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Abstract. We describe a novel inlet that allows measurementdesorption process. We show that the often multi-modal des-

of both gas and particle molecular composition when cou-orption thermograms arising from secondary organic aerosol

pled to mass spectrometric, chromatographic, or optical sen(SOA) provide additional insights into molecular composi-

sors: the Filter Inlet for Gases and AEROsols (FIGAERO). tion and/or particle morphology, and exhibit changes with

The design goals for the FIGAERO are to allow unperturbedchanges in SOA formation or aging pathways.

observation of ambient air while simultaneously analyzing

gases and collecting particulate matter on a T&fl@inere-

after Teflon) filter via an entirely separate sampling port.

The filter is analyzed periodically by the same sensor onl Introduction

hourly or faster timescales using temperature-programmed

thermal desorption. We assess the performance of the FlIAerosol particles scatter and absorb radiation, influence

GAERO by coupling it to a high-resolution time-of-flight cloud formation processes and properties, provide surfaces to

chemical-ionization mass spectrometer (HRToF-CIMS) infacilitate multi-phase reactions, and affect trace gas concen-

laboratory chamber studies afpinene oxidation and field trations by providing an adsorptive medium for semi-volatile

measurements at a boreal forest location. Low instrumengases. As a result, aerosol particles have a significant effect

backgrounds give detection limits of ppt or lower for com- on the radiative balance of the atmosphere and thus on earth’s

pounds in the gas-phase and in the picogrammange climate (Hallquist et al., 2009). Atmospheric particles also

for particle phase compounds. The FIGAERO-HRToF-CIMS have adverse effects on human health, impacting respiratory

provides molecular information about both gases and particleénd cardiovascular systems (Davidson et al., 2005; Hallquist

composition on the 1 Hz and hourly timescales, respectivelyet al., 2009; Pope 1l and Dockery, 2006).

for hundreds of compounds. The FIGAERO thermal desorp- Of specific importance to both air quality and climate

tions are highly reproducible (better than 10 %), allowing aare particles smaller thar-1pm in diameter, a signifi-

calibrated assessment of the effective volatility of desorbingcant and ubiquitous portion of which is secondary organic

compounds and the role of thermal decomposition during theaerosol (SOA) (Hallquist et al., 2009; Jimenez et al., 2009).
The sources, aging, and chemical properties of SOA still
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984 F. D. Lopez-Hilfiker: A novel method for online analysis of gas and particle composition

remain highly uncertain, and these uncertainties can lead tdeveloped for the detection of organic acids (Vogel et al.,
large errors between modeled and measured aerosol loadin@913). Moreover, instruments for atmospheric applications
(Volkamer et al., 2006). These errors limit our ability to con- have typically been designed for either exclusive gas or par-
fidently predict future changes in aerosol particle composi-ticulate phase analysis.
tion and concentration under a warming climate (Hallquist Recently, to study the dynamic organic aerosol system
et al., 2009). To develop adequate model parameterizations a molecular framework, online methods to analyze both
of organic aerosol (OA) and its formation, growth, and loss, gas and particle phase molecular composition on timescales
there remains a need to improve source apportionment capanuch faster than typical high-volume filter analyses have
bilities and to develop and test chemical mechanisms that inbeen developed. These include inline volatilization methods
volve conversion and partitioning of organic compounds be-(Aljawhary et al., 2013; Hearn and Smith, 2004; McNeill et
tween gas and condensed phase. Both of these needs are &-, 2007) coupled to CIMS, as well as particle impaction
cilitated by a more detailed understanding of molecular com-based techniques, such as the TAG (Thermal Desorption
position in both phases at higher time resolution. MeasureAerosol GC/MS-FID and HR-TD-PTR-MS) (Holzinger et
ments of specific tracers on timescales similar to the typicall., 2010; Williams et al., 2006) and the MOVI (Micro Ori-
variability in emissions, photochemical activity, and meteo- fice Volatilization Impactor) (Yatavelli and Thornton, 2010).
rology, arguably an hour or shorter in polluted regions, would Thornberry et al. (2009) also operated a similar impaction
improve source apportionment, testing of partitioning theorysystem with a single jet and cooled collection plate cou-
(Pankow, 2007), and characterization of molecular properpled to a proton-transfer ion-trap mass spectrometer (PTR-
ties such as the distribution of average oxidation state acrosi-MS). Electrostatic precipitator based methods such as
carbon number (Kroll et al., 2011) against mechanistic pho-Thermal Desorption CIMS (TDCIMS) (Voisin et al., 2003)
tochemical models. are not subject to the same impaction limitations, discussed
A range of methods are available to measure trace gasdelow, but are subject to variable charging efficiencies and
online and in situ; however, measurements of molecular comean be limited to particles which are highly mobile. Com-
position of aerosol particles have so far mostly been con-mon to these techniques is the use of thermal desorption (or
ducted offline, using high-volume filter samplers, which typ- laser desorption) of collected particles with subsequent anal-
ically integrate aerosol composition over 12—24 h (Turpin etysis of the desorbed vapors via soft ionization and or chro-
al., 2000). More recently, online techniques have been develmatographic separation techniques such as GC/MS-FID and
oped, but while providing important constraints on elementalchemical ionization (ClI).
composition, the most common approaches are generally not Historically, the largest problems with impaction-based
suitable for molecular analysis of the organic aerosol frac-techniques are related to the particle collection efficiency,
tion. The aerosol mass spectrometer (AMS), which measureaamely the loss of small particles to cut point diameter lim-
non-refractory particle composition in the 0.050-1 um sizeitations, and particles that bounce after impacting the col-
range at high time resolution was a major breakthrough inlection plate. Significant pressure drops are required to im-
quantifying organic aerosol time evolution and absolute masgpact particles less tharr 150 nm, which can then lead to
concentrations (Canagaratna et al., 2007; DeCarlo et allpss of semi-volatiles, and thus most impaction approaches
2006; Jayne et al., 2000). Another example of a bulk particlesettle on collecting particles >150 hm or use cooled collec-
composition measurement is the particle beam temperaturdion stages (Thornberry et al., 2009; Williams et al., 2006;
programmed desorption mass spectrometer which uses aratavelliand Thornton, 2010). In many environmental cham-
aerodynamic lens for focusing aerosol to a desorption platders or often in the atmosphere, a significant fraction of or-
(Tobias et al., 2000). Single particle mass spectrometers (exganic aerosol mass can be below this cut point. To reduce
SPLAT, PALMS, ATOFMS, Laser Desorption MS, and the particle bounce, humidification of the sample stream to grow
RSMS III) provide a detailed picture of individual particles the aerosol into a liquid (or gel-like) phase have been used
and thus particle mixing state (Gard et al., 1997; Lake et al.(Williams et al., 2006). However, the humidification pro-
2003; McKeown et al., 1991; Thomson et al., 2000; Zelenyukcess possibly changes the partitioning and composition of the
and Imre, 2005). However, as with electron impact ioniza-collected aerosol. Alternatively, applying a thin film of low
tion employed in the AMS, laser desorption and ionization volatility grease to increase the sticking efficiency of aerosol
lead to highly fragmented organic ions, erasing the individualhas been used (Vasiliou et al., 1999), but grease leads to con-
molecular identity of the OA components. Particle into lig- tamination or interferences during the thermal analysis and
uid samplers (PILS) have been coupled to ion chromatogratypically eliminates that option for mass spectrometry appli-
phy and mass spectrometer systems to measure aerosol cogations. Impactor methods that do not humidify the sample
position (Saarnio et al., 2013; Weber et al., 2001) but areflow or grease the impaction surface ultimately suffer from
generally used to measure water soluble compounds onlymnore bounce, which is variable in an unpredictable way and
Another separation technique using a pumped counter flowtherefore can result in potentially large systematic errors.
virtual impactor coupled to a vaporizer and atmospheric— The need to thermally desorb collected particle material
pressure chemical-ionization ion trap mass spectrometer walor subsequent analysis of the vapors, common to many
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approaches discussed above, puts design constraints on theboratory chambers and to measure ambient air in the bo-
type of material used in the particle collection and desorp-real forest of Finland. We report a wide suite of carboxylic
tion region. Metals are a common choice, as they are easy tacid containing compounds having oxygen to carbon ratios
heat, either resistively or by conduction, and do not deform(O/C) ranging from 0.2 to >1 and carbon numbers from 1
significantly at typical operating temperatures (200—300D to 30. These compounds were present to some degree both
However, metals are known to provide significant adsorptivein the gas phase and in the organic aerosol (OA) fraction of
sites for semi-volatile gases, especially when held at atmogparticles of size 0.01-1 um. Particles in this size range were
spherically relevant temperatures (Neuman et al., 1999). Thisneasured with unit collection efficiency (>99.997 %) and
adsorption of gases then results in a positive artifact duringvere analyzed by thermal desorption HRToF-CIMS, approx-
the thermal desorption of collected particles as heat forcesmately hourly, while gases were measured at 1 Hz or faster.
the adsorbed gases off the surfaces just as it desorbs corliVe discuss opportunities to infer information on volatility,
pounds from the particles. Inert coatings have been employegartitioning, and thermal decomposition using the combined
and developed in GC applications to make surfaces less regas and particle thermal desorption data.
active and therefore less likely to adsorb gases (Williams et
al., 2006; Yatavelli et al., 2012), but these coatings tend to be
most effective at elevated temperatures typical of GC opera2 |nstrument description
tion and therefore can do little to change the transmission of
semi-volatiles when kept at near ambient temperatures. Elecfhe FIGAERO is essentially a multi-port inlet manifold that
trostatic precipitators can be designed to collect particles oupperates in two distinct modes: (1) ambient air sampling
of the ambient gas stream into an ultra-high purity buffer gaswith trace gas analysis during simultaneous particle collec-
such as nitrogen, thereby avoiding the gas-contamination istion on a PTFE filter via separate dedicated ports, and (2)
sue (Voisin et al., 2003). These designs potentially restrictemperature-programmed thermal desorption of the collected
the analyzable size range due to the added aerosol mobibarticles in UHP N with the detection of the desorbed va-
ity requirement and can lead to loss of semi-volatile compo-pors via a separate dedicated port. The two modes are fully
nents during collection given that the particles are no longerautomated and programmable allowing for continuous online
in equilibrium with the ambient gases and are confoundedsampling. In this section we describe the FIGAERO manifold
by the equilibrium or induced charge distribution on the par-in detail, its operation, and coupling to an HRToF-CIMS.
ticles of a given diameter. Moreover, materials that are best
for transmitting gases are not necessarily the same as types1 FIGAERO design
which are best for transmitting particles. These issues sug-
gest that the gas analysis should be separated from the parfl-he FIGAERO was designed with the goal of measuring both
cle collection and desorption analysis to minimize cross talkgas and particle composition with minimal contamination to
between these measurements and to optimize the transmisach phase from the other (cross contamination). Towards
sion and artifact determinations for a given phase. this end, we designed a manifold with two separate inlet and
We developed a novel approach that captures the evoexit ports. One exit port is used for sampling and analyz-
lution and molecular composition of both gas and particleing gases, and the other for sampling and analyzing vapors
components with separate optimized inlets utilizing a sin-arising from the thermal desorption of collected aerosol. A
gle chemical-ionization mass spectrometer. The Filter In-moveable tray holding a filter is used to select between these
let for Gases and AEROsols (FIGAERO) provides a sim-two states. Figure 1a shows a schematic section view of the
ple platform for ambient air analysis using three special-FIGAERO which is comprised of four principle components:
ized ports; one port for particle collection on a Teffon (1) the main manifold (green) which provides the platform
(hereafter Teflon) filter, a second for thermal desorption offor connecting to the analysis instrument as well as the sam-
particles on the filter using a temperature-controlled ultra-pling pump; (2) the inlet plate (grey), which provides the in-
high purity (UHP) N stream, and a third for direct sam- terface to the sampling inlets; (3) the moveable tray (red),
pling of ambient air. The filter is moved between the col- which acts as a valve and carries the primary FIGAERO par-
lection and desorption ports automatically by means of aticle collection filter; and (4) a particle blanking manifold
linear actuator. In this paper, we assess the capabilities ofvhich is periodically used to block particles from reaching
this inlet in terms of its particle collection efficiency, linear- the primary collection filter in the FIGAERO to determine
ity, reproducibility, the magnitude of the instrumental back- filter-related background signals. Also shown for reference is
ground in the particle phase measurement and the associatéide ion-molecule reaction region (IMR, grey) of the HRToF-
minimum detectable concentration of an individual compo- CIMS which is below the main manifold.
nent. For this purpose, we coupled the FIGAERO to a high- The main FIGAERO manifold is made entirely of
resolution time-of-flight chemical-ionization mass spectrom-PTFE to minimize gas—surface interactions and is
eter (HRToF-CIMS) (Aljawhary et al., 2013; Mohr et al., 105mmx 55mmx 35mm in size. The Teflon mani-
2013; Yatavelli et al., 2012) to study-pinene oxidation in  fold houses a series of dynamic o-ring seals, and the two
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Fig. 1. FIGAERO Schematic§A) FIGAERO section view. The main FIGAERO manifold (green), made entirely from Teflon, provides

