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Aerosol Chemical Analysis

Traditional: Part 1
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Traditional: Part 2
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Real-Time Aerosol Chemistry Instruments

Capture of Aerosol
into a Liquid

Collection of Aerosol
onto a Surface +
Thermal Desorption

Introduce
Acerosol Into
Vacuum Chamber

f
Ion Chromatography
—> < Total Organic Analysis
Electrophoresis, HPLC...
\
f
NO analyzer
L » < SO, analyzer
L CO, analyzer
> Mass Spectrometer

| m— | m—— ) — e— — s ) w— = = ]

— Inorganic lons !

—» Soluble Organics 2

—» Nitrate 3
— Sulfate 3

—» Carbon 4

Mass spectrum
of single particle
or particle
ensemble 3

1: Dasgupta et al.; Weber et al; Slanina et al. // 2: Weber et al. // 3: Hering et al.; Edgerton et al; Koutrakis et al.; R&P Commercial Instrument // 4: Turpin et al; Hering et

al. //'5: The rest of this talk.




Why Aerosol Mass Spectrometry?
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* Mass Spectrometry
— Extreme sensitivity
— Very fast response (down to ms)
— Universal detection
— Field deployable  °*
» Challenge: interface aerosol - MS
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Conceptual Schematic of an Aerosol MS
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Tnlet ——p» Sizing —ppVaporization—p» lonization —p»| Analysis
Capillary Ligh.t Laser Desorption + Ionization (Ton) Time-
Scattering Of-Flight
Nozzle . UV Laser
Particle TOF IR Laser
s Of Vapor Quadrupole
Aerodynamic -Detection Impact on Plume
Lens Heated Ton Tra
- Particle TOF Surface Electron P
Size- -Chemical - Ionization
Selective Detection Cryocollection|
Inlet ]Thzifn‘):l Chemical
Pre-Selection Desorption Tonization

Aerosol Inlets

» Objectives:

— Introduce the particles into vacuum

— Concentrate aerosols from gas-phase

* ~10® mass ratio in ambient air

— Impart size-dependent velocity

* Use to measure size by particle time-of-flight
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Aerosol Inlets: Nozzle
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Particles

Diode Lasers
(532 nm)

* Advantage: simple
* Disadvantages:
— Somewhat finicky

— Highly nonlinear (o D?) transmission of particles vs. size
(Number of detected particles is proportional to particle mass)

Aerodynamic Forces on a Particle

| m— | m—— ) — e— — s ) w— = = ]

F irag \Y4 v: relative velocity
D E— — between the gas and
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Aerosol Inlets: Size-Selective Inlet

| I — — — — — —  — = = ]

OO0 gy v v v v

Transmission ris (ud coming

0.2
Particle g8 (um}

FIGURE 4. Transmission curves for the RSMS-II in-
let for a 600 pm slice at 26 cem downstream of the
orifice for various nozzle pressures,

SOUPCE FEgion

Ramakrishna V.Mallina, Anthony S. Wexler, Kevin P. Rhoads, and Murray V. Johnston.
High Speed Particle Beam Generation: A Dynamic Focusing Mechanism for Selecting
Ultrafine Particles Aerosol Science and Technology 33:87-104, 2000.

FIGURE 3. Working principle of a variable pressure
inlet.

Aerosol Inlets: Aerodynamic Lenses
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Figure 2. Schematic of a single thin cylindrical lens showing

a gas streamline and the trajectory of a 50N nm particle. () =

60 sec/min, L =4 mm, [} = 1D =2 mm, 00 = 10 mm, Rey

= 12.5, Py = 280 Pa, Ry =4 mm, K, = 0.5 mm. E
i ! e

001 L 1 "
o 20 40 60 B0x10
Note: original lens design by Liu, Ziemann, and McMurry (1995). X, m
Xuefeng Zhang, Kenneth A. Smith, Douglas R. Worsnop, Jose Jimenez, Figure 3. Particle trajectories through a single thin eyli
John T. Jayne, and Charles E. Kolb. A Numerical Characterization of Particle Beam lens (D, = 5,500, 1000 nm). L = 0.5 mm, [[} = [} =3
Collimation by an Aerodynamic Lens-Nozzle System: Part I. An Individual Lens or OD = 10 mm, 0= 60 sce/min, Reg = 12.5, and ,;up — 280 Pa.

Nozzle Aerosol Science and Technology 36: 617-631 (2002)




Aerodynamic Lenses
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Note: original lens design by Liu, Ziemann, and McMurry (1995).

Xuefeng Zhang, Kenneth A. Smith, Douglas R. Worsnop, Jose Jimenez, John T. Jayne, and Charles E. Kolb. A Numerical Characterization of Particle Beam
Collimation by an Aerodynamic Lens-Nozzle System: Part II. An Integrated Lens-Nozzle System. Aerosol Science and Technology, submitted, (2002).

Differential Pumping of the Gas
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Stage 1

Particle
Beam
Out

Aerosol
In

To Vacuum Pumps

Wexler, A. S., and Johnston, M. V. (2001). “Real-time single-particle analysis.”
Aerosol Measurement: Principles, Techniques, and Applications, P. A. Baron and K.
Willeke, eds., Wiley-Interscience, New York, 365-386.




Shape Effects on Aerodynamic Lenses

| I — — — — — —  — = = ]

Lot S
. (=]
] -
350 nm
2 NH,NO,
« DOP E
5 $1% . ' L -
-0.4 -0.2 0.0 0.2 0.4

Wire Position (mm)

FIGURE 11. Particle beam width measurement for
spherical DOP and nonspherical NH NO, particles.
Beam widths are determined by passing a 75 pm
diameter wire across the particle beam path and cal-
culating particle transmission from the ratio of the
single particle count rates measured by the mass
spectrometer to the count rates measured by the CPC.
Beam broadening is observed for nonspherical parti-
cles. The solid lines represent a Gaussian fit to the
inverted data yielding FWHM values of 0.13 mm for
DOP and 0.23 mm for NH,NO,.
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“igure 2. Particle beam profile measurements for NaCl-KCl,
NBA, and oleic acid aerosols. NaCl-KCl and NBA aerosols are
polvdisperse with the average diameter of the detected particles
approximately 85 nm. The oleic acid aerosol is monodisperse
with a diameter of 200 nm.

This effect can bias the detection of all instruments against
irregularly shaped particles. The smaller the solid angle of
collection, the worse the bias. In general laser instruments will
be more affected because of the need to focus the laser
very tightly on the center of the particle beam.

« Jayne, I.T., D.C. Leard, X. Zhang, P. Davidovits, K.A. Smith, C.E. Kolb, and D.R.
Worsnop, Development of an acrosol mass sp for size and pOsiti
analysis of submicron particles, Aerosol Sci. Technol., 33, 49-70, 2000.

« David B. Kane, Berk Oktem, and Murray V. Johnston. Nanoparticle Detection by
Aerosol Mass Spectrometry. Aerosol Science and Technology 34: 520-527 (2001)

Conceptual Schematic of an Aerosol MS
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Particle Sizing: Light Scattering
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Particles

-~

A PMT Signal

Diode Lasers
(532 nm)

Time

* Principle: Intensity of light scattering
increases with particle size

Particle Sizing: nght Scattermg Intensity
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» Disadvantage: low resolution & dependence on
optical properties

Shan-Hu Lee, Daniel Murphy, David S. Thomson, and Ann M. Middlebrook. Chemical Ci

of Single Particles Measured with Particle Analysis by Laser Mass

Spectrometry (PALMS) during the Atlanta Supersite Project: Focus on Organic/Sulfate, Lead, Soot, and Mineral Particles. Journal of Geophysical Research, Vol. 107,

D1, 10.1029/2000JD000011, 2002.




