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bstract

Aerosol chemical ionization mass spectrometry (CIMS) is used both on- and off-line for the analysis of complex laboratory-generated and
mbient particles. One of the primary advantages of Aerosol CIMS is the low degree of ion fragmentation, making this technique well suited for
nvestigating the reactivity of complex particles. To demonstrate the usefulness of this “soft” ionization, particles generated from meat cooking
ere reacted with ozone and the composition was monitored as a function of reaction time. Two distinct kinetic regimes were observed with most
f the oleic acid in these particles reacting quickly but with 30% appearing to be trapped in the complex mixture. Additionally, detection limits are
easured to be sufficiently low (100–200 ng/m3) to detect some of the more abundant constituents in ambient particles, including sulfate, which

s measured in real-time at 1.2 �g/m3. To better characterize complex aerosols from a variety of sources, a novel off-line collection method was
lso developed in which non-volatile and semi-volatile organics are desorbed from particles and concentrated in a cold U-tube. Desorption from
he U-tube followed by analysis with Aerosol CIMS revealed significant amounts of nicotine in cigarette smoke and levoglucosan in oak and pine
moke, suggesting that this may be a useful technique for monitoring particle tracer species. Additionally, secondary organic aerosol formed from

he reaction of ozone with R-limonene and volatile organics from orange peel were analyzed off-line showing large molecular weight products
m/z > 300 amu) that may indicate the formation of oligomers. Finally, mass spectra of ambient aerosol collected offline reveal a complex mixture
f what appears to be highly processed organics, some of which may contain nitrogen.

2006 Elsevier B.V. All rights reserved.

arette

a
t
i
r
c
s
i
o
o
t
o
m
n

eywords: Chemical ionization; Organic aerosol; Oleic acid; Wood smoke; Cig

. Introduction

Aerosols are found throughout the atmosphere and originate
rom a variety of sources. The source will determine the initial
omposition of an aerosol affecting the chemical and physical
rocesses in which the particles are involved [1]. Particles that
ake up aerosols are complex mixtures of perhaps hundreds of

ompounds [2]. Some of the challenges that face the atmospheric
hemistry community are identifying and quantifying individ-
al particle constituents in real time and accurately measuring
nd predicting particle reactivity. Aerosol mass spectrometry
as emerged as an excellent tool for addressing these challenges
3].
Aerosol mass spectrometers vary in their vaporization, ion-
zation, and mass filtering schemes. Thermal vaporization fol-
owed by chemical ionization has proven to be an effective
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pproach to analyzing complex organic particles because of
he low degree of fragmentation it offers compared to electron
mpact or multiphoton ionization [4,5]. This “soft” ionization
educes overlap of ion peaks and simplifies spectra of multi-
omponent mixtures allowing easier measurement of individual
pecies. Chemical ionization has previously been used for study-
ng the kinetics of and products from heterogeneous reactions
f one and two component particles [6–8] as well as secondary
rganic aerosol (SOA) formation in chamber studies [9–11] and
he characterization of ambient nanoparticles [12,13]. Unlike
ther particle mass spectrometers, aerosol chemical ionization
ass spectrometry (CIMS) does not remove gas-phase compo-

ents before analysis, so both gas and particle concentrations
an be measured simultaneously. Alternatively, these contribu-
ions can be measured separately by using charcoal denuders or
lters to remove either volatile organics or particles.
Here we demonstrate both on- and off-line measurements
ade with Aerosol CIMS to highlight some of the advantages of

his technique for analyzing complex aerosols. We first show on-
ine measurements of laboratory-generated and ambient aerosol

mailto:gsmith@chem.uga.edu
dx.doi.org/10.1016/j.ijms.2006.05.017


9 rnal

t
c
f
t
a
r
h
n

2

2

w
o
g
i
s
(
t
v
I
P
m

2

a
(
i
t
e
w
a
[
t
b
c

2

5
s
T
t
c
d
h
3

2

i
fl
m

w
w
p
t

(
[
r
n
d
h
a
a
a
h
i
p
o
v
i
p

o
c
t
d
a
t
w
n
n
c

2

(
O
t
o
e
t
u
(
f
2

3

3

g
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o characterize this detection method and demonstrate how it
an be used to monitor reactions of complex particles emitted
rom meat cooking. Then, we use off-line collection of particles
o concentrate tobacco and wood smoke, meat cooking aerosol,
nd non-volatile organic products from gas-phase ozonolysis
eactions for analysis by Aerosol CIMS. We also demonstrate
ow this method can be used to distinguish semi-volatile and
on-volatile organics and to analyze ambient aerosol.

