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We introduce a new in-situ instrument, Thermal desorption
Aerosol GC/MS-FID (TAG), capable of hourly measurements of
speciated organic compounds in atmospheric aerosols. Aerosol
samples are collected into a thermal desorption cell by means of
humidification and inertial impaction. The sample is thermally
desorbed and transferred with helium carrier gas into a gas chro-
matography (GC) column, with subsequent detection by both
quadrupole mass spectrometer (MS) and a flame ionization detec-
tor (FID). The collection and analysis steps are automated, yielding
around the clock speciation. This approach builds on the extensive
body of knowledge available for quantification and source appor-
tionment of organic aerosols from past research using filter-based
GC/MS analyses, but it is the first instrument to achieve in-situ
time resolved measurements for an essentially unlimited number
of samples, making it possible to analyze changes in organic aerosol
speciation over timescales ranging from hours to seasons.

INTRODUCTION

Atmospheric aerosols impact atmospheric visibility, directly
and indirectly affect the global radiation balance, and are detri-
mental to human health (Charlson et al. 1992; Ramanathan et al.
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2001; Schwartz et al. 1996). Over the last decade atmospheric
aerosol studies have increasingly pointed to the importance of
the carbonaceous component.

Organic matter typically accounts for 20-50% of the mass
of airborne particles below 2.5 um in diameter (Chow et al.
1993; Schauer and Cass 2000; Kim et al. 2000; Christoforou
2000; NARSTO, Ch. 6, 2003). The chemical composition of
organic matter in aerosols is complex and largely not under-
stood. Many hundreds of organic compounds have been iden-
tified through chromatography and mass spectrometry tech-
niques (Rogge et al. 1993a, 1993b, 1993c, 1997a, 1997b, 1998;
Schauer et al. 1999; Nolte et al. 1999; Fine et al. 2001). These
include alkanes, alkanals, ketones, alcohols, amides, amines,
polycyclic aromatic hydrocarbons, hopanes, substituted phe-
nols, alkanoic acids, alkenoic acids, resin acids, fatty acid methyl
esters, mono- and di-carboxylic acids, sugar derivatives, and
more.

These identified compounds typically comprise less than 20%
of the total organics in aerosols, yet they serve as valuable trac-
ers for particle sources. For example, hopanes, which are rem-
nants of the biological material from which petroleum origi-
nated, serve as a unique tracer for fossil fuel in ambient organic
aerosols from such sources as lubricating oils, vehicle exhaust,
tire wear, road dust, fuel oil combustion, and asphalt roofing tar
pot fumes (Rogge et al. 1993a, 1993b, 1993c, 1997a, 1997b;
Simoneit 1984, 1985). Levoglucosan is a product of the break-
down of cellulose, and is a unique tracer for wood combus-
tion (Simoneit et al. 1999). Biogenic alkanes are distinguished
from fossil-derived alkanes through a carbon preference number
which reflects the predominance of odd-carbon number alkanes
in plant waxes (Simoneit 1984). These types of differences in
organic compound composition have been used to determine the
relative contribution of various source types to primary ambient
organic matter (Schauer and Cass 2000; Fraser et al. 2000; Yue
and Fraser 2004a, 2004b).

The identification and quantification of organic matter at
the compound level has historically involved integrated sample
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collection by filtration or impaction with subsequent extraction
and analysis by liquid or gas chromatography. Generally large
samples are required, and analyses are time consuming. These
methods have provided valuable insight and guidance in our un-
derstanding of airborne organic matter, but are limited by their
poor time resolution, intensity of manual efforts, and cost.

Temperature programmed thermal desorption GC/MS anal-
ysis has successfully been applied to time-integrated, filter
and impaction collected aerosol samples (Greaves et al. 1985;
Waterman et al. 2000; Neusiiss et al. 2000; Falkovich and Rudich
2001). These instruments directly desorb samples into the GC
without solvent extraction, thus reducing substantially the total
analysis time and complexity, but are still physically and tem-
porally decoupled from the collection process. Quantification
of targeted organic marker compounds is straightforward since
thermal desorption efficiency is close to 100% (Falkovich and
Rudich 2001).

Over the last decade, several types of particle beam mass
spectrometry methods have emerged for the study of ambient
particles, including two methods that are now available com-
mercially (i.e., Aerodyne AMS, TSI ATOFMS). The Aerodyne
aerosol mass spectrometer (AMS) offers high time resolution
particle sizing and employs either quadrupole or time of flight
mass spectrometry to separate aerosol composition into total
organics, nitrate, sulfate, potassium, chloride, and ammonium
(Allan et al. 2003, 2004; Jimenez et al. 2003). Continued analy-
sis of AMS mass spectra is leading to further particle characteri-
zation including a separation of total organics into hydrocarbon-
like organic aerosol (HOA) and oxygenated organic aerosol
(OOA) (Zhang et al. 2005). The TSI aerosol time-of-flight mass
spectrometer (ATOFMS) produces detailed mass spectra of in-
dividual particles, detecting organic carbon functional groups,
elemental carbon, sulfate, nitrate, metals, chlorine, ammonium,
and more (Noble and Prather 1996). These instruments pro-
vide a wealth of real-time data on aerosols and on single particle
composition. However, the deconvolution of single mass spectra
from multiple organic compounds remains a daunting challenge.
These techniques are not designed to identify or quantify indi-
vidual source marking organic compounds in ambient particles.