inlet and outlet connections for sampling pumps and delivery of gases to the CIMS. The HRTOF-CIMS ionization region is shown for
reference below the green manifold. The moveable tray (red), also Teflon, acts as the main FIGAERO valve, and carries the PTFE filter
between collection and desorption stages. The moveable tray simultaneously switches the sample flow entering the instrument betweer
the two dedicated exit ports, one exclusively for gases, one exclusively for thermal desorptions. The inlet plate assembly (grey on top of
red section) provides the interface between the FIGAERO manifold and the ambient sampling inlets. The gas analysis port is a 19 mm
Swagelok compression fitting; the particle collection port is a 25 mm compression f{Bng. perspective section view of the FIGAERO

in gas measurement and particle collection mode. The desorption orifice is blocked by the moveable tray. Black arrows show the flow paths,
both into the instrument and across the filter. The gas phase flow rat22sLpm, only 2 sLpm of which enter the instrument. The particle
collection inlet has a flow rate of up to 30 sLp(fZ) A perspective section view of the FIGAERO in particle analysis mode. The gas sampling
orifice is blocked by the moveable tray, and the filter has been moved to the thermal desorption region of the manifold where 2 sLpm of UHP
N> are delivered across the filter. Thig Ntream is programmatically heated to desorb the components from the filter. The resulting vapors
are sampled through a dedicated orifice into the mass spectrometer.

selectable exit ports for chemical analysis, which in this caseand UHP N used for the temperature-programmed thermal
lead to the ionization region of the mass spectrometer, andlesorption. Two Swagelok compression tube fittings for 19
three additional ports for connecting to sampling pumps. Theand 25 mm (3/4in. and 1in.) OD tubes are welded onto op-
selectable exit ports sit within the center of a NW40 clamp posite ends of the plate to provide an interface between sam-
flange machined into the Teflon manifold that facilitates pling inlets and the FIGAERO. The 19 mm OD fitting is used
coupling to our mass spectrometer. A rectangular slot cuto sample ambient air directly through the manifold for de-
into the main manifold allows a linearly actuated tray to tection of gases and is bored out so that a 19 mm OD PTFE
slide parallel to the inlet and outlet faces of the manifold inlet tube can slide through the inlet plate thereby avoiding
and perpendicular to the flow direction. This tray is made of contact of gases with the stainless steel walls. The other fit-
PTFE and houses a 24 mm Zefl8d®TFE filter (Pall Corp.)  ting is used to draw ambient air across the Teflon filter for
with a built-in filter support to reduce filter deflection during particle collection. In the center of the top plate, a 12.5mm
sampling and heating. The tray is moved to engage differen{1/2in.) OD thin walled (0.5 mm wall thickness) stainless
operation modes, and to couple a specific exit port on thesteel tube is socket welded and wrapped with heat tape and
manifold to be sampled by the mass spectrometer. insulation. This tube is used to deliver heated UHP nitrogen
The moveable PTFE tray is compressed against the inleto the PTFE filter during a temperature-programmed ther-
face of the main manifold by a 6 mm thick stainless steelmal desorption. The exterior of the stainless steel tube is
plate. This plate serves as the connection point to ambient aitemperature controlled via a MICROmega PID temperature
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controller (Omega Engineering). The interior of the heating
tube is filled with steel wool to facilitate heat transfer so that ~ 1*
the exiting gas stream temperature is uniform before passing
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The FIGAERO collector was specifically designed for cou-

pling to a HRToF-CIMS; however, it could easily be adapted =0
to other analytical instruments. The HRToF-CIMS employed 2500}
here has been described previously (Aljawhary et al., 2013; 2
Mohr et al., 2013; Yatavelli et al., 2012). Briefly, using a * "]
Tofwerk (Tofwerk AG, Thun, Switzerland) HToF-MS with %[
an atmospheric—pressure interface (APi), a collaboration be- 502 bl L

Q
160 170 180 190 300 320 340 360 380 400

tween the University of Washington, Aerodyne Research Inc, ma ma

University of California San Diego, and University of Col- ) _

orado led to the development of a reduced pressure selecte@g' 2. Example spectra from ozonolysis@pinene from the UW-
ion chemical-ionization mass spectrometer (Bertram et al. eattle chamber. Thermal desorption data are shown in red, using

) . . . . . "the average desorption signal for one collection. The gas signal is
2011; Yatavelli et al., 2012). The high time resolution acqui- shown in black shifted to the right by 0.5 amu for clarity. The lower

sition of the entire mass spectrum and the high mass resolVsanels show zoomed in regions of the spectra: common major acid
ing power ® >5000V mode) allow for de-convolution of products from the-pinene+ ozone reaction (left) and highly oxy-
multiple ion compositions at a given nominal mass across thgyenated, large molecular weight compounds which are predomi-
entire spectrum. The combination of mass resolving powemantly found in the particle phase (right).
and mass accuracy, which we find to be 10 ppm or better
when assessing the location of known ions allows the ele-
mental composition of dominant ions to be confidently as-(~ 80torr), the instrument is sensitive to pressure perturba-
signed up to and often beyond 400 Th. tions during the switch between modes when both orifices