. Materials and methods

.1. Chemical ionization mass spectrometry

Primary ions were generated by flowing trace amounts of
ater vapor or SF6 in a 3.5 standard liters per minute (slpm) flow
f N2 through a radioactive polonium source (210Po, NRD) to
enerate (H2O)nH+ or SF6

− ions, respectively [4]. The primary
ons were then mixed with the sample flow (1–1.5 slpm), and the
ample was chemically ionized by (H2O)nH+ or SF6

− in a heated
220 ◦C) 1/2 in. o.d. 24 cm long stainless steel tube. Ions were
ransmitted into high vacuum through a 100 �m diameter orifice
ia differential pumping and a small potential gradient (±2 V).
ons were separated using a quadrupole mass filter (ABB Extrel,
ittsburgh, PA, USA) and detected with a channeltron electron
ultiplier.

.1.1. On-line measurements
On-line measurements were made by drawing 1.5 slpm of

erosol through a heated glass capillary inlet into vacuum
40 Torr). For ambient sulfate measurements or calibrations the
nlet was coupled to conductive tubing. For heterogeneous reac-
ions the inlet was coupled to a 1-m long, 2.54-cm inner diam-
ter (i.d.) glass flow tube. In those experiments, the particles
ere introduced through a moveable glass injector (1/4 in. o.d.)

llowing a variable reaction time of up to 5 s to be achieved
7]. The particles remained on-axis for the length of the flow
ube reacting with approximately 100 ppm of ozone before
eing sampled into the mass spectrometer via the heated glass
apillary.

.1.2. Off-line measurements
Off-line collections of particles were made by pumping

slpm of aerosol through a 2-in. section of heated 1/4 in. o.d.
tainless steel tube (300 ◦C) to strip off non-volatile organics.
his flow immediately entered a 1/4-in. o.d. stainless steel U-

ube (10 in. long) immersed in a cold water bath (0–15 ◦C) to
ondense the desorbed organics. Trapped organics were then
esorbed directly into the ion tube of the Aerosol CIMS by
eating the condensation U-tube wrapped with heating rope to
00 ◦C over 5.5 min and flowing 1 slpm of N2 through the tube.

.2. Aerosol generation
Cigarette, white oak, and pine smokes were collected by first
gniting the material in a natural gas flame, removing it from the
ame and then pumping 5 slpm of the smoke from the burning
aterial through the collection U-tube. Ground beef (20% fat)

d
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s
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as cooked over a natural gas flame, and the generated aerosol
as then drawn into an evacuated flask and stored. These stored
articles were then swept out with a small flow of N2 into either
he flow tube reactor or the collection U-tube.

The oleic acid particles were created using a glass nebulizer
Meinhard Glass Products), as described in our previous works
4,6]. The mixed oleic acid/palmitic acid particles used to rep-
esent meat-cooking aerosol were generated by homogenous
ucleation. With this method, small flows of N2 (100 stan-
ard cubic centimeters per minute, sccm) were sent through
eated reservoirs (120–130 ◦C) containing the pure organics
nd the two organic saturated flows were mixed and heated
gain (280 ◦C). The mixed flow was cooled to room temperature,
nd as the vapors cooled internally mixed particles formed via
omogenous nucleation. The polydisperse flow was then sent
nto an electrostatic classifier (model 3080, TSI, Inc.) to select
articles of a particular size (diameter = 700 nm). This method
f generating particles eliminates the need to use a volatile sol-
ent, which could alter the chemistry in the particles and made
t possible to create particles with solid components, such as
almitic acid.

The ammonium sulfate particles and some of the mixed
rganic particles were generated through a similar method,
alled heterogeneous nucleation. With this method, seed par-
icles (diameter <10 nm) were created from the impurities in
istilled water by nebulizing the water and then drying it with
diffusion dryer. The resulting seed particles were then sent

hrough heated vapors of ammonium sulfate or the organics,
hich then condensed onto them. While very similar to homoge-
eous nucleation, the use of the seed particles in heterogeneous
ucleation makes it possible to generate a larger and more stable
oncentration of particles.