Ziemann has accomplished compound separation and identi-
fication with his particle beam mass spectrometer through inte-
grated, sample preconcentration followed by programmed ther-
mal desorption (Tobias and Ziemann 1999; Tobias et al. 2000).
This provides separation of compounds by volatility. They re-
port that ramping the temperature of the desorption surface at
arate of ~1°C/minute sufficiently separates compounds having
a factor of 5 or more difference in vapor pressure and different
mass-to-charge (m/z) values.

Instruments such as the In-Situ Carbon Analyzer provide or-
ganic carbon and elemental carbon mass with one- to two- hour
time resolution (Turpin et al. 1990). The particle into liquid sam-
pler coupled to a total organic carbon analyzer (PILS-WSOC)
provides six-minute integral water soluble organic mass mea-
surements (Sullivan et al. 2004). As with the particle beam mass
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spectrometers, these automated, in-situ instruments are not de-
signed to provide data at the compound level.

Previous analysis of organic compounds in atmospheric
aerosols has typically relied on samples collected by filtration
of air. An alternate approach to sampling aerosols is impact
collection (Hering et al. 1990). Impactors use one or more ori-
fices to impact aerosol particles into concentrated spots on a
collection substrate, which is later thermally desorbed into a
gas analyzer. Stolzenburg and Hering (2000) first combined the
collection and desorption steps for particle nitrate sampling us-
ing a resistively heated metal strip for the collection substrate
and placing it within a glass cell. A nitrogen carrier gas is sent
through the cell during desorption to transfer the sample into a
gas analyzer. This integrated collection and thermal desorption
cell (CTD) provides 10-minute resolution for continuous, auto-
mated nitrate monitoring. In this paper, we describe an adaption
of this integrated CTD design in combination with a GC/MS-
FID that allows for hourly in-situ collection and analysis of am-
bient aerosols for the semi-continuous measurement of speciated
organics.

INSTRUMENT DESCRIPTION

Our approach combines inertial impaction, thermal desorp-
tion, and GC/MS techniques in an in-situ, automated instru-
ment. Atmospheric aerosol samples are collected into a small
thermal desorption cell by means of humidification and iner-
tial impaction. The sample is transferred onto a GC column by
thermal desorption, with subsequent GC/MS-FID analysis. The
collection and analysis steps are automated, yielding around the
clock organic aerosol speciation with hourly time resolution.
Here we describe the instrument and each of its major compo-
nents in order from the sample inlet to the final detection of
individual organics.

A schematic of the Thermal desorption Aerosol GC/MS-FID
(TAG) instrument is shown in Figure 1. TAG has two basic modes
of operation: (1) ambient sampling with concurrent GC/MS-FID
analysis of the previously collected sample (Figure 1a), and (2)
thermal desorption with sample injection (Figure 1b). The Ther-
mal Desorption Mode transfers the previously collected sample
onto the GC column. During the Sampling/Analysis Mode, the
GC analysis is completed while the CTD cell is cooled to room
temperature and the next sample is collected.

Inlet Precut and Humidity Conditioning

Ambient air is pulled through a BGI sharp cut PM; scyclone
(SCC BGI Inc., Waltham, MA) (Kenny et al. 2000), and 3/8”
tubing by a vacuum pump to achieve a flow rate of 9 L /min, re-
stricted either by the impaction jet on the sample line or the criti-
cal orifice on the bypass line depending on the valve positions. At
this flow rate, the cyclone excludes particles larger than 2.0 um
in aerodynamic diameter. All components exposed to the sample
(i.e. tubing, fittings, impaction jet) are 316 stainless steel chemi-
cally passivated with an Inertium®coating (Advanced Materials
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FIG. 1.

Schematic of the TAG system, showing flow configuration for two modes of operation: (a) concurrent sampling and analysis, and (b) thermal desorption.

The thermal desorption mode is used for transfer of collected sample onto the chromatography column.

Components Express, Lemont, PA). To minimize particle losses,
ball valves are used in aerosol sampling lines upstream of the
collection cell.

Particles in the sample stream are humidified to increase ad-
hesion and eliminate particle bounce during the following im-
paction stage (Stein et al. 1994). Particle aerodynamic diameter
is essentially unchanged after humidification due to a compen-
sating decrease in particle density with water uptake. The hu-
midifier consists of 10 parallel water semi-permeable Nafion
tubes, each with 2.2 mm inner diameter and 30 cm length en-
closed in a water jacket. The humidifier (MH-110, PermaPure,
Toms River, NJ) with a 9 L/min air stream and an input water
vapor content of 20-95% relative humidity (RH) consistently
produces an output value of approximately 65-95% RH, high
enough to minimize particle bounce. Similar humidifiers have
been successfully employed in other inertial impaction collec-
tion systems (Stolzenburg et al. 2003).

Following humidification, the air stream passes through ball
value V6 and s collected, oris diverted to the bypass line through
V4. RH and temperature are monitored using an in-line RH&T
probe (50y, Vaisala Inc., Woburn, MA) on the bypass line. The
critical orifice on the bypass line is equivalent to the critical
orifice on the sampling line, which creates a constant flow rate
of 9 L/min and ensures a constant RH.