Size-Dependent Velocity
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Upon expansion into e —rrro
. = O @ NH,NO
vacuum, particles ' = DOP
acquire size- i 4 " Fluent
dependent velocity £ b
=
* It’s there, so you 8
: 2 100
may as well use it to ot
. . 8r
measure particle size 7
s er " RN
100 1000

Aerodynamic Diameter (nm)

Jayne, .T., D.C. Leard, X. Zhang, P. Davidovits, K.A. Smith,

C.E. Kolb, and D.R. Worsnop, Development of an aerosol mass
c for size and ition. analysis of

particles, Aerosol Sci. Technol., 33, 49-70, 2000.

Deborah Gross

Carleton College - Particle TOF Wlth LS Detection
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Measure particle velocity. distance
Velocity used to = ~ime
ime

trigger ionization.

At

PMT Signal t
2

\
Photomultiplier

Tube (PMT)




Two-Laser TOF: Resolution
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Aerodynamic dismeter nm

Courtesy of Dan Imre, Brookhaven
National Lab, 2000.

Particle TOF with MS Detection
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Particle Flight Distance

Detector
c Qoo QooQo o Qo- o ° e ]
Particle Chopped Particle Beam:
Beam

Velocity Inversely Proportional
to Aerodynamic Diameter

\

Particle Beam
Chopper

100 Hz Spread in Space

(Detection Time)
Provides Aerodynamic
Diameter

Jayne, J.T., D.C. Leard, X. Zhang, P. Davidovits, K.A. Smith, C.E. Kolb, and D.R. Worsnop, Development of an aerosol mass spectrometer for size and composition.
analysis of submicron particles, Aerosol Sci. Technol., 33, 49-70, 2000.




Conceptual Schematic of an Aerosol MS
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Aerosol Particle Mass

Laser Desorption + Ionization

IR Laser

Impact on
Heated
Surface

ICryocollection|
+ Slow
Thermal
Desorption

Vaporization Objectives
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» Desorption + ionization
— Simpler

* Two steps
— Vaporization
— Later Ionization

— Easier to quantify mass (below)
— Tradeoft:

+ some labile species will decompose if heating fast

* refractory material (sea salt, dust...) will not
evaporate unless at very high T




Vaporization: Infrared Laser
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Courtesy of Tomas Baer, University of North Carolina, 2002.

Vaporlzatlon Heated Surface
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Flash
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Conceptual Schematic of an Aerosol MS

Aerosol Particle .. Mass
Inlet ’ Sizing >Vap orlzatlonl Analysis

Laser Desorption + Ionization

UV Laser
Of Vapor
Plume

Electron
Tonization

Chemical
Tonization

Ionization Objectives
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* Produce ions from solid (LDI) or gas-phase
neutral molecules

 Desirable properties
— High efficiency (ions / molecule)

— Number of ions linear with number of
molecules

— Universality / Selectivity

— Fragmentation
* Good and bad




Renato Zenobi, and Richard Knochenmuss. Ton Formation in MALDI Mass Spectrometry. Mass Spectrometry Reviews, 1998, 17, 337-366.

LDI: Ion Formation Mechanisms
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TABLE 6. Mecchamstic Summary: Primary and secondary onization mechamsms discussed

in the text, and their activities in different forms of MALDL
UV MALDI
P NP+ P-
Primary
MPI . . .
Pooling L] L L] -
yportionation
mied .
Thermal
Spallation
Secondary
H" Transfer (1] -
¢ Capture & H' Transfer ..
Cationization (1] -
e Transfer . . i
Ejection . .

o, 1R
Ivtes, NP = non-polar

UV = ultmviolet excit

CAses;

tive in some possibly sometime

: \ possibly bt ot
wry indicates probable lack of activity. MPI =

wultiphoton onieation, ESPT = excited-
msfer. Due 1o relative Tack of experimental data, the UV NP— amd TR— ctegories are ol
ugh the conclusions for IR+ may carry over to IR— with hinle change

il prodo
meluded, =

Sensitivity = f(matrix, analyte, concentration,...)

Courtesy of Tomas Baer, University of North Carolina, 2002.

Ionization: UV Laser Ionization of Vapor Plume
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lonization: Electron Impact
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Flash
Vaporization

of Volatiles
and Semi-Volatiles
Focused |
Particle Beam

°o—> °o—» l Oven

Positive Ion
Mass
Spectrometry

!

Chemical
Composition

Iomzatlon Chemical
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Charge exchange: M+ Ar" > M*™ + Ar
Electron capture: M+e —»> M-

Proton transfer: M + CH;" > (M+H)" + CH,
Adduct formation: M + TiCl,* - (M+TiClL,)*

Need Collisions!
— A <0.1 mm (P> 0.6 mbar)
— Sometimes at 1 atm (AP-CI)




Efficiency of Ion-Molecule Reactions
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oy
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* Approx. every

sai collision leads to
4 f a proton transfer,
S T E T T if AG® <0

—-40 -30 -20 -10
AG®pgg (kcal mol 1)

10

Figure 1.38

The natural logarithm of the number of reactions per
collision ratio indicates that the proton cransfer is almost
100% efficient when the process is exergonic. When
it becomes endergonic, the efficiency drops sharply.
{Reproduced (modified) from Ref, 77 with permission)
Edmon de Hoffmann and Vincent Stroobant. Mass Spectrometry: Principles
and Applications. John Wiley & Sons, 2002.

Conceptual Schematic of an Aerosol MS
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Mass Spectrometer
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» Use electrical and/or magnetic forces to separate
ions according to m/z
 In aerosol mass spectrometers
— (Ion) Time-of-Flight
— Quadrupole
— Ion Trap
— (Electric fields only!)
» Not used so far in Aerosol MS
— Magnetic sector
— Fourier Transform — Ion Cyclotron Resonance
— Use magnetic fields

Deborah Gross
Carleton College

Mass Spectrometer: (Ion)Time-of-Flight

I Bipolar TOF voltage scheme V————_Egnm

N J N

|
'®@©0@ @o®@ @“‘L"“@ @@o@ @).@élg:
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[
®

Relative Intensity
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Mass Spectrometer Quadrupole

J. Throck Watson: Introduction to

)/ Mass Spectrometry. Lippincott-

2 Raven, 1997.

R

e 23

DETECTOR

10N SOURCE

FIG. 4.7. Schematic diagram of quadrupole mass spectrometer illustrating iregular flight path
-% ions from the ion source through the central space between the quadrupole rods to the detec-
-2r. (Courtesy of Finnigan Corporation.)