.3. Gases and chemicals

Gases used were N2 (99.99%, National Welders), O2
99.999%, National Welders), and SF6 (CP grade, Airgas).
zone was generated by sending O2 (99.8%, National Welders)

hrough a commercial ozone generator (Pacific Ozone Technol-
gy) and either used immediately (orange peel and limonene
xperiments) or stored on silica gel at −80 ◦C (flow tube reac-
ions). Chemicals were purchased from Sigma-Aldrich and
sed without further purification: R-limonene (96%), oleic acid
90%), palmitic acid (99%), lauric acid (99%), ammonium sul-
ate (100%), and cholesterol (95%). Ground beef (80% lean,
0% fat) was purchased from a local grocery store.

. Results and discussion

.1. On-line measurements

In many situations, on-line analysis of aerosols is advanta-
eous because complications associated with the collection and

erivitization of particulate matter can be avoided and particle
omposition can be monitored in real time. In the following
ections, we show results from on-line measurements made
ith Aerosol CIMS. We begin by calibrating the instrument
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or oleic acid and ammonium sulfate, and then we show real-
ime measurements of ambient condensed-phase sulfate. Finally,
sing meat-cooking aerosol, we demonstrate how on-line mea-
urements can provide insight into the reactivity of complex
articles.

.1.1. Calibration and detection limit for oleic acid
To determine the detection limit of on-line analysis using

erosol CIMS, the instrument was calibrated with oleic acid
articles as a representative organic aerosol. Oleic acid particles
ere generated by nebulizing the pure liquid into a flask, and

hen they were swept out of the flask with a small flow of N2 (∼10
ccm) and finally diluted in a 5 slpm flow of N2. The resulting
article flow was sampled either into the vaporizer and analyzed
ith Aerosol CIMS using proton transfer ionization or into an

erodynamic particle sizer (APS model 3321, TSI, Inc.) used
o measure the total mass concentration of oleic acid. Fig. 1
hows the sensitivity curve for oleic acid particles, and with a 5-
average and a signal-to-noise of two, we calculate a detection

imit of 200 ng/m3 (4.3 × 108 molecules/cm3). This oleic acid
etection limit is 25 times lower than the limit that we published
reviously [4], with the main improvement resulting from the use
f a larger-diameter ion tube. The longer reaction time between
he (H2O)nH+ reagent ions and the neutral particle vapor in the
arger tube makes it possible to detect smaller concentrations
ithin the aerosol.
Despite this improvement, many ambient condensed-phase

rganics are found at concentrations of only several ng/m3 or less
14], so Aerosol CIMS still cannot be used to monitor individual
rganic species. Further improvements such as real-time particle

oncentration [15] may help reduce the on-line detection limit
f Aerosol CIMS. However, there are other particle constituents
t much larger concentrations in the atmosphere that can be
etected directly as discussed in the next section.

ig. 1. Calibration curve for oleic acid particles with proton transfer ionization.
oncentrations were measured with an aerodynamic particle sizer. The line

epresents a linear fit to the data yielding a detection limit of 200 ng/m3 with
/N = 2.
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eal time using SF6
− as the primary ion. A filter was used to distinguish gas-

hase and condensed-phase contributions to the m/z = 97 signal.

.1.2. Detection of ambient sulfate in real time
Sulfate can be found in ambient particles at concentrations

f several �g/m3 [16], and it is expected to be ubiquitous in
ontinental air [17]. Aerosol CIMS may, therefore, be a suitable
echnique to monitor sulfate concentrations in real time. To test
his capability, 6 slpm of outside air was drawn through con-
uctive tubing and 1.5 slpm of this flow was sampled into the
ass spectrometer using SF6

− to ionize sulfate as HSO4
−. A

aper filter (300 nm pore size, Whatman Intl.) was either placed
n line to remove most (99.99%) of the particles or bypassed to
ample particles, thereby separating gas-phase and particle con-
ributions to the signal. Each time the filter was bypassed, the
SO4

− signal was seen to double (see Fig. 2), indicating that a
ignificant fraction of sulfate exists on the particles. The large
ontribution which appears to be from the gas phase has not
et been identified, but it is probably not from sulfuric acid or
mmonium sulfate since each of these has a very low vapor pres-
ure. It is possible that an unidentified volatile species with the
ame mass-to-charge ratio (m/z = 97) contributed to the filtered
ignal.