Ambient Sampling/Field Blank/System Blank

Following the cyclone, the sample stream can be sent directly
through valve V2 (Figure 1) to collect ambient PM; 5, or through
V3 and a Teflon membrane filter (Zefluor 2.0 pwm, Pall Corp.)

before collection in order to achieve a field blank. These field
blanks are used to determine the extent of gas-phase adsorption
to the surfaces heated during thermal desorption, including the
multijet impactor, impaction substrate, walls of the CTD cell,
and the tubing between valves V5 and V6.

Periodically, particle and hydrocarbon free air can be ana-
lyzed instead of ambient or filtered ambient air in order to test
for contamination coming from within the system, such as des-
orption of chemical build up on the filter and impaction surface.
Clean air is delivered by a pure air generator (737, AADCO,
Cleves, OH), and is introduced by opening V1.

Collection-Thermal Desorption (CTD) Cell

The CTD cell collects particles and then thermally des-
orbs them into helium (He) carrier gas that flows into the GC
column. The CTD consists of an inertial impaction collector
mounted inside an aluminum block with a cartridge heater con-
trolled through a proportional integral differential (PID) con-
troller (Omega Engineering Inc.). The entire CTD assembly is
housed within an insulated box with a time programmed fan that
permits cooling of the cell at the end of the desorption step.

Details of the impactor collector are shown in Figure 2. Two
geometries have been tested. The first configuration (Figure 2a)
is a multijet impactor with 12 nozzles each with a diameter
D, = 0.28 mm impinging upon a glass surface spaced S =
3D, = 0.84 mm away from the impaction jet. A second geome-
try, shown in (Figure 2b) utilizes 9 more widely spaced nozzles
with a diameter D,, = 0.34 mm impinging onto the sidewalls of
the CTD, spaced S = 3D, = 1.02 mm away from the impaction
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FIG. 2. Schematic diagrams for particle collection-thermal desorption (CTD)
cells. Numbers 0-3 correspond to different pressure regions during operation,
with region 0 approximately 1 atm and region 3 approximately 0.5 atm. Diagram
(a)is a 12-nozzle jet with D, =0.28 mm, and S = 3D,,. Diagram (b) is a 9-nozzle
jet with D, = 0.34 mm, and S = 3D,,.

jet. Both have a sample rate of 9 L/min under critical flow con-
ditions. Corresponding Stokes numbers, based on the upstream
conditions, are 0.13 and 0.11 for 0.07 um particles. The 9-jet ge-
ometry, with its more widely spaced orifices, is less susceptible
to cross-flow interferences, as described by Rouf (1975). The
12-jet geometry has the advantage of more easily changing the
collection surface. For the work reported here the impactor jet is
mounted in the cross arm of a Swagelok tee (0.25 inch diameter).
Subsequent efforts have led to the construction of a collection
cell of similar dimensions, but with the added provision for the
easy introduction of standards. All parts are fabricated from
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316 stainless steel and passivated using the previously men-
tioned Inertium® treatment. The CTD cell in Figure 2a is an
early cell design that does not include a heat sink.

During in-situ automated sampling, aerosols are typically im-
pacted onto the collection substrate at a temperature of 30°C for
30 minutes. After collection, the upstream valve V6 closes off
the input air flow and solenoid valve V5 closes off the output
end of the CTD cell. As the CTD cell ramps from 30°C to 50°C,
solenoid valves V7, V8, and V9 open to purge with He any water
vapor adsorbed to surfaces. If a large amount of H,O entered the
GC, then it would interfere with the chromatography. Some of
the most volatile compounds (30°C < boiling point < 100°C)
will be purged along with H,O. This sets the upper vapor pres-
sure limit for organic compounds analyzed by this technique.
However, it is our goal to collect as many marker compounds
as possible while maintaining consistent chromatography. To
reach this goal, compounds with very low boiling points (i.e.,
<100°C) and extremely high boiling points (i.e., >500°C) will
not be analyzed.

After approximately 5 min of purging at 50°C, the 6-port
valve (Valco Instruments Co. Inc.) is switched to transfer He
through the CTD cell and into the GC column. The organic
compounds in the collected sample are desorbed by heating the
CTD to 300°C at arate of approximately 30—40°C/min. The sam-
ple transfer lines and the 6-port valve are also heated to 300°C.
During desorption, the GC oven is held at 45°C to refocus the
sample onto the head of the column. Following desorption, the
system is switched back to the sampling and analysis configura-
tion, simultaneously allowing GC/MS-FID analysis of the cur-
rent sample, and collection of the subsequent sample to proceed.
More information regarding the desorption process is provided
in the following Thermal Desorption and Transfer Efficiency
section.

Liquid standards are manually injected with a microliter sy-
ringe directly into the CTD cell. While the sample line is in
bypass mode, valves V10 and V6 are opened just long enough
to apply the standard as illustrated in Figure 1. After injection,
the standard is thermally desorbed and analyzed in an identical
manner to an ambient sample.