Advantage: simple, rugged, lightweight
» Disadvantage: only one m/z at a time

Mass Spectrometer: lon Trap
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{a)  Jon Trajectory in the Trap {5} Yon Motion in z Direction

AAAANANANNNN

; ! \VARAVIRVIAVIAVILVIRVIRV LV
E time —»
'7*1-: ¢t Tom Motion in r Direction
T A

- 2r =20 mm ——— time —»
Figure 13-24 Simulation of motion of a single trapped ion in an ion
trap: {a) shows the overall motion within the trap in cross section, {b)
shows the time-dependent component of motion in the axial direc-
tion, and {¢) shows the radial-direction component.

J.B. Lambert, H.F. Shurvell, D.A. Lightner, R. G. Cooks, Organic Structural Spectroscopy. Prentice-Hall, 2002.




Mass Spectrometer:

Ion Trap II

Filament

U s

End-cop
Electrode

Electrode
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Detector ‘_—l_l
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Fundamental
RF Voltage Ko—| Sean
Acquisition
Processor

FIG. 4.10. Schematic diagram of ion-trap mass spectrometer.
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J. Throck Watson: Introduction to
Mass Spectrometry. Lippincott-
Raven, 1997.

Rreamplifier
(lon Signal}

RF Generator,
Supplementary
RF Voltage

Part 2:
Instrumentation
Implementations
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Types of Implementations
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All combinations: 480 implementations
— In practice only ~25 have been used

Type 1: Laser-Desorption Ionization
—  Most attempted by research groups
—  Many variations

Type 2: Two-Laser Systems

Type 3: Thermal Vaporization + Electron Ionization

Type 4: Thermal Vaporization + Chemical lonization

Implementations: “Clusters” of Designs
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Aerosol Particle . . Mass
Inlet — Sty —pVaporization—p» lonization —P»| Al
Typ el Type 2
N ; .
Capillary nghj[ Laser Desorption + Ionization ) (lon) Tllme-
Scattering Of-Flight
Nozzle - UV Laser
Particle TOF IR Laser
s Of Vapor Quadrupole
- -Detection Impact on ! Plume
. Heated Ion Trap
- Particle TOF Surface Electron
Size- _Chemical Ionization
Selective Detection Cryocollection
Inlet + Slow .
. Thermal Ch?mlf:al Type 3&4
Pre-Selection . Ionization
Desorption




it Intoenet Explores

http://cires.colorado.edu/~jjose/ams.html

worites. @hedin 3 e D8 -
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Aerosol Mass Spectrometry Web Page
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Asrodyramic Potic  Parice beam
| Focusng e 10F Chopper
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Aqurmation of the Aerodyre AMS Creddt Matt Thyson (Lemmglon, Mastactrisetis)

This page is madntained by Jose L, Jimspez. Email me o jose Jimenez@leolorado,edy if vou have any questions, corrections. and/or items thad you would like to me add 1o
these pages

o1
Resesrch Growps Involved in the Development md/or Applisation of the AMS
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AMS Pictres
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. Introduction

This page contains mformation and links related to serosol mass spectrometry. There is information about all types of an-ling serosol mass spectrometers. There is
comparatively more information on the Aerosol Mass Spectrometer (AMS) developed ot Aerodvne Research, Inc, basically becasse | know more about that system,
since [ was heavily involved in its development, and | have been able to compile more information aboat it

News: The A AAAR} bas asked me to give a 2-bour tutorinl lechare on Aerosol Mass Spectronsetry {covering real-time

systems, both -m;_mm Tabviously highly recammend this oriad ;-) (as well s several other tutarinls). It is

arheshiled e Mnnelne Ot T HW1Y el ram he nttended b amenne iwhe is of the 44 AR canferencs for n naminnd fee i-S200 § =l
3] el | Inbermet

10- Acrosol Mass Spectrometers Based on'Lasel 1 and t2 implementations (Laser-Based)

Instrusment :;:K‘P" - el .

- = Most are customized for a problem!

PALME Dan Muephy (Papers)

derosol Time of Flight Mazs Prof Kim Prather Dipartenant of Chemistey Unimersity of Calafoenia ot Sun Diego

| Commersial srsien ofthe ATORME | Markas Galls el |
Departrnent of Chemistry & - .

REME mm%mma o mlomccmm ;k::uuy of Delaware & University of California,

.Sil'gle?nwlel.asa'ab!lmmm-ni- 'mmm | 3 S [ .BmdamNew

Flight Mass Spectrometer (SPLAT-MS) | Zelemk Abmospharic Chemiatry Division | Brockhaven National Lab York

Flight Mass Spectrometes (SFLAT) phan B Cloud Py d Chesnisty Qutenberg Unjversity biaing, & Reesrch Cepfer | Mainz, Germany

Basticle Blaster Bill Roerts Bell Labs ?.‘:“” EE e

Single Particle Mazs Spectrometer o Baer &-RORET | pepastanect of Chemistry University of North Cacolina at Chapel Eill Stopel Eill, Hth

W Michal Zachurish | Depastment of Chemical Engineering | University of Minnesota Mmemol,

Mmmw Grog Evans University of Toronko Toronto, Canada

Single Particle Mass Spectrometer EBerphard Spengler Ma 'M;I;“W Tk Unimersity of Giessen Giessen, Genmany

Real-Time Mass Spectrometer Peter Reilly Chemica Sciences Division ucRidge Watioral Laborsors T

Single Particle Mass Spectrometer Denis Phares D“’“‘““"‘w"m“""‘“‘ Temas ARM University S

oozl Mass Spestrometes dos Petrussi Department of Chemistry Univesity of Vemeet e

[Tsr3800 | .Depmnmolmmslry .C‘a'td.oncollege EYom—

TSI 3600 (Commercisl ustrument) Erie Gard Lawrerice Livermnore National Lab &m




Type 1: PALMS (Murphy et al.)
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Ambient Microchannel
Air In Plate Detector

Reflectron

Time-of-Flight Region

Turbo
Pum,
lon Extraction P
Plates Turbo
Pump
[Particle TOF IR Laser UV Laser
X Of Vapor
N Pl
Middlebrook, A., Murphy, D.M., Lee, S.-H., Thomson, D.S., Prather, K. A., -Detection Tmpact on e
cate

‘Wenzel, R. J., Liu, D.-Y., Phares, D.J., Rhoads, K.P., Wexler, A. S., Johnston,
M.V., Jimenez, J.L., Jayne, J.T., Worsnop, D.R., Yourshaw, 1., Seinfeld, J.H.,
and Flagan, R.C. An intercomparison of Particle Mass Spectrometers During
the 1999 Atlanta Supersite Project. Journal of Geophysical Research-
Atmospheres, in press, 2002.

Surface

(Cryocollection

Thermal
Desorption

Type 1: ATOFMS (Prather et al.)
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Courtesy of Prof. Kim Prather




Type 1: RSMS (Johnston, Wexler ef al.)
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Middlebrook, A., Murphy, D.M., Lee, S.-H., Thomson, D.S., Prather, K. A., Wenzel, R. J., Liu, D.-

Y., Phares, D.J., Rhoads, K.P., Wexler, A. S., Johnston, M.V., Jimenez, J.L., Jayne, J.T., Worsnop,
D.R., Yourshaw, I, Seinfeld, J.H., and Flagan, R.C. An intercomparison of Particle Mass -

Copesltion

(‘humual
Pre-Sclection| T lommtmn
Desorption

Spectrometers During the 1999 Atlanta Supersite Project. Journal of Geophysical Research-
Atmospheres, in press, 2002.