Chemical ionization provides a sensitive and selectiveare briefly open as the movable tray is actuated. To avoid loss
method of detecting various volatile and semi-volatile or- of vacuum conditions in the mass spectrometer, we actively
ganic compounds (VOC and SVOC) as well as inorganicpressure control (to withia:0.1 torr) the ionization region
compounds. Its selectivity is largely defined by the reagent(i.e., the IMR) using a servo-controlled vacuum valve up-
ion chosen. Herein, we show results from acetate negativestream of the vacuum pump. As the switch begins the servo-
ion proton transfer (Bertram et al., 2011; Veres et al., 2008;controlled vacuum valve is actuated to the fully open position
Yatavelli et al., 2012) for selective detection of organic acids, dropping the ionization region pressure to a safe level for the
as well as lodide adduct ionization (Aljawhary et al., 2013; switch. After the switch is complete, normal operation pres-
Kercher et al., 2009; McNeill et al., 2007) which has beensures are restored.
used to measure organic acids, more general oxygenated or- To improve the instrument response time, we actively
ganic products as well as inorganics. Example mass spectiaeat the IMR to 50-60C. This temperature range is cho-
from a-pinene ozonolysis using acetate as the reagention areen such that particles in the gas sample stream do not effi-
shown in Fig. 2. The thermal desorption spectrum is shown irciently volatilize and the decomposition rate of large molec-
red and shifted 0.5amu to the right for clarity; the adjacentular weight compounds is slow during the100 ms transit
gas phase signals are shown in black. Regions of the spe¢hrough the IMR. To shield the IMR and FIGAERO from
tra containing well-knownx-pinene ozonolysis carboxylic stray fields induced by heaters or other sources, we electri-
acid products and trace highly oxygenated acids are showgally connect the IMR and the FIGAERO inlet plate together
expanded in panels b and c. The excellent signal-to-noisgo provide a uniform field in the ionization region: this volt-
(S/N), and low backgrounds at high mass-to-charge (m/Q)age is typically set to ground.
make ultra-trace gas phase components detectable and iden-
tifiable at concentrations well below 1 ppt as discussed later2.3 FIGAERO operation

To couple the FIGAERO to our HRToF-CIMS, we use two
separate critical orifices, each of which allow 2 sLpm to en-The operation of the FIGAERO is fully automated using a
ter the mass spectrometer. The moveable tray that carries tHeabVIEW program. A typical sampling and filter desorption
filter and toggles orifices is designed such that each modéime series for various ion elemental compositions from a
(gas or particle analysis) is mutually exclusive, that is, only steady-state-pinene ozonolysis mixture is shown in Fig. 3
one orifice at a time is open to the mass spectrometer. Beas a guide. The instrument is continuously cycled between
cause our ionization region is operated at a reduced pressugas (Fig. 3, “S”) and particle analysis modes (Fig. 3, “TD”)
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During gas analysis, ambient air is simultaneously drawn
by a vacuum pump via the separate 25 mm OD port into the
manifold and through the PTFE filter to collect aerosol parti-
cles. Upstream of the entrance port an optional 2 um impactor

- - - Mode
Temp

C, M, O or cyclone is used to remove large particles prior to sampling.
__CH,O; The large diameter conductive stainless steel tubing allows
CoMis O for laminar flow to be maintained up to 30 sLpm (Reynolds
E:Z numberRe= 1930). A large laminar particle sample flow rate
TS, shortens both inlet residence time for optimal transmission of
v smaller particles and the time necessary to collect sufficient

mass for subsequent desorption analysis. The particle sam
ple flow is monitored by a mass flow meter (MKS 1179a) to
0800 0800 1000 1100 1200 1300 track the total volume sampled over the collection period.
After a predetermined time for gas phase analysis and par-
Fig. 3. The FIGAERO sampling from a steady-state chamber dur-ticle collection, the switch from gas analysis to particle anal-
ing performance evaluation. Top: FIGAERO manifold operational ysis by thermal desorption from the filter (Fig. 3, “TD") is
mode (blue dashed line), high during gas phase sampling and pajpjtiated. The switching is achieved by actuating a mini linear
ticle collection, low during thermal desorption, and UHB M- 5 .,a10r (Firgelli Technologies, L16) which slides the central
perature (red solid line) during thermal desorption of the collectedtray until the filter is moved from the collection stage to the

particle samples. The temperature was ramped a€2ain~1 from . . .
room temperature to 20@ where it was held for- 20 additional desorption stage. This process blocks the exit port used for

minutes (“soak”) to ensure all detectable organic material was re-93S phase qnaIySIS and Slmultaneou_s_ly opens the exit port
moved from the filter. Bottom: time series of selected ion signalsUSed exclusively to analyze vapor arising from the thermal
which span a large range in signals and m/Q, and which have difdesorption of material collected on the filter. By physically
ferent filter blank behaviors are shown during the various opera-<changing stages and exit ports, we minimize contamination
tional modes of the FIGAERO. Modes are denoted by text: (S) gasof the particle-phase analysis by semi-volatiles present from
analysis and particle collection, (TD) thermal desorption, (FB) filter the gas phase analysis that may have adsorbed to the sur-
blank sampling (see text for details). The signals during TD thatim-rounding surfaces of the manifold. That is, without moving
mediately foIIow_the l_:B sampling_periods represent the magnitudeyhe filter to a clean desorption region there would be a much
of the FB for a given ion composition. higher non-particle background during desorptions, degrad-
ing detection limits and adding greater ambiguity to the pri-
with periodic determinations of the desorption signal in the mary phase (gas or particle) of the detected compounds.
absence of particles, but in the presence of gases, which we As the switch to particle phase analysis begins, a mass
refer to as the “filter blank” and discuss in greater detail in flow controller delivers 2sLpm of UHP Nacross the fil-
the next sections. In Fig. 3, these filter blanks are the thermater. The flow rate across the filter is set in our application
desorptions (TD) that appear just following the sampling pe-primarily by the mass spectrometer requirements. The N
riods labeled “FB". is delivered through the central “heating” tube on the man-
During gas analysis (Fig. 3, “S”), ambient air is sampled ifold (see Fig. 1) which is ramped from ambient tempera-
through a 19 mm OD PTFE tube at a flow rate of up toture up to 200C at a specified ramp rate. This ramp rate
22 sLpm (limited by the turbulence transition region). While sets the resolution in temperature space and amplitude of the
the flow is entirely adjustable, we use large flows to optimizesignals detected during desorption. For example, for a given
transmission of low volatility or “sticky” compounds, and to particle mass on the filter, a faster ramp rate would amplify
dilute the flux of compounds from the inlet tubing walls. The the S/N (signal-to-noise ratio), allowing for improved detec-
sample flow is drawn through 4 symmetrical 3.15 mm holes,tion of trace components, whereas a slower ramp rate allows
radially arranged on the same plane as the selectable exfor better separation of desorbing compounds in a volatility
ports in the main PTFE manifold. The placement of thesesense as the evaporation rate is proportional to the vapor pres-
pumping holes reduces the dead volume within the manifoldsure at a given temperature. We have empirically determined
and allows for sampling from the centerline of the main flow. that a ramp rate between 10-8Dmin—! provides a good
Flow through these holes is routed internally to two 6.25 mmbalance between these two thermogram properties (S/N and
ports on the external faces of the main manifold. A mass flowresolution).
controller (MKS 1179a 20000 sccm) in line with the vacuum  After the temperature ramp is complete, thg $tream is
pump maintains the inlet flow to within 2% of the desired kept at 200C for approximately 20 min as part of a “soak”,
value and a three-way solenoid valve provides a by-pass seuch that signals return to near their pre-heating levels. The
that the inlet tube used for detection of gases is continuouslyaim of the soak is to provide sufficient time at an elevated
flushed when not sampled by the mass spectrometer, such agmperature so that all the organic material is driven from
during the particle analysis mode. the filter and that there is not residue remaining, which could

Atmos. Meas. Tech., 7, 9831001, 2014 www.atmos-meas-tech.net/7/983/2014/



F. D. Lopez-Hilfiker: A novel method for online analysis of gas and particle composition 989

accumulate and contribute to the blank signals. The “soak’the OH production rate can be varied. We oxidiaedinene

time is set by the typical mass loading on the filter and thewith varying concentrations of £and UV intensity and in
volatility of the aerosol mass. Typical desorption times, in- the presence and absence of effloresced ammonium sulfate
cluding the soak period, have been on the order of 30-45 mirseed particles during a week that was part of a more exten-
at aramp rate of 10—Z@ min~! for both ambient and cham-  sive measurement campaign.