In order to quantify the ambient sulfate concentration,
erosol CIMS was calibrated using ammonium sulfate particles
enerated through heterogeneous nucleation. These particles
ere either sampled directly into the mass spectrometer or into a

canning mobility particle sizer (model 3936, TSI, Inc.) to mea-
ure the total mass concentration. From our calibration (data not
hown), we determined that the detection limit for particulate
mmonium sulfate is 100 ng/m3 and that the observed ambi-
nt condensed-phase sulfate concentration was 1.2 �g/m3. This
alue is consistent with previous measurements of average par-
iculate sulfate of approximately 5 �g/m3 in nearby Atlanta [16].

e note, however, that the concentration of sulfate measured

ith Aerosol CIMS may also include contributions from other

ondensed-phase species, such as sulfuric acid and sodium sul-
ate [1]. Additionally, the slow response in the signal after the
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Fig. 3. Reaction of oleic acid with ozone in pure oleic acid particles (open cir-
cles), oleic acid/palmitic acid particles (Xoleic = 0.3, open triangles), and oleic
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lter was added may indicate that sulfuric acid or sulfate is stick-
ng to the walls of the tubing or the inlet. While this complication
eeds to be addressed before quantitative measurements can be
ade, it is clear that Aerosol CIMS can be used for the real-

ime monitoring of condensed-phase species that are in a large
bundance in the atmosphere.

.1.3. Reactivity of complex organic particles
Aerosol CIMS is particularly well-suited for studying hetero-

eneous reactions with complex mixtures since the low degree
f fragmentation simplifies the spectra. Fewer overlapping peaks
ake quantitative measurements of a single component possible.
ere, as a demonstration of this capability, we present measure-
ents of the kinetics for the reaction of ozone with particles gen-

rated from pan frying hamburger meat. Meat-cooking aerosol is
nown to contain large amounts of fatty acids, and oleic acid and
almitic acid are among the most abundant [14,18]. Recently,
he reaction between ozone and oleic acid particles has been
tudied extensively as a model system representing the oxida-
ion of organic aerosol [7,19–23,24,25,26]. However, it is not
lear that the results from these laboratory experiments can be
xtrapolated to ambient aerosol. In particular, the lifetime of
leic acid in atmospheric particles is predicted to be only minutes
ased on the reactivity of pure oleic acid droplets, whereas field
easurements indicate lifetimes of a few days [20]. In some of

he laboratory studies other constituents, such as saturated fatty
cids, were found to inhibit the rate of reaction of oleic acid
8,24,25,27], though most of these mixed particles were much
impler than authentic meat-cooking aerosol.

In an effort to better understand the reactivity of more realistic
articles, we reacted meat-cooking particles with ozone in the
ow tube. Additionally, we reacted pure oleic acid particles and
n oleic acid/palmitic acid (OA/PA) mixture to investigate the
ffect that a solid saturated fatty acid has on oleic acid reactiv-
ty. Though meat and meat-cooking aerosol are known to contain
everal saturated fatty acids, palmitic acid is the most abundant
14,18], and we used it here to represent all of them. Further-
ore, since previous studies have found that oleic acid represents

pproximately 14% of the fatty acids in meat-cooking aerosol
14] and 45% of the fatty acids in intramuscular triacylglycerols
n cattle [18], we used a 30/70 (by mole) OA/PA mixture as a
imple surrogate. With such a mixture, we were able to study
he effect that the palmitic acid, which is mostly solid (from the
hase diagram measured by Inou et al. [28]), has on the reactiv-
ty of the liquid oleic acid. While we have previously shown that
imilar mixtures containing oleic acid and n-alkanoic acids can
xist as supercooled droplets [8], we determined that the OA/PA
articles used here were not supercooled.

Fig. 3 shows the fractional reaction decay of oleic acid as
function of exposure to ozone (PO3 · t) for each of the three

ypes of particles. On the timescale of the experiments (5 s), the
leic acid in the pure particles reacts quickly and to comple-
ion (<1% remaining), while in both the binary mixture and the
eat-cooking particles a significant fraction (15–30%) is unre-
cted. These observations indicate that some of the oleic acid in
he mixed particles reacts quickly but that some of it is inhibited
rom reacting with O3 suggesting that it may be “trapped”. While

p
c
3
t

cid in meat cooking particles (filled squares). Pure oleic acid reacts to comple-
ion, but the two mixtures show evidence of significant trapping of oleic acid.
ines are drawn to guide the eye.