Comparison of 3 Type-1 Systems
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Table 1. Main Design Characteristics of the Four Particle Mass Spectrometers
particle  aerodynamic volatilization/ s single-particle
detection/  size range ionization < 'ur‘u.n.mcr classification
sizing (pm) method spe methods
light LDI" single time peak 1D
PALMS  erine =193nm of flight regre
iy & 2-5 % 10" Wiem®  reflectron analysis
aerosol _ Lpr dual time of peak 1D
ATOFMS  time of =02 A =266 nm_ flight artificial neural
flight ~ 10" W/em® reflectron network
aero- LDI" single linear peak 1D/
RSMS-11  dynamic 0.015-1.3 A=193nm time of artificial neural
focussing 1-2 % 10" W/em® flight network
aerosol T ~ 550 °C with
AMS ime of 5.2 5 2 " . 4 o D
AMS time of 0.05-2.5 tron impact quadrupole  not applicable
flight
' PALMS' optical lower limit (0.22 pm) was converted into aerodynamic diameter, d,, by

uming the optical diameter equals the Stoke's diameter, d,. and d, = d, % sqri(p, C/p,). where
the particle bulk den I.5 g em™ (P. H. McMurry, pe sonal communic tion), C, is the
nningham correction factor = 1.74 for d = 0.22 um, and p, is the standard density = 1 g em”
J_Hrmf\ 1982].

LDI = laser dunrplmn ionization
“ 1D = identification

Middlebrook, A., Murphy, D.M., Lee, S.-H., Thomson, D.S., Prather, K. A., Wenzel, R. J., Liu, D.-Y., Phares, D.J., Rhoads, K.P., Wexler, A. S., Johnston, M.V., Jimenez,
J.L., Jayne, J.T., Worsnop, D.R., Yourshaw, ., Seinfeld, J.H., and Flagan, R.C. An intercomparison of Particle Mass Spectrometers During the 1999 Atlanta Supersite
Project. Journal of Geophysical Research-Atmospheres, in press, 2002.




Type 1: Soot/Hydrocarbon Single Particles
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Middlebrook, A., Murphy, D.M., Lee, S.-H., Thomson, D.S., Prather, K. A., 3 -
Wenzel, R. J., Liu, D.-Y., Phares, D.J., Rhoads, K.P., Wexler, A. S., v |.'{ LR
Johnston, M.V, Jimenez, J.L., Jayne, J.T., Worsnop, D.R., Yourshaw, I.,
Seinfeld, J.H., and Flagan, R.C. An intercomparison of Particle Mass T T T T
Spectrometers During the 1999 Atlanta Supersite Project. Journal of 0 40 0 120 160 200
Geophysical R h t in press, 2002. m'z

Type 1: SPLAT-MS (Imre et al.)
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Courtesy of Dan Imre, Brookhaven National Laboratory, 2001.




Type 1: PALMS (Murphy et al.)
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Courtesy of David Thomson, NOAA Aeronomy Laboratory, 2002. D:::::‘oln

Type 1: LAMPAS2 (Spengler et al.)
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FIGURE 1. Scheme of the instrumental setup of the mobile serosol mass spectrometer “LAMPAS 2.7
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Surface

A. Trimborn, K.-P. Hinz, and B. Spengler. Online Analysis of Atmospheric
Particles with a T ble Laser Mass Aerosol Science and
Technology 33:191-201, 2000.
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Type 1: AMS (Petrucci et al.)

Courtesy of Joe Petrucci, University of Vermont, 2002.
http://www.uvm.edu/~gpetrucc/ams/amshome. html

Particle TOF IR Laser UV Laser
LS Of Vapor
~Detection Impact on Plume
Heated
Surface
Cryocollection
‘Thermal
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Type 1: SMPS (Zachariah et al.)

lon Current Signal

IEEE-488
Connection Linear
Time-Of-Flight

Field-Free Drift Tube

IR Laser
Of Vapor
Heated
El:clmn

Plume
Surface
— Icmzallon

+Slow.
‘Thermal
Desorption

Capillary it
cattering
UV Laser
Impact on

R. Mahadevan, D. Lee, H. Sakurai, and M. R. Zachariah, Measurement of Condensed-Phase Reaction
Kinetics in the Aerosol Phase Using Single Particle Mass Spectrometry, Accepted for Publication, J.

Phys. Chem. A, 2002.




Type 1: Particle Blaster (Reents et al.)
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: Qutput device
Particle-laden gas flow

Laser lens
producing
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Focused
laser strikes

particle

Particle derived
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IR Laser UV Laser
Of Vapor
rerodynamid Tmpact on Plume
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Sus

-+ Slow

Courtesy of Bill Reents, Bell Laboratories, 2002
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Type 1: RTMS (Reilly et al.)

| s ] s ] s ) e ) e ) — = R =

Courtesy of Peter Reilly, Oak Ridge National Lab, 2002

1. Reilly, P. T. A, Gieray, R. A., Whitten, W. B. , and
Ramsey, .M., Aerosol Sci. Technol. 33:135 (2000).

2. Lazar, A. C., Reilly, P.T. A., Whitten, W. B. , and
Ramsey, J. M., Environ. Sci. Technol. 33: 3993 (1999).
3. Reilly, P. T. A., Gieray, R. A., Whitten, W. B. , and
Ramsey, J. M., Combust. Flame 122:90 (2000).

4. Reilly, P. T. A.,Gieray, R. A., Whitten, W. B. , and
Ramsey, J. M., J. Amer. Chem. Soc. 122:11596 (2000).
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L2RTAMS/MS of m/z 202 desorbed from the surfaces of
individual Urban Particulate Matter particles

1L 1L

8 | — | s— s— — o o s Ry

14000
12000 L2RTAMS isolation 202 (@)
of m/z 202; SRM 1648
10000
8000 -
6000 1 Select +
4000 -
Fragment
2000 - ‘
0 ‘ ‘ ‘ ‘ ‘ : ‘ L
120 130 140 150 160 170 1so¢ 190 200 210
5000 o]
L2RTAMS/MS of 203
4000 1 miz 202; SRM 1648
3000 - 199
2000 -
1000
150 174 189 ‘ ‘
0 1 ‘ | 1 | - ‘ ‘ ‘
120 130 140 150 160 170 180 190 200 210
m/z

Courtesy of Peter Reilly, Oak Ridge National Lab, 2002

Type 1: Ion Trap v

s. TOF-MS
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* Advantages of lon Trap

Ability to do MS/MS

A much greater tolerance of space charge effects
A stable linear mass scale.

Better mass resolution if needed.

Peter Reilly, Oak
Ridge National
Lab, 2002

The ability to average part or all of the aerosol MS data without having to worry
about shifting mass scales and peak broadening that occur due to space charge,
digitizer jitter, uncertainty in the precise starting point of the ions and broad

variations in the laser hit

A lower pumping requirement due to the 10-3 Torr operating pressure.