Gas Chromatographic Separation

Chromatographic separation of the analytes is achieved using
a Hewlett-Packard (HP) 6890 GC equipped with a Rtx-5MS
column (30 m, 0.25 mm i.d., 0.25 pum film thickness; Restek
Corp.). The temperature program for the GC oven starts at 80°C
with an immediate drop to 45°C and held for 12 minutes during
sample injection, increases 8.5°C/min to 300°C, and holds at
300°C for 7 minutes. This GC method is typical of published
analytical protocols for speciated organic aerosol analyses (Yue
and Fraser 2004a; Fine et al. 2001; Nolte et al. 1999). The oven
then returns to 80°C in preparation for the next run. The GC
oven temperature cycle is temporally minimized by starting and
ending each run at 80°C.



THERMAL DESORPTION AEROSOL GC/MS-FID (TAG)

Compounds eluting from the column are split between
the flame ionization detector (FID) and mass selective de-
tector (MSD) to provide simultaneous mass spectra identifi-
cation and FID quantification. The carrier He (UHP further
purified of oxygen, moisture, and hydrocarbons using traps
from Restek Corp.) is kept at a constant head pressure of
25 psi, with a constant 75% split to the MSD and 25% to the
FID.

Mass Selective Detection (MSD) and Flame lonization
Detection (FID)

A 70 eV electron impact (EI) ionization, quadrupole mass
selective detector (5973 MSD, HP) is operated in total ion scan
mode (29-550 m/z) to collect full mass spectral signatures for
compound identification. Compounds are identified by matching
MSD ion fragment patterns for each resolved peak to compounds
found in mass spectral databases or to authentic standards when
available. A flame ionization detector (FID), widely utilized
for its linear detection of organic compounds (e.g., Goldstein
et al. 1995), is also used to provide additional quantification
capability. Calibration curves for several compound classes
(polar and nonpolar) were obtained by manual injection of multi-
component standards prepared by the Wisconsin State Labo-
ratory of Hygiene. Examples are presented in the Instrument
Evaluation section.

Instrument Automation and Data Acquisition

TAG is fully automated for unattended field operation. Valve
array (V6, V7, V8, V9), the 6-port valve, the CTD cell T1 car-
tridge heater, and T2 heating tape are controlled through the GC
via auxiliary output circuitry. The PC controlling the GC is in-
terfaced with a CR10X datalogger (Campbell Scientific Inc.),
which is also triggered via GC auxiliary output circuitry at the
start of each analysis. Valve array (V1, V2, V3, V4, V5), the
CTD cell box cooling fan, and T3 heating tape are switched at
the appropriate times during the sampling cycle by a relay mod-
ule (SDM-CD16AC, Campbell Scientific Inc.) controlled by the
datalogger.

All temperature zones are controlled by PID controllers
(CN1166 Series, Omega Engineering Inc.) capable of 16 seg-
ments of preprogrammed temperatures triggered by the pre-
viously mentioned methods. Actual temperatures are mea-
sured using K-type thermocouples (Omega Engineering Inc.).
Sample flow is monitored using a Mass-Flo Meter (MKS
Instruments Inc.), and pressure is monitored downstream of
the CTD cell using a pressure transducer (Honeywell Data
Instruments). Relevant engineering data (i.e., time, temper-
atures, flow rates, pressures, etc.) for each sampling in-
terval are recorded by the CR10X datalogger with an
AM416 multiplexer (Campbell Scientific Inc.), then uploaded
to the PC and stored with the associated chromatographic
data.
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Data Reduction and Analysis

Chromatogram integrations are done using HP ChemSta-
tion (G1701AA Version A.03.00) software. Mass spectra are
identified using the Palisade Complete Mass Spectral Library
(600K edition, Palisade Mass Spectrometry, Ithaca, NY) for
EI quadrupole mass spectral matching of 495,000 unique com-
pounds using 606,000 available mass spectra. All subsequent
data processing and QA/QC is performed using routines created
in S-Plus 6.2 (Insightful Corp.).

INSTRUMENT EVALUATION: METHODS

Critical aspects of TAG instrument performance have been
evaluated in the laboratory. Here we describe testing methods
used for (1) the particle collection efficiency within the CTD cell,
(2) the efficiency of sample transfer to the chromatographic col-
umn via thermal desorption, (3) the system detection limits of
known standards, and (4) the system reproducibility for collo-
cated sampling.

Particle Collection Efficiency

Particle collection efficiencies were measured using
monodisperse particles generated by nebulization and mobil-
ity selected by means of a high-flow differential mobility ana-
lyzer. Upstream particle number concentrations were measured
using a TSI 3760 condensation particle counter (CPC). Down-
stream concentrations were measured using an aerosol electro-
meter adapted from a TSI Model 3020 EAA, through which all
of the flow from the cell was directed. This approach had the
advantage of providing a direct measure of the total charge flux
associated with aerosol escaping collection, but requires high
concentrations and correction for doubly charged aerosol. Effi-
ciency measurements were also made using a pair of Model 3760
CPCs, one upstream and one downstream. The downstream CPC
was operated at low pressure, with a bypass flow to account for
the difference in impactor and CPC flow rates, and with an aux-
iliary magnehelic installed in the CPC pressure balance line to
ensure that the instrument was not flooded during pump down.
For both configurations, the downstream concentration values
were compared to that obtained by passing the aerosol through
a “bypass” orifice with the same flow rate and a straight path to
the downstream particle counter. Simple ball valves directed the
flow either through the CTD cell or through the bypass orifice.

