z 94 in the positive mass spectra
under our experimental conditions. In contrast, molecular
ion was not found in the mass spectra of nitrobenzene par-
ticles. Besides the signals at m/z 77[C6H5]+, 65[C5H5]+, and
52[C4H4]+, two intensive signals were observed at m/z 30
and 46 as shown in Fig. 2(d). Mass fragment 30 and 46
have the appearance probability of 92%, and 96%, and can
be mostly interpreted as NO+ and NO2

+ from via cleavage



Fig. 2. Laser desorption/ionization time-of-flight mass spectra of (a) benzaldehyde (Mw 106), (b) benzoic acid (Mw 122), (c) phenol (Mw 94), and (d)
nitrobenzene (Mw 123) particles.

Table 2
Appearance probability of m/z of standard aerosol particles and SOA from oxidation of toluene.

m/z 18 29 30 44 46 52 65 77 94 106 122

Benzaldehyde – 93% – – – 66% 73% 85% – 76% –
Benzoic acid 91% – – 95% – 61% 69% 78% – – 72%
Phenol – – – – – 43% 54% 68% 92% – –
Nitrobenzene – – 92% – 96% 55% 67% 79% – – –
SOA 58% 91% 42% 65% 45% 39% 47% 62% 53% 28% 25%
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of C–N bond. In fact, in previous LDI studies [38–40], a
number of nitro-compounds have been shown to produce
the ion peaks at m/z 30 and 46.

3.3. Laser desorption/ionization mass spectra of SOA particles
in smog chamber

According to the design principles on the measuring
system of particle diameter, timing circuit, and laser
desorption/ionization setup of ALTOFMS, its time of flight
mass spectroscopy is only obtained from those particles
of secondary organic aerosol, whose diameter has been
measured. The diameter of individual particle, number
distribution of SOA particle diameter, and molecular
composition of SOA particle could be measured using our
ALTOFMS. 5468 pieces of mass spectrum were got for run
6 after 1 h oxidation. Fig. 3 shows the size and laser
desorption/ionization time-of-flight mass spectra and of 4
individual SOA particles. It is told that each piece of mass
spectrum corresponds to an aerosol particle, and the diam-
eter and chemical composition might be different from
each other. Under typical LDI conditions, ALTOFMS mass
spectra often do not allow for definitive identification of
the organic compounds present in the condensed phase.
However, the observed signals may serve as useful indica-
tors for some of the major constituents and thus the reac-
tion mechanism leading to particle formation. As shown in
Fig. 3, the mass spectra of SOA particles typically exhibit



0

70

80

90

100

110

120

153

46

58

106

R
el

at
iv

e 
In

te
ns

ity
 (a

.u
.)

m/z

92

80

90

100

110

120

130

46

29
18

44

66

58

130
122

163153

77
108

R
el

at
iv

e 
In

te
ns

ity
 (a

.u
.)

m/z

92

70

80

90

100

110

120

124
142 178

68
7784

44
46

58

108

R
el

at
iv

e 
In

te
ns

ity
 (a

.u
.)

m/z

92

25 50 75 100 125 150 175 200 225 250 25 50 75 100 125 150 175 200 225 250

25 50 75 100 125 150 175 200 225 250 25 50 75 100 125 150 175 200 225 250
70

80

90

100

110

120

130

140

150

136 163

60

48

112

106

R
el

at
iv

e 
In

te
ns

ity
 (a

.u
.)

m/z

92

Fig. 3. Laser desorption/ionization time-of-flight mass spectra and size of 4 individual toluene SOA particles after 4 h photooxidation. Aerosol diameter (a)
0.48 lm; (b) 1.07 lm; (c) 2.35 lm and (d) 1.66 lm.

M. Huang et al. / Measurement 55 (2014) 394–401 399
similar features of standard particles in the low mass
range, indicating that analogous fragmentation patterns
for most of the compounds formed in the Cl-initiated oxi-
dation of toluene and standard aerosol particles of benzal-
dehyde, phenol, benzoic acid, and nitrobenzene.

Mass fragment 29 has the highest appearance probabil-
ity among all the mass peaks of SOA particles shown in
Table 2. It may arise from short carbon chain C2H5

+, or from
carbonyl- containing compounds[36], such as aromatic
aldehyde, in the form of HCO+, which is more likely to be
the case in this study. Benzaldehyde is possible candidate
compound to be ionized to produce m/z 29. As proposed
by Atkinson et al [13], the Cl-initiated reaction results in
major hydrogen abstraction from methyl group to form a
benzyl radical. As shown in Fig. 4, benzyl radical reacts
with O2 to form benzyl peroxy radical, which can undergo
self-reaction to form benzaldehyde, or react with NO to
form an alkoxy radical and NO2. Oxygen can abstract a
hydrogen atom from the alkoxy radical to form benzalde-
hyde. The appearance probability of m/z 29 is as high as
91%, showing a very good agreement with the experimen-
tal results of Wang et al [18].