A much smaller instrument package
A much greater facility for data handling, manipul

ation and storage

* In fairness to the TOF users, the disadvantages are:
A limited dynamic mass range due to the change in trap depth as a function of mass

An inability to detect species below 15 Da.

lon trap instrumentation is much more complex--not for the instrumentally

challenged

Trap manufacturers are not easily convinced to give you information to modify

their instruments for your purposes




Type 2: Two-Laser. Baer, Miller, et al.

o Jf s s G s

PMTs TOF tube

Aerodynamic
lenses
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Roots pump+ * Diffusion pump \ vuv
CO; laser

Diffusion pump

Laser Desorption + lonization|
. -LS
Aerodynamid -Detection Impact on
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+ Slow
Thermal

Desorption

Note: this approach was first demonstrated by Fergenson & Prather

Figure courtesy of Tomas Baer, Univ. North Carolina, 2002.

Type 2: “Gentle” VUV Ilonization
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Figure 2. Mass spectra of m-nitrotoluene particles as a function of
the CO; laser fluence. The inset shows the integrated intensity of

the signal vs CO; laser fluence with the dashed vertical line indicating D. Craig Sykes, Ephraim Woods, I1I, Geoffrey D. Smith,
the threshold fluence of 5.0 x 107 W/cm?. The leftmost point on the 3""’“ Bacr, and Roger E. Miller. Thermal Vaporization-
Z i i % ‘acuum Ultraviolet Laser Ionization Time-of-Flight
inset plot is the origin (0,0), and the other four points correspond to Mass Spectrometry of Single Aerosol Particles. Anal.

the four spectra shown in the figure. Chem.2002, 74,2048-2052.




Type 2: IR vs. Thermal vaporization
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Figure 5. Comparison of oleic acid TOF mass spectra obtained by
vaporizing the particles with the heater (a) and the infrared CO; laser
(b). Note the similarity in the resulting mass spectra. Each spectrum
is the average of 100 single-particle mass spectra.

D. Craig Sykes, Ephraim Woods, III, Geoffrey D. Smith, Tomas Baer, and Roger E. Miller. Thermal Vaporization-Vacuum Ultraviolet Laser
Tonization Time-of-Flight Mass Spectrometry of Single Aerosol Particles. Anal. Chem.2002, 74,2048-2052.

Type 2: Depth profiling with CO, laser
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Woods, Smith, Miller, and Baer, 4nal. Chem. 47 1642-1649 (2002 )




Type 1 +2 vs. 3 +4:
Ensemble vs. Single Particle Analysis
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For example: 17% of the mass is organics, 83% is sulfate

“Internally Mixed” “Externally Mixed”

» Single Particle Instruments DIRECTLY detect the mixing state
* Ensemble Averaging Instruments can only answer the mixing
question indirectly, and with lower precision

Implementations: “Clusters” of Designs
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Types 3 + 4: Thermal

Vaporization
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9. Other Aerosol Mass Spectrometers Based on Thermal (Non-Laser) Vaporization

Instrument Prmcl.pal Department Institution Location
Investigator

Particle Bearn Thermal Desorption Payl Ziemann Departrment of University of California at Riverside,

Mass Spectrometer (PB-TDME) = Environmental Sciences | Riverside California

Atmospheric Pressure - Chernical

Tonization Mass Spectrometer (AP- Thorsten Hoffrnann silliio alf Speallwelichutiy | Danlmii,
and Applied Spectroscopy Germany

CIME)

#erosol Composition Mass Jochen Schreiner & Max-Flanck Institute for Heidelberg,

Spectrometer (ACME Konrad Manersherger Muclear Physics Germany

(G & o P ettt o Depg. of Geological California Institute of Pasadens,

Chermnical Ienization Mass Paul Wennberg anel Dlanetary Seiences | Technolo Califormia

Spectrometer (SI-CIMS) ary ~ECINO°0ZY

Therrmal Desorption Chemical Jirn Smith & Fred espiteme Gy MNational Center for Eoulder,

Tonization Mass Spectrometer Eisele Division Atrnospheric Research Colorado

(TDCIME) (NCAR)

Type 3:

Ambient Pressure
Sampling Crifice

Quadrupole Mass Spectrometer-

Aerodynamic Particle
/ Focusing Lens

Particle Beam
TOF Chopper

—)
1

i

urbo Pump,

Jayne et al., Aerosol Science and Technology 33:1-2(49-70), 2000.
Jimenez et al., Journal of Geophysical Research, in press, 2002.

urbo Pump,

tTurbo Pump’

Aerodyne AMS
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Type 3: AMS: Information Obtained
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Dual Operating Modes

Size Distribution

o

(limited composition info)

e o °© -7

J“Beam Chopped”

Spectrometer Setting is Fixed
(small subset of 0-300 amu)

lon Signal

Mo, . AAPAMAA

R
1 1 1

0.000 0.002 0.004 0.006

Particle TOF (s)

lon Signal

Average Composition
(no size info)

J

J “Beam Open”

Spectrometer is Scanned
(0-300 amu)

3. Research Groups Involved in the Development and/or Application of the Aerodyne

AMS

Serial
No.

001

002

003

004 &
012

005

006

007

008

0oF

010

011

> .
AAAR’02: 5D on Wed (t3) Aerodyne AMS Users

FPrincipal Investigator Department Institution Location
Drs. Droug Worsnop & John | Center for Aerosol and Cloud - Eillerica,
Tayne Chemistry asrodme Baseirch Massachusetts, USA
Pr - Hewton,

of. Paul Davidowits Department of Chemistry Boston College Massaciuselts. TISA

- . R, Mascachusetts Institute of Cambridge,
Prof Een Smith Department of Chermical Engineering Technology Massachusetts, USA
FProfs. John Seinfeld & Rick . California Institute of Fasadena, California,
Flagan Drepartment of Chemical Engineering Technology UEA
Hugh Coe Atmosphenc Physics Group UMIST Manchester, UK
Erof Darin Toohe Program in Almospheric and Cceanic University of Colorado Boulder, Colorado,
Science USA

Prof_Jonathan Allen LI SN Arizona State University Temgpe, Arizona, USA

Frof Stephan Borrmann &

Environmental Engineering

oy Cloud Physics and Chermistry

Johannes

Prof Een Demerjian

Earth and Atmospheric Seiences ab Albarry UsSA
Center for Advanced Science and - .
D, Yulaka Kondo Technology University of Tokyo Tokyo, Japan
Dir. Ann Middlebrook Asronomy Laboratory Hational Oceanio and Boulder, Colorado,

Frof Joze L Jimenez

Asgrozol Science Lab, Deparment of State University of Mew York | Albany, New York,

Department of Chermistry &
EBiochemistry and CIRES

Max Planck Inctitute for

Chemistry Muinz, Germany

Atmospheric Administration USA

University of Colorado at Boulder, Colorade,
Eoulder USA




Type 3: ACMS (Schreiner ef al.)
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Capillary Light Laser Desorption + lonization (lon) Time-
Scattering Of-Flight
Particle TOF IR Laser UV Laser
Of Vapor
- -Detection - Plume
—— Ton Trap
. Particle TOF
Courtesy of J oghen Schreiner ) Sire- ~Chemical -
Max Plank Institute fur KernPhysik Selective Detection (Cryocollection|
http://www.mpi-hd. mpg.de/mauersberger/schreiner/index.htm Inlet Thermal Chemical
Pre-Selectio Desorption lonization

Type 3: PBTDMS (Ziemann et al.)
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Type 3: PBTDMS Thermograms (Ziemann ef al.)
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Herbert J. Tobias and Paul J. Ziemann.
Compound Identification in Organic
Aerosols Using Temperature-Programmed
Thermal Desorption Particle Beam Mass
Spectrometry. Anal. Chem.1999, 71, 3428-
3435,

Time (min)
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Figure 2. Mass thermograms of the TPTD of multicomponent
aerosols. Thermogram A consists of glutaric acid (mz 86) and DOS
(miz 185) measured at a temperature ramp rate of ~0.90 “C/min.
The miz 69 signal trace is due to both glutaric acid and DOS.
Thermogram B consists of adipic acid (m/z 100), DOS (m/z 185),
and stearic acid (m/z 284) measured at a temperature ramp rate of
~0.75 “C#nin. The m'z 60 signal trace is due to both adipic acid and
stearic acid but not DOS. For this figure, all the raw m/'z signal traces
were smoothed by curve fitting.