imilar observations of trapping in particles containing solid n-
lkanoic acids have also been noted recently [8,24,25,27], this
ppears to be the first study in which such a behavior has been
bserved in authentic meat-cooking aerosol. Extrapolation of
hese results to a polluted atmosphere (i.e., 100 ppb O3) suggests
hat some of the oleic acid will have a short half-life (i.e., several

inutes), while the rest will have a much longer half-life (sev-
ral hours to days). Consequently, trapping by solid constituents
such as n-alkanoic acids) does appear to occur in primary source
articles and could reconcile the long ambient lifetimes inferred
rom field measurements.

Finally, we point out that while the signal at m/z = 283 might
omprise contributions from other species, this seems unlikely
ince the only other identified organic with the same molecu-
ar weight is 5-tetradecyldihydro-2(3H)-furanone, and it is not
bundant enough to account for the 30% of unreacted signal [14].
herefore, we conclude that the reaction of oleic acid with ozone

s, indeed, inhibited in the complex meat-cooking particles.

.2. Off-line measurements

While Aerosol CIMS is well suited to monitor heteroge-
eous reactions and to detect some ambient condensed phase
pecies that are in large abundance, it still lacks the detec-
ion capability necessary to make real time measurements of
ndividual organic compounds in the atmosphere. Additionally,
hile the ability to measure volatile, semi-volatile, and non-
olatile components simultaneously is sometimes advantageous,
t can make it difficult to differentiate gas-phase and parti-
le sources. To better characterize particulate emissions from
everal primary sources and to improve detection for ambient
easurements with Aerosol CIMS, we have developed a simple
rocedure for the offline collection and concentration of parti-
les. With this approach, particle components are desorbed at
00 ◦C, condensed and collected in a cold U-tube (0–15 ◦C) and
hen desorbed and analyzed with Aerosol CIMS. In the sec-
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ions that follow, we first characterize this method of collection
ith known mixtures and then present spectra from several pri-
ary sources and one secondary source of aerosol. Finally, we

emonstrate the usefulness of this approach for analyzing ambi-
nt aerosol.

.2.1. Collection efficiency and desorption profiles
To determine the collection efficiency of the desorp-

ion/condensation method for sampling organic particles, we
enerated 180 nm internally mixed particles containing oleic
cid, palmitic acid, and myristic acid via heterogeneous nucle-
tion. The particle mass spectra were then monitored in real time
sing Aerosol CIMS both before and after the aerosol passed
hrough the U-tube collection apparatus (data not shown). The
ignal for each component decreased by 90% when the particles
ere sent through the U-tube indicating that the collection effi-

iency for these components is high. These observations suggest
hat this procedure may be a convenient method for concentrat-
ng non-volatile organics from particles. However, there will be

collection bias against components that have extremely low
olatilities, such as ammonium sulfate which melts at 280 ◦C,
nd indeed we only collect 25% of the sulfate with this technique.

hile this bias makes quantification difficult, this method can
till be valuable in identifying condensed-phase components on
articles.

The desorption of the collected organics from the U-tube
lso provides an additional dimension of analysis since they
re expected to evolve according to their vapor pressures as the
emperature is increased. This capability was tested under con-
rolled conditions using small amounts (≈500 ng) of lauric acid,

almitic acid, oleic acid, and cholesterol which were simulta-
eously deposited in the collection tube and desorbed into the
ass spectrometer. Fig. 4 shows the total normalized integrated

ignal for each species (detected as the [M + H]+ ion) as the

ig. 4. Normalized integrated desorption profiles for lauric acid (solid line),
almitic acid (long dash), oleic acid (short dash), and cholesterol (long-short)
esorbed in order of increasing vapor pressures.
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esorption temperature was increased from 25 ◦C to 300 ◦C.
hile vapor pressure data is not available for each of these

pecies over this range of temperatures, it can be seen that they
esorb in the order of their melting and boiling points: lau-
ic acid (mp = 44 ◦C, bp = 298 ◦C), palmitic acid (mp = 62 ◦C,
p = 339 ◦C), oleic acid (mp = 16 ◦C, bp = 360 ◦C), and choles-
erol (mp = 147 ◦C, bp = 360 ◦C) [29]. Lauric acid is seen to
esorb first, even though its melting point is higher than that
f oleic acid (44 ◦C versus 16 ◦C), because it has a much lower
oiling point (and thus a higher vapor pressure at the same tem-
erature). Palmitic acid is seen to desorb next, followed by oleic
cid and then cholesterol. Despite the fact that the boiling point
or cholesterol is identical to that of oleic acid, it probably des-
rbs at much higher temperatures because its melting point is
o much higher (147 ◦C versus 16 ◦C). Not only are these des-
rption profiles useful in separating various components of the
oncentrated aerosol, but they may also be used for differen-
iating two species of the same molecular weight if they have
ufficiently different vapor pressures.