ber studies, and can be shortened~b$0 min using a faster

ramp rate. The return to gas analysis mode follows the sam@.4.3 Boreal forest site

procedure as the switch to particle phase analysis mode, but

in reverse. The full switch takes approximately 10s. The FIGAERO was deployed during spring 2013 (16 April-
17 May) at the Station for Measuring Ecosystem-
2.4 Chamber and field site descriptions Atmosphere Relations Il (SMEAR l) site of the University

of Helsinki situated in the Hyytiala Forestry Field Station
The FIGAERO has been deployed to a variety of loca-in Hyytidla, Finland (6315051in.N, 241742in.E). The in-
tions for use both on laboratory chambers as well as instrument was housed in a standard mobile office trailer lo-
the field. The first application of the collector was to study cated at the edge of a clearing of a managed 50-year-old stand
a-pinene ozonolysis at the University of Washington, fol- dominated by Scots Pin®ihus sylvestris The FIGAERO
lowed bya-pinene ozonolysis and photochemical OH oxida- inlets went straight out of the container through the roof. The
tion at the Julich Plant Atmosphere Chamber (JPAC, JulichFIGAERO was run continuously in the following sampling
Forschungszentrum, Germany). A subsequent deployment toycle: ~23.5 sLpm of outside air were drawn through the
Hyytiala, Finland, a monoterpene-dominated boreal fores25mm (1in.) OD stainless steel particle phase inlet (length
site, provides ambient data to compare to the chamber ex315cm, residence time 3s, Reynolds humbeRe=1600)
periments as well as evaluation of the method under fieldand particles were deposited on the Teflon filter (Zeftuor
conditions. A description of each location follows below. 25mm, pore size 1 um, Pall Corp.), while also sampling am-

bient air through the gas analysis inlet (19 mm (3/4in.) OD
2.4.1 The University of Washington chamber Teflon (PTFE), length 320 cniRe= 2200) at 22 sLpm. After

) ) ) each desorption we allowed the lgas stream passing over

The University of Washington (UW) chamber was used for ¢ filter to cool for 10 min to obtain a measure of instru-

optimization and initia:glntesting of the FIGAERO. The cham- ent hackgrounds. After three consecutive ambient samples,
ber consists of a 0.7mTeflon bag with multiple sampling 4 fiiter plank cycle was conducted by putting another filter

or fill ports. The chamber is pressure controlled by a SeIVO-(Teflon 24 mm, 1 um pore size, Pall) just upstrean8( cm)
controlled valve which regulates the draw of air out of the ¢ he FIGAERO particle filter.

chamber which is held slightly above atmospheric pressure.

The chamber is continuously filled with zero air, generated

by a Teledyne zero air generator (Model 701) and set by 88 FIGAERO performance

20000sccm MFC (MKS 1179a-Pinene is delivered by

a perforated Teflon diffusion tube held at room temperatureThe metrics we used to assess the performance of the Fl-
and mixes with the incoming zero air which contains 0zoneGAERO design described here are (1) gas transmission, (2)
(O3) generated by passing 100 sccm of UHP With 10%  the particle collection efficiency, (3) the extent to which gas
O, through a UV photolysis cell. The-pinene mass loading adsorption to the filter contaminates the desorption signal,

in the chamber is set by the flow through the diffusion tube. (4) the reproducibility of the filter and thermal desorption
process, and (5) detection limits and reliability of the inlet

2.4.2 Jilich Plant Atmosphere chamber system.

To evaluate the FIGAERO in terms of these metrics, we
The Julich Plant Atmosphere Chamber (JPAC) (Mentel et al. ysed data obtained from the UW chamber whenginene
2009) consists of a series of glass chambers housed in sep@as reacted with excess ozone in the dark to produce semi-
rate temperature controlled rooms. We used a 1450 L borosilyolatile oxygenated products and SOA. A portion of this data
icate glass chamber housed in a temperature-controlled roof shown in Fig. 3. The UW chamber was run in steady state
held at 15C and relative humidity (RH) of 65 %. The cham- for extended periods of time (days—weeks) so that multiple
ber is operated under steady-state conditions and is continsamples of a given aerosol population could be measured to
uously stirred by a mixer mounted at the top of the cham-determine the FIGAERO reproducibility, response to chang-
ber. The residence time is on average 45 min at a flush ratmg instrument parametersy such as thermal desorption tem-

of ~30sLpm. The chamber is also equipped with different perature ramp rates, and different manifold designs.
types of UV lamps, one set can be used for photolysis of

NO; to NO and the other set of lamps for OH production
from O3 photolysis in the presence of;B. The OH lamps
can be shielded such that the actinic UV flux and therefore
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3.1 Particle collection efficiency and linearity 1,x10° ‘ ‘ ‘ ‘ ‘ ‘ ‘ _
O mae2 O
The FIGAERO collection efficiency was measured with the m/Q 169 -
standard 24 mm ZefluBrl um pore size PTFE filters in the | B mam o]
moveable tray of the FIGAERO collector. The FIGAERO O mQ 185 AR
collector, because it relies on a Teflon filter, has essentially _ [ 5" IR
unit collection efficiency (>99.997 % of number), indepen- 2 ,/E]/
dent of particle morphology down to at least 10 nm, the lower é °r It s )
limit of detection for our SMPS system (TSI Model: 3080). § ,,D’
A 2um pore size PTFE filter of the same type had a simi- [ o - b
lar collection efficiency. Thus, virtually all particles are col- -G =220
lected by the FIGAERO without requiring perturbations to 2 ) E = g ]
the sample flow, such as humidification to reduce bounce or P - = e R H
for neutralizing surface charges. e 1 ]
4 0.6 0.8 1 1.2 1.4 1.6

An acetate quadrupole (Q-CIMS) was coupled to the FI-  © 02 o.
GAERO to examine the linearity of desorption signals in re-
sponse to changes in particle mass deposited on the filter. THeig. 4. Blank-corrected integrated signals measured during thermal
area under a given thermogram is presumably linearly relatedesorption for various ion compositions plotted versus the total par-
to the mass collected and desorbed. While examining the outticle mass collected on the filter. Desorbed compounds were de-
put from the steady-state-pinene ozonolysis chamber, the tected with a quadrupole CIMS employing acetate ionization cou-

particle collection time before each desorption was varied tdP!ed t0 the FIGAERO. To change the mass loading on the filter,
article collection times were varied while sampling from the UW

change the mass loadings on the filter. The absolute maﬁ ) ) :
. . . . steady-statex-pinene ozonolysis chamber output. Particle mass
loadings present on the filter were determined by integrat-

. . concentrations were measured by an SMPS. Linear fits to the data
ing the ae_rOSOI mass concentrations measureq by the _SMPf§rced through the origin are shown with the meth= 0.98.
over the time particles were collected on the filter. Particle-
free filter blanks were done periodically during this process,
employing the same collection time of the preceding sam-
ple. The filter blank desorption signals were then subtractedvith the FIGAERO, response times of seconds or less are at-
from the particle desorptions to obtain blank corrected par-tainable for intermediate volatility compounds. Memory in-
ticle desorption signals. The blank corrected desorption sigside the ionization region contributes to a multi-exponential
nals, shown in Fig. 4, exhibit excellent linearity with mass response over longer timescales (minutes), the timescale of
collected. Linear fits to the data are shown, with a medianwhich can be adjusted by the IMR temperature. We estimate
R? of .995 (meark? = 0.980). Thus, the FIGAERO responds that for our ionization region temperature and residence time
linearly to changes in mass on the filter across a wide spec{Tiyr 50-60°C andrur ~ 100 ms) evaporation of particle
trum of compounds. phase compounds is a relatively minor contribution to the
observed gas-phase concentrations (see e.g., Yatavelli and
3.2 Instrument backgrounds, artifact determinations,  Thornton, 2010). The coupling of the FIGAERO to detec-
and detection limits tors or ionization regions that operate at higher temperatures
or longer residence times would likely result in a contam-
Instrument backgrounds arise from off-gassing of semi-ination of the gas phase signals by vaporized particles and
volatiles adsorbed to the walls of the inlet tube or IMR or would require different quality controls to evaluate the effect
from impurities in the reagent ion precursor and carrier gasof volatilizing particles inside the instrument.
Periodically delivering UHP Blor zero air into the ionization Similarly, the desorption signal is composed of that from
region provides one measure of instrumental backgroundgarticle-bound compounds and a non-particulate background
from that specific region. These backgrounds are subtractedhich likely arises from gases that had adsorbed on the PTFE
from the ambient gas phase signals. Additionally, the gadilter and other surfaces in the apparatus during sampling.
phase inlet can be periodically overflowed with zero air or To routinely measure this non-particulate background (“fil-
a subset of the flow can be drawn through a chemical scrubter blank™”), we developed a filter blanking manifold identi-
ber to measure the inlet or isomeric or isobaric contributionscal to that in the FIGAERO collector, to automatically put
to the measured ion signals. When using a long inlet line,another PTFE filter just upstream of the FIGAERO (see
wall collisions or evaporation from the walls will become an Fig. 1). During a filter blank determination, ambient air is
important sink or source, respectively, of trace gases and cathen drawn through both the “front” filter, which removes
thus cause slower time response or higher detection limits>99.97 % of entering particles but largely leaves semi-
for low volatility compounds. For an analogous aircraft inlet volatile gases unperturbed, as well as the FIGAERO filter
system with the same flows and internal geometry as we uséor the same duration as a normal particle sample collection.