Thermal Desorption and Transfer Efficiency

Greaves et al. (1985) studied the heating profile most effec-
tive for direct thermal desorption analysis of ambient aerosol
samples collected on filters. They reported the most effective
response was to heat to the desired maximum temperature as
rapidly as possible while passing He over the desorption surface
to remove the vaporized compounds. We use a similar heating
profile of approximately 30—40°C/min for the CTD cell.

The efficiency of thermal desorption and transfer from the
CTD cell to the head of the chromatography column was
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evaluated using a standard solution (Wisconsin State Labo-
ratory of Hygiene standard) comprised of a wide range of
compounds including hexadecane, eicosane, octacosane, de-
canoic acid, 4,4'-dimethoxybenzophenone, acenaphthene, chry-
sene, levoglucosan, and cholestane. We compared the results
obtained by introducing the standard with a microliter syringe
through the splitless GC injection port (traditional approach for
filter extracts), to that obtained by thermal desorption of the same
size standard aliquot from the CTD cell depicted in Figure 2a.
For the CTD analysis, the standard aliquot was placed on a glass
substrate within the CTD cell, the solvent was allowed to evap-
orate, and then the standard was thermally desorbed and trans-
ferred through the sampling valve directly onto the GC column.
Both injection methods allowed equivalent sample desorption at
300°C for several minutes.

Detection Limits

Detection limits were evaluated on the basis of the same stan-
dards used to determine transfer efficiency. Chromatography de-
tection limits for organic compounds are typically defined as
the quantity of standard required for the area of the chromato-
graphic peak to equal approximately 3 times the baseline noise
level (Lamanna and Goldstein 1999; Docherty and Ziemann
2001). Using this definition and our standard calibration curves
from CTD cell transfer produces very low limits of detection.
For compounds with poor transfer efficiency onto the column,
the calibration curves do not respond linearly near the detec-
tion limit and therefore we have estimated limits of detection
based on our smallest standard quantity thermally desorbed and
then detected by the system. Similar observations and analy-
ses have been performed by previous GC/MS users attempting
to quantify underivatized oxygenated semivolatile compounds
(Falkovich and Rudich 2001).

Reproducibility for Ambient Sampling

Reproducibility for identifying and quantifying individual
compounds in ambient aerosol samples was tested using simul-
taneous off-line collection of multiple ambient aerosol samples
in parallel onto glass collection boats. Collection was done in
Berkeley, CA in the vicinity of an interstate highway. Follow-
ing collection, sample boats were sequentially inserted into the
CTD cell mounted on the GC/MS-FID for thermal desorption
and analysis.

Our sampling configuration consisted of 3 CTD cells oper-
ated in parallel with a fourth CTD cell used as a vapor adsorption
blank. The fourth cell was immediately preceded by a Teflon fil-
ter, but otherwise operated for the entire sample time identical
to the other CTD cells. All four cells (of the design shown in
Figure 2a) were mounted downstream of a PM; 5 cyclone, and
their sampling rates were determined to be within 10% of each
other. Glass sample substrates were prepared by solvent wash-
ing and baking in an oven at 400°C for two hours, then stored
and refrigerated in aluminum lined Petri dishes until used for
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sample collection. Samples of 1 m? ambient air were collected.
The reproducibility for quantifying individual compounds in
ambient air samples can be assessed from these triplicate
samples.

INSTRUMENT EVALUATION: RESULTS

Particle Collection Efficiency

Particle collection efficiencies were measured using oleic
acid, a non-bouncy liquid particle, and potassium chloride, a
solid particle below its deliquescence point of 84% RH at 25°C.
For the potassium chloride tests the air stream was humidified
to 60-70% RH, as is done in the TAG system under normal
operation. Results obtained using a CPC to count particles pen-
etrating the cell are shown in Figure 3. The 12-jet impactor
displays a particle size cutpoint (particle size at which 50% col-
lection efficiency is achieved) of Dsg = 0.085 um for oleic
particles. This is considerably higher than that obtained with
a single-jet impactor of the same diameter, indicating cross-
flow interference among the jets. These results led to the design
of the 9-jet impactor, with more widely spaced jets. The 9-jet
impactor displays a particle size cutpoint of D5y = 0.065 pum
for oleic particles and Dsy = 0.085 pm for the more bouncy
potassium chloride particles. Particle collection efficiency ex-
ceeds 90% on both impactors for all particles larger than
0.17 pm.