.2.2. Meat cooking aerosol
Off-line collection was used to record mass spectra of emis-

ions from panfrying ground beef. Fig. 5A shows a mass spec-
rum using proton transfer ionization of the collected aerosol
s it is desorbed from the tube. This mass spectrum is a “snap-
hot” of the organics as they desorb from the collection tube.
everal of the prominent peaks correspond to organic acids,
hich as a class, comprise a large fraction of the total organic

erosol emitted from cooking ground beef [14,30]. In partic-
lar, peaks at m/z = 145, 159, 173, 187, 255, 257, and 283

orrespond to octanoic acid, nonanoic acid, decanoic acid,
ndecanoic acid, palmitoleic acid, palmitic acid, and oleic
cid, respectively. There may be contributions to these sig-
als from other species, but the organic acids listed above are

ig. 5. Mass spectra of collected meat-cooking aerosol with the particles either
A) heated to 300 ◦C or (B) not heated prior to entering the cold (0 ◦C) collection
-tube. The non-volatile components (m/z > 220 amu) are only detected when
esorbed prior to collection (A), but semi-volatile components are seen in both
pectra.
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xpected to be the major contributors at those mass-to-charge
atios.

The collection may also be used to distinguish between non-
olatile and semi-volatile species simply by adjusting the des-
rption temperature at the inlet to the U-tube. When this inlet is
ot heated, semi-volatiles may still be collected in the cold con-
ensation tube, but non-volatiles will remain on the particles
nd will not be collected. However, when the inlet is heated to
00 ◦C both non-volatiles and semi-volatiles will be collected.
o demonstrate this separation capability, meat-cooking aerosol
as sent through two collection U-tubes simultaneously: one in
hich the inlet was heated to 300 ◦C and the other in which the

nlet was kept at room temperature. The components with lower
olecular weight that are expected to have a higher vapor pres-

ure are still trapped in the collection tube with the unheated inlet
Fig. 5B), but higher molecular weight species (m/z > 220 amu)
re only evident in the spectrum for which the inlet was heated
Fig. 5A). Of course, it is not possible to quantify the fraction
f the semi-volatile organics on the particles with this type of
easurement, but it does allow them to be differentiated from

he non-volatile components.

.2.3. Tobacco and wood smoke
Smoke from cigarette, white oak, and pine combustion was

lso analyzed off-line using Aerosol CIMS. Fig. 6 shows two
napshots of the desorption of collected cigarette smoke. Panel

shows the mass spectrum before the collection tube was
eated (semi-volatile organics), showing significant amounts of
icotine (m/z = 163), consistent with its room-temperature vapor
ressure of 42.5 mTorr [31] and previous observations that it is
ound both in the gas-phase and on particles [32]. Panel B shows
he mass spectrum after a few minutes of heating the collection
-tube. There is signal at every mass unit, which is not surpris-
ng considering the complexity of the emitted aerosol [33]. Some
f the larger peaks in the mass spectrum (m/z = 111, 124, 147,
63, and 177 amu) correspond to organic compounds that have
een identified previously as condensed-phase components in

ig. 6. Mass spectra for collected cigarette smoke (A) before the collection
-tube was heated and (B) while the collection U-tube was heated.
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ig. 7. Mass spectra from collected (A) pine and (B) white oak wood smoke.
evoglucosan (m/z = 163), a common tracer for wood smoke, can be seen in
oth spectra.

igarette smoke (benzenediol, nicotinic acid, myosmine, nico-
ine, and cotinine, respectively) [33].