Type 4: Thermal Desorption Chemical Ionization

Mass Spectrometry (TDCIMS)
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Courtesy of Jim Smith, NCAR
http://www.acd.ucar.edu/~jimsmith/POH




Type 4: TDCIMS: Schematic of Source Region
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charged aerosol
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Courtesy of Jim Smith, NCAR
http://www.acd.ucar.edu/~jimsmith/POP
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Type 4: TDCIMS: Gas Flow in Source

Blue arrows: ultrapure N, Green arrows: normal N,
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¢ Some contamination of the wire
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e

from gases is inevitable, so we
periodically collect “background
spectra” with no particles being

collected (as above).
Courtesy of Jim Smith, NCAR
http://www.acd.ucar.edu/~jimsmith/POP
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Type 4: TDCIMS: Step 1 — Particle Collection

Courtesy of Jim Smith, NCAR
http://www.acd.ucar.edu/~jimsmith/POP

Sample air with «
enters electrostatic precipitator

Collection filament is biased at a ca. 4
Kvolts with respect to chamber walls.

Capilla Light Laser Desorption -+ lonizati (Ion) Time-
pillary Seatiotin aser Desorption + Ionization Ot

Particles cross flow streamlines to — o | |
collect on metal filament e | L b

. L. Lens < TOF : ?ed Electmn
After a few minutes, wire is inserted urfoce
into ion source for sample analysis - - -

Type 4: TDCIMS: Step 2 — Sample Desorption and Analysis
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*  Wire momentarily heated at
temperatures up to 300 °C to
desorb sample

[m]

Arr1241 5
Sy o Neutral compounds are ionized
using chemical ionization,

Viwire) = V2 / * Reagent ions are created by o
— i particles emitted from the source,
B generating mostly H;O*, O, and

\ Coy
» Ionized analyte injected into a
j quadrupole mass spectrometer for
. analysis
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Courtesy of Jim Smith, NCAR Selective -

IIE

http://www.acd.ucar.edu/~jimsmith/POP




Type 4: SI-CIMS (Wennberg et al.)
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Dr. Karena McKinney of Caltech preparing the SI-CIMS on the ER-2
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Courtesy of Paul Wennberg
Caltech
http://www.gps.caltech.edu/~wennberg/cims.html

+ Slow

Desorption

Type 4: APCI-MS (Hoffman et al.)
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Courtesy of Thorsten Hoffmann, Institute of
Spectrochemistry, Dortmund, Germany




Comparison of Commercial Instruments
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Aerodyne AMS |

TSI3800

(Type 3) [ (Type 1)

Single Particle Information?
Quantitative Size Information?

Quantitative Single Particle Composition?

Ouantitati s ition?

Detection of SO4, NH4, NO3, Organics
Detection of Refractory Material (dust...)
Ability to Perform MS/MS

Sensitivity (ug/m’)

Lower Size Limit (nm
Upper Size Limit (nm)

Relative Transmission Efficiency vs. Size

Weight (ki
Power Consumption (W)
Line Voltage Needed (V)
Instrument Volume (m3)
Operated in the field (ground sites)?
Operated in Aircraft?
Perform in Vibrating Environment?

Talk to of both

about how THEIR instrument matches YOUR

 this ‘my opinion (not that of AAAR) on the state of both commercial
instruments as of Oct. 2002. Both instruments are "moving targets” in that they are

being
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Comparison of Commercial Instruments

| | e ) e | s ) e [ s e e e R 1

$260k [

Aerodyne AMS

[ TSI 3800

~19 deliveries __|

(Type 3) [ (Type 1)

INFORMATION OBTAINED

Single Particle Information?
Quantitative Size Information?

Quantitati C ition?

Detection of S04, NH4, NO3, Organics
Detection of Refractory Material (dust...
Ability to Perform MS/MS

Sensitivity (pg/m®)

Lower SIZB leﬂ nm

Quantitative Single Particle Composition? Yes, but only one m/z

Only one m/z

Very difficult, except when
matrix does not change
Very difficult, except when
matrix does not change

SPECIFICATIONS

Weight (ki 230 360

Power Consumption (W) 600 >= 4000

Line Voltage Needed (V) 110 or 220 220 only
Instrument Volume (m3) 0.65 1.73
Operated in the field (ground sites)? Yes Yes
Operated in Aircraft? Yes No

Perform in Vibrating Environment? Yes

Disclaimer: this comparison represents my opinion (not that of AAAR) on the state of both commercial
instruments as of Oct. 2002. Both instruments are "moving targets” in that they are ing
Talk to representatives of both companies about how THEIR instrument matches YOUR appllca(lon

$360k

6-12 (?) deliveries*
*: Those are rumors, since
TSI considers this
Information confidential
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Part 3:
Quantification
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* Particle size distribution
— Number
— Mass
» Species mass concentration
— Single particle (harder)
— Particle ensemble (easier)




Size Distribution Quantification I
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FIGURE 1. Inverse particle detection efficiency (¢) versus aero-
dynamic diameter (D,) for the transportable ATOFMS instrument
sampling ambient aerosols at Long Beach based on comparisons
with impactor () and OPC (box and whisker) measurements. The
solid line represents the best power law fit to the impactor data
according to eqs 6 and 7. Note that the ~ symbols are plotted at
the logarithmic mean D, value within each impactor bin but apply
across the entire width of the impactor bin (see text).
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Nozzle
Inlet

JONATHAN O . ALLEN, DAVID P .FER GENSON,
ERIC E.GARD,LARA S.HUGHES , BRADLEY
D. MORRICAL ,fMICHAEL J . KLEEMAN ,
DEBORAH S .GROSS, MARKUS E . GALLI,
KIMBERLY A . PRATHER , AND GLEN R . CASS.
Particle Detection Efficiencies of Aerosol Time of Flight
Mass Spectrometers under Ambient Sampling
Conditions. Environ. Sci. Technol.2000, 34,211-217.

Size Distribution Quantification II

—— FLUENT Model
® Counting Mode
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FIGURE 9. Summary of the AMS particle collection /
detection efficie as a function of aerodynamic di-
ameter. Solid line is FLUENT model predict
cles are efficiencies determined by comparing AMS
and CPC counting rates (data from Figure 8). Squares
are collection efficiencies determined from the ratio of
the measured to the calculated integrated area of the
TOF data shown in Figure 4 (note that the data points
originating from Figures 4 and 8 have been converted
from mobility to aerodynamic diameter using particle
density of 1.72 and a shape factor of 0.8).
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Aerodynamic
Lens Inlet

Jayne, J.T., D.C. Leard, X. Zhang, P. Davidovits, K.A. Smith,
C.E. Kolb, and D.R. Worsnop, Development of an aerosol mass

for size and ition. analysis of

particles, Aerosol Sci. Technol., 33, 49-70, 2000.