Oleic acid aerosol calibrations were also done using an elec-
trometer for downstream counting, This approach has the ad-
vantage of not requiring the flow split below the cell needed
for the CPC counting method, but is not sensitive enough for
measurements at larger particle sizes where concentrations are
small. Calibrations done with the electrometer method yielded
similar cutpoints, within 0.05 pm, to those obtained by the CPC
counting method.
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FIG. 3. Collection efficiency curves for 9- and 12-jet impactors. The oleic

aerosol is a nonhygroscopic oil, while potassium chloride aerosol is a solid
particle (84% deliquescence), which was introduced to the cell at 60-70% RH.
Data were obtained using the CPC counting method (see text).
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Thermal Desorption and Transfer Efficiency

Multipoint calibration curves were generated separately us-
ing direct injections and using CTD cell thermal desorptions.
The multipoint calibration curves for several representative com-
pounds are shown in Figure 4. Chrysene is a polycyclic aromatic
hydrocarbon formed through combustion. Cholestane is one of
the hopanes which serves as a biomarker for petroleum. Lev-
oglucosan is a product of the combustion of cellulose, and is
a powerful tracer for wood combustion. Eicosane is one of the
many alkanes found in ambient particles. We obtained excel-
lent linear responses (R?> > 0.95) and near zero intercepts for
both injection modes for almost all compounds in the standard
mixture, as listed in Table 1.

Desorption and transfer efficiencies from the CTD relative
to that for direct injection are displayed in the fourth column of
Table 1. Results are calculated as the ratio of the CTD response
to that of the direct injection for 10 ng of analyte, where individ-
ual response is calculated by the corresponding regression line
from the multipoint calibration using data from the FID. The
FID was used for this analysis rather than the MSD because it
provides a more stable response over time. The relative transfer
efficiency among compounds is roughly indicated by the FID
response per picomole of carbon (pMC), as listed in columns 5
and 6 of Table 1. The transfer efficiency from the CTD cell is
equivalent to that for direct injection for most compounds, and
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even better for levoglucosan, hexadecane, eicosane, octacosane,
chrysene, and cholestane. Neither approach shows good effi-
ciency for levoglucosan or decanoic acid. For these compounds,
the FID signal relative to the number of carbon atoms is much
lower than that for all other compounds, indicating incomplete
transfer of these compounds through the analytical system, re-
gardless of the introduction technique. These compounds are
known to be very difficult to transfer through gas chromatogra-
phy systems, so they are generally derivatized prior to analysis.
However, they do show a linear response for both detectors and
can therefore be analyzed during field measurement if present
in ambient air.

Detection Limits

For compounds that transfer efficiently through the CTD cell,
detection limits range between 0.027 ng and 0.153 ng. To collect
0.153 ng at 9 L/min for 30 minutes the corresponding ambient
concentration must be 0.57 ng/m>. Reported concentrations for
Fresno and Bakersfield during the IMS95 experiment are 2 to
200 ng/m?, depending on day and compound (Schauer and Cass
2000). The detection limits determined from injections of our
standards, and our initial measurements of ambient air, suggests
that TAG is capable of routine analysis of samples significantly
smaller than 1 m? in urban environments, and will therefore be
able to collect adequate sample sizes within 30 minutes.
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FIG. 4. Calibration curves for the CTD cell for four representative marker compounds: eicosane, cholestane, chrysene, and levoglucosan, with comparison to

the MSD and FID response for direct injection through the HP injection port.
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TABLE 1
Thermal desorption response to laboratory standards

CTD-MSD response FID response Detection limit
Slope Intercept Efficiency CTD Direct 3x Noise Empirical

Compound (10* cts/ng) ~ (10°cts) ~ R*  (CTD/Direct) (signal/pMC)  (signal/pMC)  (ng) (ng)

Acenaphthene 795 —146 0.976 0.99 6,071 6,120 0.019 0.076
Hexadecane 581 -51 0.995 1.26 8,416 6,667 0.024 0.074
Eicosane 812 10 0.999 1.19 9,376 7,909 0.016 0.059
4.4'-Dimethoxy- 153 4 0.999 0.97 4,218 4,342 0.118 0.602

benzophenone

Chrysene 2,192 172 0.991 1.10 6,228 5,638 0.009 0.055
Octacosane 838 182 0.999 1.42 8,454 5,944 0.031 0.153
Cholestane 1,090 13 0.994 1.38 12,419 9,019 0.027 0.027
Levoglucosan 151 —128 0.981 3.56 2,057 577 0.093 6.250
Decanoic acid 83 32 0.816 0.55 2,045 3,691 0.115 0.900

Notes: Simultaneous analysis by MSD and FID. CTD refers to thermal desorption from CTD cell. DIRECT refers to sample introduction with
syringe through the injection port. Efficiency calculated as relative CTD to DIRECT response at 10 ng as given by regression line. The Detection
Limit range is set on the lower end by traditional 3 x Noise limit and on the high end by the Empirical limit, determined by the smallest amount
of standard injected. The number of ion counts on the MSD is abbreviated as “cts.” FID response was normalized to picoMole of Carbon (pMC)

for each compound.

Detection limits are higher for compounds that are not trans-
ferred through the instrument with 100% efficiency, as shown
in column 8 of Table 1. Levoglucosan is not transferred ef-
ficiently through the system, and its detection limit is corre-
spondingly larger. However, concentrations of levoglucosan are
also high when wood burning occurs (Schauer and Cass 2000),
and is clearly seen, as shown in our ambient Berkeley sam-
ple presented in Figure 6 (see the Fully Automated Testing
section).