ug sa'mpled
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The corresponding signal from the “particle-free” desorption —
that immediately follows is then integrated and subtracted ™
from the ambient particle samples to obtain a desorption sig-
nal from particles only. When not in use, a small purge flow g,
(~100sccm) of 150C Ny is passed across the front filterto
desorb organic aerosol collected during the zeroing process.” * i gégg SR B asoRRIRts
The magnitude of these filter blanks depends on the sam- ;¢ 8 m@% 2.p6%,
pling environment (chambers or polluted a@rsusclean re- ‘8%%: °% fo o°°§j‘ M&@M
mote air). They can range from nearly undetectable signals, ‘ ‘ ‘ ‘ ‘

o EQEATE 0

107"

T
C,H, O

to being equivalent to 100s of nanograms depending on the | 7czH:o; i
specific compound and sampling circumstances (see, e.g. s %¢f CMiO 1
Fig. 3 for relative differences). We have found that the filter 2| z:z |

1013

Normalized Signal

blank for a given desorbing compound is generally correlated
with the gas phase concentration of that compourityp-
ically ~0.6-0.7), suggesting that gases which had adsorbec oz

to the filter and subsequently desorb during the filter heating | ‘ ‘ ‘ ‘ ‘
contribute significantly to the variability in the filter blank. ® DosorponTemperaure ©)
We attribute the peak in signal during a filter blank desorp- _. o

tion (see, e.g., Fig. 5) to gases that had adsorbed to the filt Frlg. 5.Top: selected ion signals (counts per second) are plotted on a

. . 0g-scale versus Pcarrier gas temperature during thermal desorp-
and the baseline that the peak appears on to off-gassing fro%ns ofa-pinene ozonolysis derived organic aerosol particles (solid

the ionization region of the mass spectrometer. The contribugines) and of corresponding filter blanks (open circles). Repeated
tion of the ionization region to the total blank signal is likely equal duration particle collection and desorptions are shown from a
to change as a function of gas loading, but with a slower2.day period sampling from constant chamber conditions. The filter
timescale than the filter. blank is factors of 10 to 100 lower than the particle-laden chamber
The instrument background and the ability to adequatelysample depending on the specific composition of the compound.
capture its variability, whether in the gas or particle mode, Bottom: the same particle desorption signals are shown normalized
ultimately set the detection limit for a given compound. We to the maximum signal on a linear scale for clarity. As tempera-
have coupled the FIGAERO to a HRToF-CIMS, which will ture_s near 200C signals drop smqothly towards background levels
have unique sensitivity, electronic noise, detector stability,dUrind the soak period of the heating cycle. The structure of the des-
etc. This discussion is therefore not general to all potential’Ptions is highly reproducible both in amplitude and temperature
. . . . ,_space. The details of the bimodal features are discussed further in
applications of the FIGAERO, but instead provides a gwdethe text.
for what likely controls the detection limits when using the
FIGAERO. In terms of gas-phase compounds the factors af-
fecting detection limits of our instrument are largely similar
to any CIMS instrument as we designed the FIGAERO to The uncertainty in the blank applied to the data is then found
be nearly indistinguishable from a standard CIMS inlet as-by adding in quadrature. We define the detection limit for a
sembly. Thus, for a typical sensitivity of 30 counts ppt 1, particle component as >3 this uncertainty in the blank, ex-
electronic noise <0.1countsy a background typical of amples of which are shown in Table 1 for compounds de-
both formic acid 400 countss!) or a G pinene acid tected in the following ions §H110;, CsHsOg', CoH130,,
(~4 counts s1), and Poisson counting statistics, a detection C10H1507, C10H1305, and GoH1505 . These are represen-
limit of 2 and 0.3 ppt or less can be achieved, respectivelytative compounds spanning a wide range in both volatilities
defined as the concentration that yields a S/ N ratio of two inand the typical magnitude of signal relative to blank. Table 1
1s, assuming minimal interferences or inlet memory effects.shows typical detection limits obtained while sampling on
The detection limit for particle phase compounds is largelychambers and in a remote forest environment. For this pur-
set by variability in the filter blank. To assess this variability, pose, ions signals were converted to mass using a formic acid
multiple samples were taken from the steady-state ozonolsensitivity, typically of order 10 counts per second (cps) per
ysis chamber (see Fig. 5) to measure the reproducibility appt. The detection limits in the field are significantly larger
constant loadings of gases and aerosol. The variability (1 than those on the steady-state chambers because larger atmo-
in the blank measured by the adjacent difference betweespheric variability in gas-phase abundance, temperature, rel-
over 15 determinations was approximately 2.5 % of the sig-ative humidity, etc., induces a larger variability in the blank
nal for the majority of ions. We therefore take 5% to be the measurements. By tracking the blank regularly, the variabil-
uncertainty in any single blank measurement. Typically, at-ity is accurately captured, and thus the detection limits are
mospheric samples are collected between filter blank deterkept within a workable range.
minations, and thus two blank measurements are averaged or Despite the incorporation of these quality control checks
interpolated before subtracting from the atmospheric sampleinto the FIGAERO operation, care must still be taken when

0.4
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Table 1. Detection limits for two different sampling conditions: first, from the UW-Chamber (see text for operation details), second, for a
2-week ambient data set from Hyytidla, Finland. All species reported were detected at the deprotonated ion. Detection limits eepresent 3
confidence levels, where ion signals were converted to mass using the instrument’s formic acid sensitivity. All detection limits are calculated
for each blank pair and the average is reported here,itlstandard deviation. For the chamber conditions there is little temporal change,

but high gas phase concentrations. In Hyytidl&, gas phase concentrations are significantly lower; however, temperatures are much colder an
there is more temporal atmospheric change, resulting in higher detection limits on average. For Hyytidla, there is also an increase in the
variability of the blank, represented by the standard deviation, relative to the steady-state chamber because atmospheric variability drives
relatively larger changes in the field blanks. Because of frequent determinations, we are able to capture much of that variability on the
timescales of hours and are therefore able to remove the changing artifact from the data. Detection limits are also reported iy pgm
taking into account the volume of air sampled across the filter during particle collection which was different between the chamber and the
field deployment.

CgH120s CsHgOs  CgH1404  C10H1607  CioH1408  Ci10H1603

UW Chamber (pg) F1 1+1 170+61 342 1+1 86 50

pg 3 35+16 1145 1690+ 610 25+ 15 5+8 860+ 475
Hyytiala, Finland (pg) 123210 130150 630:690 55+ 90 40+ 90 1604 180
pg 3 1804300 180£210 900980 80+130  60+£125 230+ 255

interpreting the implied phase partitioning that results from panel of Fig. 5, the particle desorptions are reproduced on a
the measurement of a compound in the gas and particléinear scale for greater clarity. The integrated areas and the
phase. For example a very “sticky” low volatility gas that shapes of the desorption profiles are highly reproducible for
is nearly entirely lost to a Teflon surface with near unit ef- both particle desorptions and filter blanks. With a constant
ficiency per collision will be measured as a particle com- collection time, ramp rate, and particle concentration, not
ponent as it will contribute to the particle desorption signal only is the integrated desorption area the same within 5-10 %
but will have a negligible contribution to the filter blank be- but also that the location of the maximum signal in tempera-
cause the front filter will scrub it. Similarly semi-volatile and ture space is the same within2 °C showing reproducibility
volatile compounds that would normally be entirely in the in both absolute mass recovered and thermal behavior. This
gas phase can through adsorption and absorption adhere teproducibility is essential for volatility estimation and sepa-
Teflon surfaces (Matsunaga and Ziemann, 2010). We cannatation of desorbed aerosol components and gives confidence
distinguish between adsorption or absorption, but routinelythat the Teflon filter is robust to repeated exposure to temper-
measure the sum of them using the blanking filter. This issuetures >200C.
is not entirely problematic because a vapor that is entirely The reproducibility of the desorption profiles suggests a
removed by a Teflon surface is likely to partition to the parti- fundamental connection between characteristics of the des-
cle phase. Semi-volatiles that evaporate from the filter duringorption profile and the chemical and physical properties of
collection, due to a change in the ambient air concentratiorthe compounds in the particle phase. To examine this con-
represent a negative bias to the particle signal. However, thaection, and to facilitate the development of a representative
continuous exposure of the collected particles to a high flowvolatility axis, we deposited mixtures of known carboxylic
of ambient air for relatively short particle collection times acid compounds on the Teflon filter, and subsequently con-
(~30min) makes this issue less of a problem compared talucted thermal desorptions with detection by lodide adduct
high-volume samples collected over 12—24 h (Turpin et al.,HRToF-CIMS. In Fig. 6a, we show the corresponding des-
2000), or for particles collected at reduced pressure or inorptions for a few representative compounds that bracket the
UHP No. full range of behavior from the mixture. The separation in
temperature space follows the expected pattern where higher
3.3 Thermal desorption reproducibility and volatility volatility compounds desorb at lower temperatures and lower
separation volatility compounds desorb at higher temperatures. Tem-
perature programmed thermal desorption profiles, which for