The mass spectra of SOA particles are characterized by a
very intense mass fragment at m/z 44 correspond to CO2

+

along with mass fragments at m/z 18 (H2O+) and m/z
77(C6H5
+), showing that the particles produced from Cl-ini-

tiated oxidation of toluene contain aromatic organic acids.
It is in good agreement with previous reaction studies,
where highly oxidized chemical classes from Cl-initiated
oxidation of toluene like benzoic acid had been reported
under different concentration [17]. Cl abstracts a hydrogen
atom from the carbonyl group of benzaldehyde, and oxy-
gen adds to the radical. This peroxy radical can react with
RO2 (or HO2) to form the benzoic acid directly, or it can
react with NO to form an alkoxy radical and NO2. The alk-
oxy radical can abstract a hydrogen from another toluene
molecule, or from a benzaldehyde molecule, to yield the
benzoic acid and to propagate the radical chain reaction.
Fig. 4 also outlines this suggested mechanism leading to
the benzoic acid.

Mass fragment 30 and 46 are interpreted as NO+ and
NO2

+. Their appearance may imply the formation of nitro-
genated organic compounds from Cl-initiated oxidation
of toluene in the presence NOx. Some experimental studies
have examined and reported the formation of nitrogenated
organic compounds from oxidation of toluene and other
aromatic compounds [22–26]. The contribution of alkyl
nitrates (RONO2) and peroxyacyl nitrates (RC(O)OONO2)
to the secondary organic aerosol formation was positively
verified using FTIR spectroscopy [23]. Similar to the



Fig. 4. Proposed reaction mechanism for Cl-initiated oxidation of toluene.
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OH-initiated oxidation of toluene, the resulting benzyl per-
oxy radical may react with NO to form benzyl methyl
nitrate. In addition, following the H-atom abstraction pro-
cess of benzaldehyde by Cl atoms, O2 rapidly adds to the
radical to form peroxy radical which can react with NO2

to form peroxybenzoxyl nitrate, which was shown in Fig. 4.
Mass fragment 77, 65, and 52 are the signature of C6H5

+

and its fragment ion C4H4
+and C3H3

+. They may come from
the particles produced from the Cl-initiated oxidation of
toluene contained aromatic ring retaining products, which
has already been reported in many chamber studies
[17–19]. These observed aromatic ring retaining products
might be the aromatic aldehydes, aromatic acids, and
nitrogenated organic compounds discussion mentioned
above.

m/z 94 fragment may proposed as C6H5OH+. It is shown
that the particles produced from Cl-initiated oxidation of
toluene may contain phenolic compounds species. Cai
et al. [17] has detected and identified phenol resulting
from Cl-initiated oxidation of toluene in the presence
NOx. As shown in Fig. 4, the resulting alkoxy radical from
benzaldehyde react with Cl atom, O2, and NO can crack
to form CO2 and phenyl radical, which can further react
with O2 to form phenyl peroxy radical which can react
with RO2 (or HO2) to form the phenol directly.

From our experimental results and discussion men-
tioned above, it is shown that, nine positive laser desorp-
tion/ionization mass spectra peaks: m/z 18, 29, 30, 44, 46,
52, 65, 77, and 94 may come from the fragment ions of
the products of the SOA: aromatic aldehydes, aromatic
acids, phenolic compounds, and nitrogenated organic com-
pounds. These results show a good agreement with the
previous aromatic hydrocarbons smog chamber
experiments [17–19]. Different from AMS [36], we can
obtain the size and chemical composition of individual
SOA particles in real-time, according to a large number of
single SOA particles mass spectra, the chemical composi-
tions of SOA were got statistically. These were demon-
strated that ALTOFMS is a useful tool to reveal the
formation and transformation processes of SOA particles
in smog chamber.

4. Conclusion

In this paper, we have demonstrated that aerosol laser
time-of-flight mass spectrometer (ALTOFMS) can be used
to measure secondary organic aerosol form from Cl-initi-
ated oxidation of toluene in real-time. We showed that
SOA mass spectra have nine positive laser desorption/ion-
ization mass spectra peaks: m/z 18, 29, 30, 44, 46, 52, 65,
77, and 94 may come from the fragment ions of the prod-
ucts of the SOA: aromatic aldehydes, aromatic acids, phe-
nolic compounds, and nitrogenated organic compounds.
We have demonstrated that ALTOFMS can be used to
investigate the formation and transformation processes
of SOA particles in smog chambers.
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