Reproducibility for Ambient Sampling

Figure 5 shows a scatter plot of peak areas for a selection
of compounds measured between the first of these triplicate
samples on the x-axis and the other two on the y-axis. Some
variability between the peak areas scales linearly indicating
slight differences in sample size, but nearly identical relative
responses. Relative standard deviations for measurements of in-
dividual compounds in the triplicate samples ranged from 0.04
to 0.33 for 11 selected representative compounds (not present in
the vapor adsorption blank) with a pooled standard deviation of
0.12, and reproducibility for the majority of these compounds
was better than 10%.

FULLY AUTOMATED TESTING

The fully automated TAG was initially tested at UC Berkeley,
an urban environment, by running continuous automated anal-
yses of ambient air and filtered ambient air for approximately
1 full day on 10-11 January, 2004. An example chromatogram
from one of the air samples is shown in Figure 6. We have iden-
tified over 100 of the major peaks according to the best matches

available in the Palisade Complete 600K mass spectral database,
many of which are labeled in Figure 6.

Notable in the chromatogram is the presence of levoglu-
cosan (31.4 min) which is strongly associated with wood burn-
ing. Several alkanoic acids are seen, including tetradecanoic
acid, hexadecanoic acid, and octadecanoic acid. All of the alka-
nes from Cy; through Css are present. Also, note the presence
of many polycyclic aromatic hydrocarbons, especially later in
the chromatogram. These include phenanthrene, anthracene,
fluoranthene, pyrene, retene, benzo[a]anthracene, chrysene,
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o
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£ 0
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o 100,000 - 8
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FIG. 5. Comparison of peak areas for independent, collocated samples of

ambient air in Berkeley, California. Line shows 1:1 correspondence.
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FIG. 6. TAG Chromatogram from Berkeley California, with many of the identified peaks labeled. Volume of air sampled is approximately 0.4 m®. Lower gray
line shows signal from blank. The rise in background signal after 40 minutes is a result of typical column bleed.

benzo[b+k+j]fluoranthenes, benzo[e]pyrene, benzo[a]pyrene,
perylene, indeno[1,2,3-cd]pyrene, and benzo[ghi]perylene.
Also present in the chromatogram are alkenes, alkenoic acids,
aldehydes, ketones, alcohols, fatty acid methyl esters, substi-
tuted phenols, amines, and amides.

The abundance of the measured compounds varies signifi-
cantly over the one-day measurement period, and several groups
of compounds have similar temporal variations. This variability
results from multiple sources with differing temporal attributes
(e.g., woodsmoke, mobile sources) along with meteorological
variability. The covariance of groups of measured compounds
provides information about aerosol composition associated with
specific source categories, and we can separate marker com-
pounds for specific sources using statistical approaches such
as factor analysis. With factor analysis the variation in marker
compound profiles measured at the receptor site can be described
through the superposition of several independent “factors.” Each
factor is associated with a characteristic ratio of compounds,
much like a source signature (Lamanna and Goldstein 1999).
The independent factors can then be compared with source pro-
files published in the literature (Rogge et al. 1993a, 1993b,
1993¢, 1997a, 1997b, 1998; Schauer et al. 1999; Fine et al.
2001).

This 1 day data set is too short (i.e., only contains 15 non-
filtered ambient air measurement points) to do a complete fac-
tor analysis of all 100 compounds measured, but a prelimi-
nary analysis of 14 compounds is shown in Table 2. These 14
compounds are primarily associated with three different fac-
tors, or three different underlying processes or sources. Dom-
inant compounds associated with Factor 1 include oleic acid,
octadecanoic acid, and levoglucosan, all markers of wood burn-
ing (Rogge et al. 1998; Simoneit 1984; Simoneit et al. 1999).
The dominant compounds associated with Factor 2 are all alka-
nes. Alkanes in aerosols potentially come from anthropogenic
combustion such as vehicle exhaust, but can also have bio-
genic sources which favor odd-carbon alkanes. The odd-carbon
preference is observed for this data set through the Cy7;—Cs;
alkane window, indicating a dominant biogenic contribution
over vehicle exhaust. Due to a high correlation between only
oxygenated compounds such as ketones, aldehydes, and alco-
hols, Factor 3 is potentially a result of photochemical process-
ing in the atmosphere. With longer data sets which include
TAG compounds and meteorological parameters, this type of
factor analysis should be able to separate multiple source cat-
egories as the basis for receptor based source apportionment
studies.
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TABLE 2
Factor analysis results for air sampled in Berkeley, California,
10-11 January, 2004

Loadings (Values < 0.4 omitted)

Compound Factor 1 Factor 2 Factor 3
Levoglucosan 0.88 — —
Hexadecanoic acid 0.90 — —
9,12-octadecadienoic acid  0.91 — —
Oleic acid 0.92 — —
Octadecanoic acid 0.93 — —
Tetradecanal — 0.64 0.65
Hexadecanol 0.64 — 0.63
5-dodecyldihydro- — 0.52 0.76
2(3H)furanone
5-tetradecyldihydro- 0.54 — 0.69
2(3H)furanone
Hexadecanoic acid, 0.50 0.47 0.73
methyl ester
Octacosane — 0.88 —
Nonacosane — 0.90 —
Hentriacontane 0.49 0.82 —
Dotriacontane 0.42 0.85 —
Importance of factors
Sum square loadings 5.79 4.42 3.20
Proportion of variation 0.41 0.32 0.23
Cumulative variation 0.41 0.73 0.96

Factor analysis was performed in SPLUS 6.2 (MathSoft, Inc.), using
varimax rotation and principal factors extraction. The model was lim-
ited to three factors because additional factors did not have significant
sum square loadings, and did not explain a significant portion of the
variation (less than 0.05). Proportion variation defines the fraction of
data explained by each factor. Cumulative variation is the sum of the
proportion variation, indicating that these three factors explain 96% of
observations. Only 14 compounds of the 100 compound data set were
included in this analysis due to statistical limitations resulting from the
short sample period which contained 15 sequential measurements at
approximately 1 hour intervals. Factor analysis of all measured com-
pounds is possible with longer datasets.