To examine the reproducibility of the thermal desorption sig- PUré compounds are effectively a measure of the evapora-
nals, we coupled the FIGAERO to a HRToF-CIMS, operat- tion rate and thus the temperature-dependent equilibrium va-

ing in acetate mode, and sampled continuously from the UWPOT Pressure, have been used to extract the enthalpy and en-
steady-state-pinene ozonolysis system for approximately TOPY of vaporization of various organic aerosol surrogates
2 days. In Fig. 5 (top panel) the particle desorption signals(Bilde and Pandis, 2001; Cappa etal., 2008; Salo etal., 2010;
(lines) and corresponding particle-free filter blank signaleatave”' and Thornton, 2010). In this experiment all ions

(open symbols) are shown on a log scale for several ion comSNOW & clear and smooth monotonic peak during the des-
positions obtained during this 2-day period. In the bottom OPtion, signifying little contamination at those masses from
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A in further developing partitioning models (Donahue et al.,
[ 2006; Epstein et al., 2010). Using tlgax provides an es-
R timate of volatility that is independent of the absolute evap-
3 06 ‘.\‘\:\ oration rate, which would require knowing the instrument’s
é oal N detection sensitivity to every compound detected.
2 o ‘. By using known compounds with well-definedHs,, val-
o S A ‘ ues, and the inherent reproducibility of the desorption pro-
a0 % s 70 80 0 100 110 120 1% files, the volatility scale based dinax can be calibrated. An
2501 s W0, effective enthalpy of “desorptionA Hes; can then be esti-
% 200l o] G My 0, mated for hundreds of comppunds detected in the atmosphere
2 S p“ LGy 0, or laboratory chamber studies. We stress thatAlif we
=° 150 ; 0*@‘%’% - - ~CraM 0 obtain from mixtures of unknown contents is intrinsic to
100 it .°$ -Gl the FIGAERO process and properties of the aerosol which
oo Z*E:ﬁezz : may or may not be obtainable by this method, and there-
10° i O owor I fore is not necessarily a measure of the actals,, For
-l o "0 C::szoi - example, formic acid is often detected in particle-phase des-
= ? ' T s G, MO, orptions. The corresponding desorption profile maximizes at
; 10° % 2, 0  C,H,O, high temperatures more consistent with a much lower volatil-
e Gy 0,1 ity compound. This behavior suggests that its source is likely
o 90 not actual formic acid which has physically partitioned to
ool the aerosol, but rather a decomposition fragment of larger
30 40 50 60 70 80 90 100 110 120 130 140

thermally unstable compounds that have a lower volatility.
Nonetheless, this approach provides a physically relevant
scale with which to compare compounds within a sample,
the field employing lodide adduct ionization. The acids were part of o' ,across different samples. Applying the Ca“brat_ed relation-
a single mixture of several organic compounds that was depositegniP between the observefihax and A Hsun, we find car-
manually via a micro-syringe onto the FIGAERO filter, and then the POXYlic acids that desorb from-pinene SOA separate into
filter was subjected to a standard thermal desorption. The series dWwo broad volatility bins. These two bulk bins each explain
acids each desorb with a single signal maximum (mode), signify-approximately half of the total desorption signal, and corre-
ing little contamination from other ions (see text). MiddieHg, spond to am Hest of ~ 140 kJ mot ! and~ 240 kJ mot L.
values for compounds in the deposited mixture from the literature  Qur method of determiningy Hef is significantly different
(open symbols) or estimated here using group contribution methodghan previous measures of the evaporation rates and volatil-
(dots) are plotted versus the temperature at which the compound'gy, estimations, such as those using thermal denuder tandem
fé??i'orrf:fhed da mix'md“m _|fr_1 theISiEIS_OI’p(;Im:f_x,bsleezteé(t). Let_'l_ _ differential mobility analyzers (DMAs) (Bilde and Pandis,
pond to the identifier (ID) listed in Table 2. Bottom: lit- 551. /g5 6t 4., 2010), making direct comparisons difficult.
erat_ure vapor pressures over the sol_ld _scattered with maximum dei-n our approach, the gas phase concentration of a desorbing
orption temperature. The relationship is less clear than enthalpy o S ;
sublimation likely resulting from the larger relative uncertainties in 0mMpound arises only from that desorbed from the filter, and
the measured vapor pressures. is continuously diluted away into the sample flow, whereas
other methods can initially have high gas loadings, in addi-
tion to those generated from volatilizing the particles before
being denuded (Bilde and Pandis, 2001; Salo et al., 2010).
other interferences (discussed later). In Fig. 6b, we scatteMoreover, we have a relatively slow temperature ramp, and
the temperature of maximum desorption sigrighdy) with exposure to hot nitrogen for 15 min or longer, whereas ther-
AHgyp in an effort to calibrate the desorption temperature mal denuders typically have residence times of less than a
axis. Letters correspond to the identifier (ID) listed in Ta- few tens of seconds. Finally, chemical-ionization methods
ble 2 along with the source for the literatuteHsyp used in  such as those that we use, have an inherent selectivity (e.g.,
the correlation. In Fig. 6¢ we correlafg,ax with published  to carboxylic acids). The effective enthalpies of evaporation
vapor pressures; the correlation with enthalpy of sublimationare then only relevant to compounds that are efficiently ion-
is much stronger presumably because of the smaller relativized and detected. That said, the two effective enthalpies
error in enthalpy determinations than for vapor pressure meaef evaporation for carboxylic acids i@-pinene ozonolysis
surements (see Table 2). SOA reported above imply that a significant fraction have
We find an approximately linear relationshif{= 0.82) much lower volatilities than consistent with common ozonol-
between the temperature at which the desorption signal foysis products such as pinonic and pinic acids or the bulk
a given compound reaches a maximufiz{x) and the en- mass as inferred from thermal denuder studies (Bilde and
thalpy of sublimation A Hsyp), a physical parameter useful Pandis, 2001; Salo et al., 2010). We show that, consistent

Desorption Temperature (C)

Fig. 6. Top: thermograms from a series of mono carboxylic acids
are shown as detected by a FIGAERO-HRToF-CIMS operating in
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Table 2. Compounds used to determine the relationship betwegf,, and maximum desorption temperature. Literature values were
obtained from the NIST database (Chickos, 2013) or the source referenced in the table. The letters correspond to the labeled points in Fig. 6
Compounds were manually deposited on the FIGAERO primary filter and subsequently desorbed. Calculated values follow (Capouet and
Muller, 2006) for evaluating the group contribution change in vapor pressure and thetgig from known compounds. For hydroxy-

acids the hydroxy group was added to calculaté,,

ID Comp. Chemical name AHgypkdmoll  Tmax(°C)  p (298K) 10°Pa  Source
a CGH1004  erythritol 135+ 2 52.9 - NIST
b C;H1204  pimelic acid 12720 37.6 9-17 Salo et al. (2010)
c CgH1005  levoglucosan 12510 61.5 20 May et al. (2012);
Oja and Suuberg (1999)
d C10H2002 decanoic acid 1192 <324 5400 NIST (Cappa et al., 2008)
e CoH1603  pinonic acid 90t 7 <32.4 4-7 Salo et al. (2010)
f CgH1404  pinic acid 109+21 61.5 4-10 Salo et al. (2010)
[s} CgH1604  azelaic acid 17&10 71.4 0.6 Bilde et al. (2003)
h CioH1804 sebacic acid 1614 72.9 0.147 NIST (Chattopadhyay and Ziemann, 2005)
i C13H2602 tridecylic acid 14110 39.2 140 NIST (Chattopadhyay and Ziemann, 2005)
j C12H2004 dodecanedioic acid 1584 71.9 0.006-0.242 NIST (Chattopadhyay and Ziemann, 2005)
k C16H3202  hexadecanoic acid 1544 65.3 0.39-29 NIST (Cappa et al., 2008)
| C14H2604 decanedioic acid 1614 70.0 0.1-1 NIST, (Yatavelli and Thornton, 2010)
m  CygH3203 hydroxy-hexadecanoic acid 14910 815 0.653 Chattopadhyay and Ziemann (2005)
n C1gH320,  oleic acid 136+ 8 71.9 0.066-2.66 Cappa et al. (2008); Chattopadhyay and
Ziemann (2005)
o] Ci1gH3602  octadecanoic acid 16% 4 79.5 0.056-0.19 NIST (Cappa et al., 2008)
p Ci1gH3603  hydroxy-stearic acid 172 10 89.7 0.0865 Calc (Chattopadhyay and Ziemann, 2005)
o} CyoHg40,  docosanoic acid 1988 92.7 7x 1074 NIST (Chattopadhyay and Ziemann, 2005)
r Co3Hs602  tricosanoic acid 1928 99.8 - Calc
s CyoHg203  hydroxy-docosanoic acid 25015 96.8 - Calc

with previous studies of the molecular composition of SOA, the total thermogram of a given ion. To allow for individual