The Key to Mass Quantification
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Limit 1: High local Limit 2: Very Low Local
Pressure => many collisions  Pressure: no collisions
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(tl) LDI Laser Fluence vs. Quantification
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106 107 108 10° 10 10U Laser
Fluence
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* Note: this is a conceptual schematic. The processes are really more
complex, and laser pulse energy (= fluence * duration), laser
wavelength, and particle composition also play important roles




Species Mass Concentration Quantification
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* LDI Tradeoft:
— can quantify chemistry if the whole particle is turned into atomic
ions
* Very high laser fluences
— Lose molecular information

» LDI at moderate fluences
— Primary ions (+ electrons) formed
— Ion-molecule reactions: species that are easier to ionize steal the
charge. Results in differences in ionization efficiencies of up to
several orders of magnitude (2-6).
* Two — Step processes:
— separate vaporization and ionization

— So that mean free path of ions and evaporated molecules is large
=> no collisions

— Linear response

(t1) RSMS: Species Mass Quantification
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P. T. A. Reilly*, A. C. Lazar, R. A. Gieray,W. B.Whitten,and J. M. Ramsey. The Elucidation of Charge-Transfer-Induced Matrix Effects in Environmental
Acrosols Via Real-Time Aerosol Mass Spectral Analysis of Individual Airborne Particles. Aerosol Science and Technology 33:135] 152 2000




(t1) ATOFMS: Ambient Nitrate
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FIGURE 1. August, 1997 unscaled ATOFMS counts of particles and APNM nitrate mass concentration as a
function of time. Temporal resolution is 10 min.

* LDI can be much more quantifiable for the ensemble when
matrix does not change

Don-Yuan Liu, Kimberly A. Prather*, and Susanne V. Hering. Variations in the Size and Chemical Composition of Nitrate-Containing Particles in Riverside, CA.
Aerosol Science and Technology 33:71-86 2000.

Field-Based Approach to ATOFMS Sensitivity ez
Calibration (NO; and NH,)

A Z-Aug- 1997 14:00-16:00

» Idea: scale ensemble to - A W
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P.V. Bhave, J.O. Allen, B.D. Morrical, D.P. Fergenson, G.R. Cass, and K.A. Prather. A
Field-Based Aproach for Determining ATOFMS Instrument Sensitivities to NH4+ and
NO3- in Size-Segregated Atmospheric Particles. Envi | Science and Technology,
in press, 2002.
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(t1) SP Elemental Quantification

Redalive imlensity
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Every atom in the particle is

—» lonized. Atomic composition
can be calculated from the
ion counts. L

TABLE 1. Measured jon ratios and elemental
abundance for individual particles of sodium chloride
(100 nm), silica (50 nm), and PSL spheres (64 nm).

T T 1
o 10 20 30 40 50 80 7 B0 o0 1004

William D. Reents and Zhaozhu Ge. Si Elemental Cq and
Size Distributions of Submicron Particles in Real Time Using Laser Atomization
& lonization Mass Spectrometry. Aerosol Science and Technology 33:122-134,
2000.

Elemental Ratio  Measured True

Particle Considered Ratio Ratio

100 nm sodium Chlorine / Sodium 1.12 + 0.36"
chloride
50 nm silica
64 nm PSL
Sphere

1.00

1.93 £0.52° 200
1.00

Oxygen/ Silicon
Hydrogen/ Carbon 1.13 £ 0.19°

" Results from 67 particles.

b )
Results from 28 particles.

" Results from 9 particles.

(tl) Single Particle Quantification: Reents et al.
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Figure 7. Dependence of measured sodium fraction and relative detection efficiency for ~70-nm sodium chloride particles on laser power
density. Low laser power density results in inefficient ionization of chlorine relative to sodium. Increasing the laser power density beyond -2 =
10'° Wiem? results in a conslant sodium fraction. The particle detection efficiency increases with increasing laser power density.

William D. Reents, Jr. and Michael J. Schabel. Measurement of Individual Particle Atomic Composition by Aerosol Mass Spectrometry. Anal. Chem.2001, 73,5403-5414




(tl) Single Particle Quantlﬁcatlon Reents et al.
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- Solid Particles can be sized by “counting” the number of atoms.

(t1) Single Particle Quantlﬁcatlon Influence of Gas
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Distribution of Elemental Compositions Determined for Pure
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(t2) IR + VUV Lasers: Quantification
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Figure 6. Flot comparing the measured mole fraction to the known
mole fraction for a given component of one of four aniline/benzyl
alcohol/m-nitrotoluene mixtures.(®, aniling; ~, benzyl alcohol; O,
menitrotoluene) The solid line represents identical measured and
known concentrations, and the error bars reflect only the uncertainty
in the ionization cross-section measurements, The dashed lines
indicate the three different components of one of the four mixtures.

Ephraim Woods, 111, Geoffrey D. Smith, Yury Dessiaterik, Tomas Baer, and Roger E. Miller. Quantitative Detection of Aromatic Compounds in Single Aerosol
Particle Mass Spectrometry. Anal. Chem.2001, 73,2317-2322.

(t3) AMS: SO, Mass Conc.
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* A calibration factor (a single number for each species & the whole
campaign) is determined by comparing to PILS semicontinuous instrument.
This factor has been constant for all recent campaigns I am aware of.




(t3) AMS: Organic Mass Loadlng Comparisons
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(t3) AMS: Total Mass Loadlng Comparisons
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(t3) TDPBMS (Ziemann ef al.): Quantification

Particle Mass Concentration (ug/m’)
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Herbert J. Tobias, Peter M. Kooiman, Kenneth S.
Docherty, and Paul J. Ziemann. Real-Time Chemical
Analysis of Aerosols Using a Thermal Desorption
Particle Beam Mass Spectrometer. Aerosol Science &
Technology, 33:1-2, 170 (2000).

(t4) TD-CIMS: Quantification
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Calibration with 14 nm (for NH,*) and 10 nm (for HSO,) ammonium sulfate aerosol
Instrument response as a
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Voisin et al., submitted to Aerosol Sci. Technol., 2002
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Part 4:
Applications

Applications (you name it!)
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« Atmospheric aerosols

— Field: stratosphere, troposphere, urban areas
+ Airplanes, balloons, trucks, ground
— Lab:

* Gas-to-particle conversion
* Heterogeneous chemistry

— Aerosol Sources
+ Car & truck engines, incinerators, jet engines, cigarettes
* Help design control technology

— Health effects
* Industrial aerosols
— Semiconductor manufacturing
— Nanoparticle fabrication
— Pharmaceutical aerosols




(t1) PALMS on Nose of WB-57
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David S. Thomson*,Mike E. Schein, and Daniel
M.Murphy. Particle Analysis by Laser Mass
Spectrometry: WB-57F Instrument Overview. Aerosol
Science and Technology 33:153-169 2000.
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wrigger bogic

FIGURE 3. Schematic layout of the PALMS instrument components, For scale, the carbon fiber table b 122 om

45 ) long.