The first field deployment with the TAG system was con-
ducted as part of the ICARTT 2004 campaign. Around-the-
clock, automated, in-situ measurements were made on the south-
west coast of Nova Scotia (Chebogue Point) during July and
August, 2004. In total, 750 atmospheric aerosol samples were
collected with hourly time resolution (750 chromatograms x
2 detectors = 1500 total chromatograms). The difference be-
tween a typical chromatogram collected during summer at
remote Nova Scotia compared to a typical wintertime chro-
matogram collected in Berkeley, CA, an urban environment, is
of interest. Figure 7a displays the same Figure 6 chromatogram
from Berkeley, CA which contains many freshly emitted hydro-
carbons. Most of these hydrocarbons elute from the gas chro-
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FIG. 7. A comparison between (a) an urban organic aerosol sample, 0.4 m3of
air collected in Berkeley, CA, and (b) a remote organic aerosol sample, 0.25 mof
air collected at Chebogue Point, Nova Scotia. The overlapping chromatograms,
present in lower abundance and displayed in light gray, are field blanks through
a Teflon filter. The dotted gray line represents equivalent detector signal. The
rise in background signal after 40 minutes on all chromatograms is a result of
typical column bleed.

matography column with retention times later than 40 minutes.
The earlier retention time compounds are mostly smaller oxy-
genated compounds (e.g., aldehydes, ketones, alkanoic acids).
In Figure 7b, it is shown that the Nova Scotia organic aerosol
almost entirely elutes from the GC column before 40 min-
utes. According to Palisade Complete 600K spectral database
matches, nearly all of the resolved compounds collected in Nova
Scotia are oxygenated, and a few of these were also measured
in the oxygenated section of the Berkeley chromatogram (e.g.,
phthalic acid, y-nonalactone, y-dodecalactone, and 3,5-di-tert-
butyl-4-hydroxybenzaldehyde). This frequently occurring high
level of oxidation indicates ambient aerosols observed in Nova
Scotia were transported over significant distances during which
they were oxidized or else must be dominated by secondary
aerosol formation, or are impacted by a combination of these
processes. Detailed results are presented by Williams et al. (in
preparation).

SUMMARY

TAG is the first continuously operating automated gas chro-
matography instrument to be successfully used for measuring
hourly in-situ organic aerosol chemical speciation. The sam-
pling and data acquisition process are fully automated, allow-
ing around-the-clock operation, free of artifacts associated with
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filter collection and handling. The system efficiently collects
particles in the 0.06-2.5 um size range, and efficiently transfers
organic compounds via thermal desorption into the GC with
quantitatively reproducible results.

While our focus is to use individual organic marker com-
pounds to determine aerosol sources and transformations, and
not to characterize the entire chemical makeup of the aerosol,
it is still of interest to increase the number of marker com-
pounds measured by TAG. Many of the organic compounds
of interest in the ambient aerosol are oxygenated and polar,
and are not completely eluted through GC columns. For ex-
ample, dicarboxylic acids are typically not completely eluted.
Often polar compounds are “derivatized” prior to GC analysis
to increase their transmission efficiency through the analytical
instruments. Organic acids can be converted to their methyl es-
ter analogues by reaction with diazomethane (Schauer and Cass
2000). They may also be reacted with trimethylsilyl reagents
(Evershid 1993). Levoglucosan has also been measured by re-
action with a silylating agent, though underivatized levoglucosan
does pass through the GC column, albeit with a lower response
factor (Simoneit et al. 1999). Docherty and Ziemann (2001) re-
port an on-line, inlet-based silylation method via coinjection
of the reagent, with derivatization occurring via gas-phase reac-
tions. Their results show quantitative analysis of mono and dicar-
boxylic acids, and should be adaptable to our thermal desorption
analysis. However, our preliminary results do show reasonable
recovery of underivatized monocarboxylic acids in thermally
desorbed standards.

The 24-hour period from Berkeley, CA is representative of a
time period where traditionally only 1 or perhaps 2 sequential fil-
ter analyses of organic aerosol composition would typically have
been measured. Our TAG measurements clearly show that hav-
ing hourly time resolution dramatically enhances the amount of
information that can be learned about the sources contributing to
organic aerosol loading in the atmosphere and aerosol transfor-
mation processes, compared to traditional 12- or 24-hour filter
sampling.

Field measurements with TAG in a variety of environments
will provide higher time resolution data than has previously been
available for speciated organics in aerosols, opening new win-
dows into the study of their origins, chemistry, fate, and impacts
on the environment and human health.
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