these lower volatility components are likely larger molecu- compounds having slightly different desorption profiles, the
lar weight dimers, trimers, or other oligomeric or extremely width of the typical desorption peak shape is allowed to vary
low volatility compounds which thermally decompose dur- by up to 30 % based on fitting a range of thermograms from

ing desorption. pure component desorptions.
Example fits of the gH110, thermogram are shown in
3.4 Thermogram fitting and the role of decomposition Fig. 7. Undera-pinene ozonolysis conditions, this ion dis-

played a bi-modal thermogram, with significant high tem-
The thermogram (desorption signal versus temperature) for @erature tailing compared to the typical thermogram peak
single compound should have a single mode, as evidenced bshape (Fig. 7, bottom left). However, the signals within these
the profiles shown in Fig. 6 which were produced from the three regimes (see Fig. 7) systematically changed in a rela-
deposition of a mixture of known compounds to the filter. tive sense, when-pinene oxidation was dominated by OH
However, thermograms for individual ions in more complex jnstead of @ (Fig. 7, bottom right). The top panel of Fig. 7
SOA mixtures reveal multiple features, for example, shoul-shows a time series of the corresponding thermogram fits in
ders or multiple peaks, throughout the thermal evolution ofeach of the three integration regions. During ozonolysis, the
the collected Samples; examples are shown in Flgs 5 and 7primary and Secondary thermogram peaks grow proportion-
To investigate the source of and thus information carried bya|ly in the aerosol phase when inorganic seed concentrations
the secondary desorption features, we applied a custom noryre increased during steady-statginene ozonolysis condi-
linear least squares peak fitting routine. First, single-modejons. However, when the UV lights are turned on, generating
thermogram peaks are identified and standardized on a nokijgnificant OH (16—1CF cm~3), the first peak in the thermo-
malized width scale. The resulting normalized peaks are avgram grows significantly relative to the second. Similar and,
eraged to obtain a typical thermogram peak shape that pregt times, more dramatic changes in the distribution of signal
sumably represents the desorption of a single component. Aguring thermograms are observed for many other ions mea-
iterative fitting routine using the Levenberg-Marquardt al- sured in this experiment.
gorithm for nonlinear least squares problems fits the multi- The multi-modal thermograms for an ion with the same el-
modal thermograms by applying a variable number of ther-emental composition likely arise from either isomers having
mogram peaks having the average desorption peak shapgifferent volatilities or from thermal decomposition of larger

The number, location and amplitude of each additional deSm0|ecu|ar Weight components prior to or during desorption
orption peak within a thermogram are optimized to explain
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Fig. 7. An example of thermogram fitting using theld;104- desorption signal from particles collected at JPAC. Bottom left: a thermogram

from a-pinene ozonolysis is shown. The total raw signal is shown as a blue line with dots. Individual desorption peaks used to fit the total
signal are shown as dashed lines with locations of the maxima indicated by vertical magenta lines. The sum of the fitted desorption peaks is
shown as a red line and the residual between the signal and fitted thermogram is shown as open circles. Bottom right: a thermogram from
a-pinene oxidation by OH and the corresponding fits are shown — colors and symbols are the same as at the left. Although the location (in
time or temperature) of the fitted desorption peaks are mostly similar for the two periods, for simplicity the fitted thermograms are divided
into three regions for comparing the relative signal in the different portions of the thermogram. Top: the time series constructed from the
thermogram fits using the three integration regions shown in the lower panels. Evident is the difference in absolute magnitude of the ratio of
signal in Region 1 and Region 2, between ozonolysis with variable seed and OH oxidation, suggesting the thermograms track changes in the
chemical or physical properties of the aerosol given changes in formation and processing pathways.

from the condensed phase. For the specific example oFig. 7 (top), the secondary maximum canb&0 % of the
CgH110,, the former case seems unreasonable given thatotal signal and even higher for other ions. Decomposition
there are a limited number of configurations that lead to twocan therefore lead to incorrect inferences into partitioning of
isomers having vapor pressures that are different by severalemi-volatile acids if not properly addressed. With the FI-
orders of magnitude. The secondary thermogram maxima ocGAERO we appear to be able to separate, to a first approxi-
cur at higher temperature than consistent with the relationmation, the effect of thermal decomposition by utilizing the
ship between effective enthalpy of evaporation and compo+eproducibility of the thermal desorptions and by fitting the
sition (e.g., Fig. 6). The change in the relative contribution thermograms as demonstrated above. This ability allows us
of the primary and secondary thermogram peaks to the toto more accurately estimate partitioning, quantitatively track
tal desorption signal at é£1110, suggests that, compared a contribution to particle mass that stems from compounds
to intense oxidation by OH, ozonolysis favors the forma- that do not survive thermal desorption, and develop spec-
tion of a larger molecular weight compound, such as a mordral fingerprints that likely represent thermal “cracking” of
highly oxidized monomer, dimer, trimer, or other oligomeric these compounds. One feature that likely aids in this separa-
compound, that can decompose into then@lecule. Simi-  tion is that the FIGAERO is made entirely of Teflon (man-
lar multi-modal thermograms are often observed for a largeifold and collection surface) resulting in components only
number of different ion compositions spanning a large m/Qloosely bound to the surface (if interacting with the surfaces
range and average oxidation state. at all), and thus a better separation of compounds physically
Such issues are likely important for testing gas-particleadsorbed to the aerosol undergoing volatilization from those
partitioning theories, but they are not unique to the FI- derived from decomposition is made possible.
GAERQO. Instead, most methods employing thermal desorp-
tion will be impacted by thermal decomposition. We find that
thermal decomposition can be a significant contribution to
the total desorption signal of an ion consistent with previous
work (e.g., Docherty et al., 2005). In the example shown in
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Fig. 8. A time series of thex-pinene oxidation experiments at JPAC. Top: aerosol composition as measured by a HRToF-AMS for bulk
organics as well as sulfate (thick green and thin red lines, respectively). FIGAERO data are shown as circles for both thezsGqg of C
acids and of sulfur containing compounds. During the addition of ammonium sulfate seed the FIGAERO and AMS measure changes in
organic aerosol loading and composition. In the lower panels, ion signals for two compoghds, (top) and gH110g (bottom) are

shown as measured for both gas and particle phases. giig10g ion signal changes substantially during the switch from ozonolysis to

OH oxidation. For the gH110, compound, the addition of seed significantly increases its detection in the particle phase, while oxidation
by OH dampens the effect of seed on its abundance.

4 Application to chamber and field studies and
instrument comparisons

4.1 Jilich plant chamber experiments

as determined by the concentrations of aerosol mass and a
wide suite of semi-volatile gas-phase products. Aerosol load-
ings were measured with an HRToF-AMS (DeCarlo et al.,
2006) as well as SMPS (TSI Model 3080) and PSM (parti-

cle size magnifier Airmodus). The FIGAERO-HRToF-CIMS
The experiments at JPAC were designed to investigate thevas configured for detection of carboxylic acids using ac-
formation of«-pinene derived aerosol and new particle for- etate ionization. lodide adduct ionization was employed to-
mation events. A prototype of the FIGAERO was deployedwards the end of the measurement campaign. A time se-
to measure aerosol composition across a wide variety ofies of AMS organic mass concentration, and the FIGAERO-
chamber conditions, including the addition of inorganic seedHRToF-CIMS measurement of total carboxylic acig{C1o
aerosol toa-pinene ozonolysis products as well as varying green circles) and sulfur-containing compounds (red squares)
levels of ozoneg-pinene, and OHx-Pinene was added us- in the particle phase are shown in Fig. 8 (top panel). The
ing pure diffusion sources and reacted with ozone, whichlower panels show individual ions measured in both the gas
was held at roughly 85 ppb. The precursor VOC concentra-and particle phase, and highlight the changes in aerosol com-
tions were measured by a proton transfer mass spectrometgbsition and loading with changes in seed addition as well
(PTRMS) (Lindinger et al., 1998) at the inlet and outlet of as the presence of UV radiation (OH oxidation) towards the
the chamber tracking-pinene reacted, which was typically end of the week-long measurements. These individual ions
~20ppb. The chamber was run at steady state with slowshow different responses from each other, in both the gas and
changes so that the FIGAERO could take multiple samplegarticle phases, to the various conditions employed on the
while chamber conditions evolved and reached steady state
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chamber. As hundreds of ions were tracked, there is a contin- 3 ‘
uum of responses that is likely best analyzed using various 2::

statistical factorization approaches (Ulbrich et al., 2009). At | IR f;. ]
all times the FIGAERO provides detailed information onthe 1 Ly iiija °i:
specific composition of the aerosol and is highly correlated °'z: SRR EEEE RN SM‘.

with the organics and sulfate measured by the AMS. A more 05
guantitative comparison that incorporates the full range of s———
typical HRToF-CIMS sensitivities to various acids is forth- 2’2: 1 ™s
coming, but will allow direct assessment of the fraction of
SOA mass that contains a carboxylic acid functionality or Lty ihrkazhe

that develops such a functionality upon desorption. 0'2: Lertéc i 10000 Ly~ 9 1 W