(t1) PALMS: Stratospheric Aerosols
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Murphy et al. (1998) Science, 282, 1664
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Upper tropospheric aerosols often contained more
organic material than sulfate

Several common types of positive ion spectra in the
stratosphere. The most type d iron,
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gnesium, and other metals as well as sulfate (A). About half
of the stratospheric spectra had a large Fe peak. Between
20 and 40% of the spectra obtained more than 2 km above the
tropopause showed little Fe, Hg, K, or other metals (B). Some
organic material and NO* was almost always present. Some
particles contained mercury (C), usually with a distinctive
pattern of other peaks including a large C* peak and a peak at
m/z =127 that is presumed to be I'. These spectra were
obtained within minutes of each other in an otherwise fairly
homogeneous air mass at 19 km




(t1) PALMS: Elements in Particles Above 5 km

Fig. 9. Elements observed in aerosol
particles at altitudes above 5 km. Fre-
quencies are approximate because of
differing ionization efficiencies. Ele-
ments with a distinctive signature of
isotopes are also more likely to be un-
ambiguously observed than those with
only one isotope. Certain elements are
likely to be undercounted because of
spectral interferences. For example, the
main isotopes of Si and Ti can be ob-
scured by CO and SO, respectively.
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D. M. Murphy*, D. S. Thomson, M. J. Mahoney. In-Situ Measurements of Organics, Meteoritic Material, Mercury, and Other Elements in Aerosols from 5 to 19 km.

Science 282: 1664-1668, 1998.

(t1) ATOFMS: Observation of Heterogeneous Chemistry
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(A) Positive-ion mass spectrum of a 2.1-pm-diameter sea-salt particle
acquired at Long Beach, California, on 24 September 1996 at 20:21
PST. The significant signal for the Na,Cl* ion indicates that the particle
is largely unreacted. (B) Positive-ion mass spectrum of a 1.9-pum-
diameter sea-salt particle acquired at Long Beach on 24 September
1996 at 08:01 PST. Na* and K* are clearly present, as in (A); however,
the Na,ClI* cluster peak is undetectable, and a peak due to Na,NO," is

now present.
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A strong diurnal trend in chloride replacement by nitrate on sea-salt
particles. The solid curves represent the average intensity of chloride (or
chloride marker) in the particles, and the dashed line indicates the average
intensity of nitrate (or nitrate maker) in the particles. (A) The particles
analyzed by the ATOFMS, (B) model calculations.

Gard et al. (1998) Science, 279, 1184




(t1) ATOFMS: Size-Resolved Chemistry in INDOEX

| I — — — — — —  — = = ]

e I MI!M

109%
b) aon |
£
o
T s
=
ot 0%
E
o ;- ]
13
*Sea salt and dust particles were mocEc B OC EC with sulfatos
. - . . W C containing with K B C containing with K and sulfates
major contributors in size range 1- £ dust 5 dust with sulfates
W sea salt B soa salt with sulfates
2.5 mm i

*For smallest particles (0.2-1 mm),
carbon-containing particles
dominated

*Moving South (a) to North (d),

carbon-containing particles increase. Guazzott et al. (1998) JGR, 106, 28607

(t1) RSMS-II: Particle Types
_vs. Size, Time, Wind
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Denis J. Phares, Kevin P. Rhoads, Murray V. Johnston, Anthony S. Wexler. Size-resolved ultrafine particle composition analysis Part 2: Houston.
JGR special issue on the 1999 Atlanta Supersite Experiment, in press.




(t1) RSMS-II: Particle Types
_vs. Size, Time, Wind
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Denis J. Phares, Kevin P. Rhoads, Murray V. Johnston, Anthony S. Wexler. Size-resolved ultrafine particle composition analysis Part 2: Houston.
JGR special issue on the 1999 Atlanta Supersite Experiment, in press.

(t1) SPMS: Nanoparticle Chemical Kinetics

« Kinetics of thermal Arrhenius Plot

decomposition of metal - T ' '
NO ),
nitrates in aerosol phase.

* Reaction carried out in
furnace. -

» Compared to traditional
thermogravimetric
analysis, observed o
significantly greater rates.

Ink

AlINO )

SHNO )

* The aerosol method is not .
prone to biases due to heat 3 : : :
and mass transport' The 0.0005 001 nonls 002 o025 0.003
thermogravimetric method
is known to have such
biases.

iR

R. Mahadevan, D. Lee, H. Sakurai, and M. R. Zachariah, Measurement of Condensed-Phase Reaction
Kinetics in the Aerosol Phase Using Single Particle Mass Spectrometry, Accepted for Publication, J.
Phys. Chem. A, 2002.




(t3) AMS: Ambient Sampling
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(t3) AMS: Time and Size Separation in Houston
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(t3) AMS: Sulfate Layers during ACE-Asia
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(t3) AMS vs. DMA during ACE-Asia Flight

| I — — — — — —  — = = ]

50 {77 - 50
RF17
— AMS w)
5‘40_ —— DMA —40 =
c b=
5 =
% 30 30 &
e 5
= \ 5
3 20 0 . 20 ®
g0 1) AU S 1L :
%) “! l“ \ “\‘l“ 3
2 ' ' )
10 ‘ am - 10 3,
’l 1 1, i : : W ‘ll “l
0- T i i 0
12:00 AM 2:00 AM 4:00 AM
4/27/01
UTC Bahreini, Jimenez et al. Talk 5D4 on Wed.

Ammonium dM/dLogDa (pg/ms)

(t3) AMS: Intemally Mixed Aerosols
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(t3) AMS: Ohio Valley
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(t3) AMS: 4-Second Data Rate

0.4
—-1.0
... Diesel . 9
g - h —08 &
2 : g
= H | o063
o 0.2 ; m
g i =%
Q 3 0.4 Q.
@
o v =1
9 o1r S
< . . 022
3 { it
N " AT -
< 0.0 V,V,VVU 0.0
1
TS 4 5678 T 5 45678
10 100 1000
D, nm
. oo (M)
1.0
—~ 25F o
A Asphalt/ \. 5
H -10.8 @
@ 20 Q
o 18l o6 S
s T m
a E
> 1.0F 7104 5
S g
= ost , 1028
= 8
< 0.0 - 0.0
3
10

D_ero (NM)

Emission factors can be determined while chasing individual vehicles on road

Courtesy of Aerodyne Research.




| I — — — — — —  — = = ]

Part 5:
The Future

My Take on Near Future of Aerosol MS
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Technique is still in its infancy

Inlets: improved and “tuned” aerodynamic lenses
Thermal vaporization + EI + Time-of-Flight MS
Chemical ionization

Commercial Single Particle Elemental Composition

Aerosol MS will be commonplace: e.g. at least one in each field
study site / airplane...
Commercial instruments will be used by non-specialists thanks to
software & hardware improvements

— Like evolution of DMA in the last 10-20 years

— Price will still be limiting factor
Custom-built instruments will be specialized for problems that
the commercial instruments don’t do well

Bioterrorism developments?




Challenges Ahead
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Detection bias due to particle shape
— Worse for instruments with small collection angles

(generally laser-based)

Quantitative detection of H,O
Evaporation / condensation artifacts

Improved quantification

Quantitative detection of dust, soot, trace metals

Organic molecular information

Ultrafine particles

Miniaturization

Data analysis techniques & software!
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