Fig. 7 shows a snapshot of the desorption of aerosol col-
ected from burning pine (panel A) and white oak (panel B)
oods. The dominant peak in both spectra is from levoglu-

osan (m/z = 163) which is a particle tracer for biomass burn-
ng [34]. Peaks at m/z = 195 and 211 probably correspond to

ethoxyeugenol and syringyl acetone, respectively. Both of
hese organics are expected to be emitted in larger abundance
rom white oak combustion than pine [35,36]. Additionally, a
eak at m/z = 179 is present in larger relative abundance in the
ine smoke spectrum than white oak and could be from coniferyl
ldehyde [36]. The large peak at m/z = 145 is most likely a frag-
ent peak from levoglucosan (water loss). Of course, there may

e contributions to these peaks from other organic species, but
hese two spectra appear to be representative of the two sources
ased on previous source characterization from oak and pine
ombustion.

.2.4. Secondary organic aerosol
Secondary organic aerosol (SOA) makes up a significant frac-

ion of ambient particulate mass, and the reaction of ozone with
erpenes, such as �-pinene or limonene, can be an important
ource of SOA [37]. R-limonene is the primary terpene emitted
rom orange peel [38], and along with other emitted terpenes,
t reacts with ozone to form low-volatility products [10,39,40]
hat can form new particles [41,42]. In some cases, limonene
riginating from cleaning products can react with ozone and
lso be an important source of particulate matter indoors with
otential health impacts [43]. To characterize the particle prod-
cts from this reaction using Aerosol CIMS, we filled a 500-mL
ask with ozone and inserted a piece of orange peel or a drop of

-limonene, after which particles were immediately visible by
ye. The aerosol was then swept out with a small flow of O2/O3,
ollected in the U-tube and the products were then desorbed and
nalyzed via Aerosol CIMS (Fig. 8).
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is expected for a complex mixture of organics in the absence of
amines and nitrates. Because agriculture is prevalent in the areas
surrounding Athens, Georgia, it is not surprising that amines
ig. 8. Mass spectra from the reaction of ozone with (A) volatile compounds fro
uggest the formation of oligomers.

Many of the prominent peaks in the reacted orange peel
pectrum (Fig. 8A) are also present in the reacted R-limonene
pectrum (Fig. 8B), consistent with the fact that it is the domi-
ant volatile organic emitted from oranges. Peaks at m/z = 169,
71, 185, 187, and 201 correspond to products that have been
bserved previously for R-limonene ozonolysis (limonaldehyde,
imonalic acid, limononic acid, limonic acid, and 7-hydroxy-
imononic acid, respectively) [40]. In addition to these expected
roducts, higher molecular weight products (m/z = 250–400) are
isible in the spectra of both the orange peel and R-limonene
eactions suggesting that oligomers may be formed. While these
roducts cannot be identified conclusively from the mass spec-
ra, the soft vaporization and ionization afforded by Aerosol
IMS keep these large molecular weight species intact with

elatively little fragmentation compared to many other ion-
zation methods. Such large molecular weight products have
een observed previously in other systems, including �-pinene
zonolysis [44–48], and was very recently reported for limonene
zonolysis [49].

.2.5. Ambient sampling
This off-line collection method also allows concentration

f ambient aerosol making it possible to detect organics that
therwise would be below the detection limit. Fig. 9 shows a
ass spectrum obtained by drawing outside air (1.8 m3) through

he U-tube for 6 h and then desorbing and analyzing the col-
ected particulate matter with Aerosol CIMS. Peaks are present
t nearly every mass unit above 100 amu with progressions of
eaks evident every 14 amu corresponding to sequentially larger
rganics with additional CH2 groups (see hash marks at top of
ig. 9). These species probably include mono- and di-carboxylic
cids, aldehydes, ketones, alcohols, alkenes and dienes, as well

s multi-functional species such as keto-acids and hydroxy keto-
cids, all of which would be detected through the proton-transfer
onization used here. We note that any alkanes present would not
e detected since they are very inefficiently ionized [4]. Interest-
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m
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nge peel and (B) R-limonene. Large molecular weight products (m/z > 250 amu)

ngly, a similar progression of ion peaks from ambient aerosol
ollected in Germany has also been reported recently using a
oft vacuum-UV ionization approach [50].