After refinements to the prototype deployed at Julich and _g; ‘ ‘

further optimization of the instrument tuning, samples were ar
taken from the UW steady-state chamber to gain sampling 2'2:
statistics for further evaluation of the FIGAERO manifold. .| ) °®
Experiments were carried out at similar precursor conditions 1} LoiraihAas 'éi? |
as Julich but with no addition of seed or UV. In Fig. 9 we  °%[ |, . ,4::. 0000008 [\alO ]
show the O/C ratio versus carbon number for each ion de- 02 ‘ ‘ ]
tected, colored blue for gas phase compounds (top), by max:

|mum desorption temperature. (middle), and _fractlon _|n t_heFig. 9. The oxygen to carbon ratio (O/C) plotted versus carbon
partlcle_) phase (bottom), and sized by the rel_atlve COntrIbUtlonnumber for ions detected in the gas and particle phases when sam-
to particle mass based on the desorption signal and molecusjing from the UW Chamber underpinene ozonolysis conditions.

lar weight. A large range of acidic compounds spannig C  |n each panel the points are sized by the square root of the mass con-
Cso is produced duringe-pinene ozonolysis as detected by centration. Top: compositions for a suite of compounds measured
the FIGAERO. The fraction of a given compound measuredin the gas-phase. Maximum mass concentrations are measured at
in the particle phase (Fig. 9 (bottom)) generally follows ex- compounds with less than 10 carbons. Middle: composition mea-
pected trends with elemental composition, that is, larger andured during thermal desorptions of collected particles, colored by

more h|gh|y Oxygenated Compounds are more Strong|y parlhe temperature at which the desorption signal reaches a maximum.

titioned to the particle phase and desorb at higher tempergompounds with increasing carbon number and oxygen content
enerally require higher temperature to desorb. However, thermal

atures. Some compounds at low carbon number stand o S
for desorbing only at high temperatures (Fig. 9 (midd|e)),L§ecomDOSItlon is evident at low carbon numbers where compounds

dd foll h I dofi . esorb at relatively higher temperatures. Bottom: as in the middle
and do not follow the overall trend of increasing temperature anel, except colored by the fraction of mass measured in the parti-

required for desorption with increasing carbon number and;je phase. Generally, increasing carbon number and oxygen content

oxygen content. These compounds are likely decompositionh a detected compound is associated with a greater partitioning to
fragments, which would need to be reconciled before testinghe particle phase.

against partitioning theories, as discussed in Sect. 3.3. If we

assume most carboxylic acid compounds are detected with

a similar sensitivity in acetate ionization, which is reason- The instrument operated nearly continuously for 3.5
able for more highly oxygenated compounds that tend to beveeks, with most interruptions related to power outages. Ac-
present in SOA, these data imply an average O/ 6f6 etate ionization was employed for most of the deployment,
for a-pinene ozonolysis SOA. This O/C is slightly larger with a short time at the end of the period spent using lodide
than most published values from AMS data, which rangeadduct ionization. Figure 10 summarizes some performance
from 0.4-0.5 (Ng et al., 2010), though is likely consistent metrics and initial results from this deployment. In the up-
to within the uncertainty of both methods especially given per left panel, we show 2 days of both ambient air signals
a weighting of our approach towards carboxylic acid com-and background determinations for CFl@nd GoH1s03,
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pounds. which we attribute to formic acid and a monoterpene derived
acid, most likely pinonic acid. Both the;@Gnd the Go com-
4.2 Ambient data at Hyytiala pounds continually exhibit a significant signal above back-

ground. In the upper right panel, we show 1 day of raw filter
The remote field site at Hyytiala located in a boreal for- desorption data for 4110, and GH130,, which repre-
est allows the study of new particle formation events andsent two of the more abundant ion compositions measured in
provides a strong test case for ambient measurements witthe particle phase. Three ambient desorptions were followed
the FIGAERO-HRToF-CIMS given the typically low organic by a filter blank desorption (described above). Even though
aerosol loadings and photochemical activity of spring time inparticle mass loadings were generally low, the integrated am-
this region. bient desorption signals are higher than the variability in the
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Fig. 10. An overview of the FIGAERO performance during a field campaign at Hyytiala, Finland, a boreal forest site. Top (left): example
time series of both the total signal (open circles) and measured background (dots), in mixing ratio equivalent units, for the deprotonated
ions of two compounds detected in the gas phase, HCOOH (formic acid) gjith §03 (pinonic acid or other monoterpene derived acid).
Significant signal above the background is measured, allowing routine measurement of sub ppt concentrations. Top (right): raw thermal
desorption signals (solid lines) and filter blank determinations (dashed lines) for two major particle components in the FIGAERO HRToF-
CIMS spectra during measurements at the Hyytiala field site. Filter blank desorptions are significantly lower than those containing ambient
particles, allowing measurement of individual components present in particles at 25hgancentrations. Middle: a time series of the
background correctedCand G compounds displayed in the upper left panel, exhibiting a semi-regular diurnal pattern. Bottom: a time
series of filter blank corrected particle composition. Evident is the spike in concentrations on the 26th when a sawmill plume was intercepted
at the field site, otherwise the time series shows the influence of regional transport, rain events, and other meteorological influences.

integrated blank desorption signals. In the middle panel, weand pinic acid, respectively, and typically comprised a signif-
show the time series of ionic compositions consistent withicant fraction (> 10 %) of the signal detected during desorp-
formic acid and pinonic acid (or a similar monoterpene de-tions. The particle-phase components have a relatively more
rived acid) as measured in the gas-phase. lon count rates werauted diurnal cycle than the gas-phase compounds discussed
converted to mixing ratios using the sensitivity to formic above, likely representing more regionally unified sources,
acid determined continuously on site with a C-13 labeledsinks, and distribution of organic aerosol. Minima in the time
formic acid permeation tube. Pre- and post-campaign laboseries often correspond to strong rain events, and the sin-
ratory calibrations confirmed a similar sensitivity to pinonic gle maximum shown corresponds to a brief period when the
acid. These two compounds represent the single largest corsite received air influenced by a nearby sawmill — a well-
centration of organic acid (formic), often reachindl ppbv ~ documented point source for monoterpene derived aerosol at
at this site, and a typical monoterpene ozonolysis derivedhis site (Liao et al., 2011).
acid which reaches a maxima of only a few pptv. Other
monoterpene acid tracers were typically of similar or lower
concentrations in the gas phase. The GHihd GoH1505 5 Conclusions
both exhibited a strong diurnal profile with afternoon max-
ima which is consistent with a source driven by daytime oxi- We present a novel inlet for measuring both gas and particle
dants and biogenic emissions. In the bottom panel, we showomposition at a molecular level. While by no means free
the time series of two ionic compositionsghd;;0, and  of artifacts, it provides a platform, which directly measures
CyH130, , measured in the particle phase. These two compothe dominant artifacts contributing to aerosol desorptions by
sitions are consistent with either norpinic or terpenyllic acidsgases. By coupling the FIGAERO to a HRToF-CIMS, we are
able to report molecular formulas for detected compounds as
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well as partitioning related volatility measurements. FurtherCapouet, M. and Miller, J.-F.: A group contribution method for esti-
work determining the remaining sources of blank signals will  mating the vapour pressureswfinene oxidation products, At-
remain an important step towards lowering detection lim- mos. Chem. Phys., 6, 1455-1467, d6i5194/acp-6-1455-2006
its and improving measurement reproducibility; however, in  2006. , _
its current state the FIGAERO is well suited for both cham- €aPpa, C. D., Lovejoy, E. R., and Ravishankara, A. R.: Evapora-
ber measurements as well as measurements in remote loca-10" Rates and Vapor Pressures of the Even-Numbered C 8-C
tions where organic aerosol and gas loadings are low. The FI- 38.'\_Aonocarb.oxyhc Acids, J. Phys. Chem. A, 112, 3959-3964,

: > DATTIYS SR 0i:10.1021/jp7105862008.
GAERO thermograms provide additional insight into the role ~

' 3 hattopadhyay, S. and Ziemann, P. J.: Vapor Pressures of Substi-
of thermal decomposition and add an additional degree of yieq and Unsubstituted Monocarboxylic and Dicarboxylic Acids

separation to the aerosol composition data, which until Nnow Measured Using an Improved Thermal Desorption Particle Beam
has remained unexplored with negative-ion HRTOF-CIMS. Mass Spectrometry Method, Aerosol Sci. Tech., 39, 1085-1100,
Further application of the FIGAERO to chambers as well as  doi:10.1080/02786820500421547005.
ambient measurement campaigns will help improve modelsChickos, J. S.: “Heat of Sublimation Data” in NIST Chemistry Web-
by increasing our understanding of OA composition as well Book, NIST Standard Reference Database Number 69, edited by:
as volatility and partitioning. Linstrom, P. J. and Mallard, W. G., National Institute of Stan-
dards and Technology, Gaithersburg MD, 20899, available at:
http://webbook.nist.gguast access: 26 September 2013.
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