Close inspection of the spectrum in Fig. 9 reveals peaks at
ven mass-to-charge ratios that are quite pronounced suggesting
large presence of nitrogen-containing organics, such as alky-

amines [51] or organic nitrates. These peaks are not nearly as
arge in the spectra of the reacted orange peel and R-limonene
Fig. 8) in which the peaks alternate in intensity between the even
nd odd mass-to-charge ratios. This sort of alternating pattern
ig. 9. A mass spectrum from ambient aerosol collected in Athens, Georgia.
otice the progression of peaks every 14 amu (hash marks) indicating a complex
ixture of organics. The abundant peaks at even mass-to-charge ratios suggest

ossible contributions from nitrogen-containing organics.
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ay be found in the collected particulate matter. Additionally,
he presence of a wastewater treatment plant only a mile from
he sampling site may be a significant source of amines [52].
urthermore, low-volatility products from the reaction of NO3
ith volatile organics, especially important at nighttime, could
e a source of organic nitrates in the atmosphere [53,54].

While the mass spectra of ambient aerosol collected with
erosol CIMS are complicated and the features cannot be

ssigned definitively, the soft ionization may provide additional
nsight into their compositions. Additionally, MS/MS exper-
ments using chemical ionization can provide fragmentation
nd offer further information on the structure and identities
f organics [10]. The Aerosol CIMS technique also provides
etection limits for organic species, which are comparable to
thers which are currently used, such as thermal desorption gas-
hromatography mass spectrometry (TD-GCMS) and solvent
xtraction followed by analysis with GC-MS. For example, we
easure a detection limit of 4 ng for oleic acid deposited in

he U-tube, whereas Ho et al. report detection limits of 1–4 ng
or a variety of n-alkanes using TD-GCMS and 40–125 ng
sing solvent extraction followed by GC-MS. Both Aerosol
IMS and TD-GCMS can be used to detect a wide variety
f organic molecules without the complication of extraction.
urthermore, Aerosol CIMS can be used without derivitiza-

ion which can be especially useful for species such as organic
cids.

There are currently a number of limitations, however, asso-
iated with using the U-tube for collecting particles. First of
ll, there is a size bias because the mass spectrometer signal
ill be dominated by large particles (>1 �m), but this could
e improved rather simply by adding an impactor or a cyclone
o the inlet. There are also uncertainties in the collection effi-
iencies for various particulate species making quantification
ifficult. Additionally, collection of 1.8 m3 of aerosol at 5 slpm
akes 6 h making it difficult to observe fast temporal variability
n the aerosol composition. Future improvements will include
ptimization of the desorption/collection in the U-tube at sam-
ling rates of up to 50 slpm, thereby reducing the sampling time
o approximately half an hour. We will also use this approach to
nd specific tracer species which may be used to identify local
article sources and to determine the significance of alkylamines
nd organic nitrates in ambient aerosol.

. Conclusions and future direction

Aerosol CIMS is a powerful tool for studying laboratory-
enerated particles and heterogeneous reactions, and steps have
een taken to apply this technique for characterizing ambient
erosol. The low degree of fragmentation makes it possible to
nalyze complex aerosol and measure the reactivity of individ-
al organics in a multi-component mixture. We have shown that
ome of the oleic acid in meat-cooking particles reacts quickly
ith ozone, but that some of it appears to be “trapped” or isolated
rom reaction. This difference may explain the long lifetimes of
ome particle constituents in the atmosphere (i.e., days) inferred
rom field measurements. On-line detection limits for this tech-
ique are sufficiently low (100–200 ng/m3) that it can be used

[
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o measure laboratory-generated particles and some ambient
ondensed-phase species in real-time (e.g., sulfate).

The off-line desorption/condensation collection procedure
akes it possible not only to concentrate aerosol but also to dif-

erentiate semi-volatile and non-volatile organic species during
ollection and analysis with Aerosol CIMS. Abundant parti-
le tracer species, such as levoglucosan from wood smoke, are
hown to be easily detected from primary emissions using this
pproach. Large molecular weight products (m/z > 300 amu) are
etected in secondary organic aerosol formed from the ozonol-
sis of R-limonene because of the low degree of fragmentation
ossible with chemical ionization.

Finally, ambient aerosol was collected and analyzed using
erosol CIMS yielding mass spectra with peaks at nearly every
ass-to-charge ratio below m/z = 220 amu demonstrating the

omplexity of the particles. Progressions of peaks spaced by
4 amu indicate series of functionalized organic species, and
rominent peaks at even mass-to-charge ratios suggest the pres-
nce of nitrogen-containing species. Improvements in the col-
ection procedure should make it possible to reduce the sampling
ime thereby making it easier to monitor temporal variations in
article composition.
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