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Nanoparticles in the environment and
workplace

Mass spectrometers for determining
nanoparticle size and composition

lonization mechanisms of single particles
Applications



Nanoparticles in the Environment
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Particle Emission from a Diesel Locomotive

Diesel engine passes monitoring site at 12:14 PM EST (6/08/05)
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Particle Nucleation in Lewes, DE 10/21/06
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Nanoparticles in the Work Place
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Fig. 7 The total particle number concentration [DF={]_'[]]4 0.7 pm)
durmg grninding, cutting and welding on painted car metal sheet. The
duration of each work task was about 5 min. The car repair shop was
recently built and had a mechameal displacement type ventilation. Each
data point mdicates samples taken dunng 135 $ each, about 40 ¢m from
the working area. The spee distnbutions for samples A-D are seen n
Fig & Air levels ofisocyanates m the breathing zone of the worker are
seen in Fig 6.
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Fig. 8 Particle size distnbution dunng grmdmg (A), cuting (B) and
weldimg (1) of a pamted car metal sheet and the particle size
distribution of the background (C). The samples were taken dunng
1355 about 4)em from the working area. The geometric mean
diameter for the aerosel formed dunng grmdmmg, cutting and welding
wis (.05 pm ( geometne standard deviation = 1.9). After the aerosol had
aged, a mode wath geometnie mean diameter of 0.2 pm was formed.
This mode was also seenin the background measurement (C).

Karlsson et al., J. Environ. Monitoring (2000) 2, 462-469




Airborne Particles from SWCNT Agitation

(Maynard et al., J. Toxicol. Environ. Health, Part A (2004) 67, 87)
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FIGURE 2. Aerosol generated from HiPCD SWCNT using a single-component vortex shaker fluidized-bed

EEI'IEFJT.!'D.H, plotted as particle number concentration as a function of diameter (arbitrary units). Each plot
represents the average of three or more size distribution measurements, Data have been smoothed for clarity

1. What are the contributions of SWCNT, catalyst (Fe-Ni nanoparticles),
and “laboratory” ultrafine particles from other sources?

2. How does laboratory exposure compare to environmental exposure?
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Safe handling of nanotechnology

The pursuit of responsible nanotechnologies can be tackled ugh a series of grand challenges,
argue Andrew D. Maynard and his co-authors.

B W
research funding.”

n reducin

Maynard et al., Nature
(2006) 444(16), 267-269

Grand Challenge #1:

Instruments to monitor
nanoparticle emissions
and assess exposure



Characteristics of Nanoparticles

Particle Diameter Mass (g) Mass (Da) Atmospheric Biological
(nm) Source Equivalent
5 6.5x 10 40,000 Homogeneous Proteins

nucleation;
Emission from
10 5.2x 10 310,000 high temperature
source
50 6.5x 10™ 40,000,000 Emission from Virons
high temperature
source;
Growth of
100 52x 107 310,000,000 | smaller particles

via secondary
components or
coagulation




Aerosol vs. Conventional Mass Spectrometry

Tandem Mass Spectrometry
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Analysis

Laser induced plasma

Laser desorption ionization
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Real-Time Single Particle Mass Spectrometer (RSMS)
(d,, = 50-700 nm diameter)
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Lake et al., ES&T (2003) 37, 3268-3274




Inlet Aerodynamics

stream line
inlet wall

particle

low pass filter High pass filter
(small particles) (large particles)



Stokes Number (St)

pdif K
D

St o

0\ ™

p, = particle density
d, = particle diameter

D, = orifice diameter

P = (gas pressure at orifice
K = constant
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Inlet skimmers mass spectrometer

detection
region



Sharp Orifice
(Single Lens Element)
Size Selective Focusing

Mallina et al, Aerosol Sci. Technol. (2000) 33, 87-104

|

Aerodynamic Lens | ‘ ‘
(Multiple Lens Elements) =
Size Independent Focusing | ‘

Liu et al, Aerosol Sci. Technol. (1995) 22, 314-322



Stokes Number (St)

pdif K
D

St o

0\ ™

p, = particle density
d, = particle diameter

D, = orifice diameter

P = (gas pressure at orifice
K = constant




Particle Selection by Dynamic Focusing:

dp oc P,
Aerosol D Aerosol
In | Out
.T.
Flow-limiting Critical
Orifice Orifice

(Orifice size determines P,)



Particle Sizing by Aerodynamic Focusing

P=9.3 Torr
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Data are for oleic acid droplets selected with a DMA; 6, = 1.1
Adapted from: Phares et al, AS&T (2002) 36, 583-592




Nanoaerosol Mass Spectometer (NAMS)
(d.,, = 10-30 nm)

Aerodynamic lon lon Time of Flight

Lens Guide Trap Mass Analyzer
Aerosol F W_ !
in_@:_._._._._._.!_ ............... ___§7i<: ..............................................

i L J_ Ll } EJ; -----
L e .
Field Adjusting Electrode—T X
Focusing
Nd:YAG Lens
Laser

Particle Inlet = aerodynamic lens + quadrupole ion guide

Particle Sizing/Confinement = ion trap (d,, = 7-30 nm)

Chemical Analysis = laser plasma formation (70 J/cm?) + TOFMS
Wang et al., Anal. Chem. (2006) 78, 1750-1754

Wang and Johnston, Int. J. Mass Spectrom. (2006) 258, 50-57
Johnston et al., Appl. Spectrosc. (2006) 60, 264A-272A



Particle Inlet

Aerodynamic lon lon Time of Flight
Lens Guide Trap Mass Analyzer
Ae:ss_‘)gé__l__l__l__!_ﬂ _____________ Uskel
| A —
D I i
Field Adjusting Electrode \Focusin
Nd:YAG Lens °
Laser
Aerodynamic lens Quadrupole ion guide
— Nanoparticle lens “A” in — 140 kHz, 800 Vs 2.5x102 mbar Ar
Wang, McMurry, et al., AS&T — Efficient focusing below ca. 20 nm
(2005) 39, 624 On/off hit rate = 100 (12 nm)
— Efficient focusing above ca. 20 35 (18 nm)
nm

6 (22 nm)



Quadrupole lon Trap (1)

Aerodynamic lon lon Time of Flight

Lens Guide Trap Mass Analyzer
AefOSf'@# T ] !ﬂ HD >§7/J/ It
MO L PO I e ovonpouppapparse st = 1

| , | i u U|:| £§T\ J;J; ......
D } =
Field Adjusting ElectrodeJ XN
Focusing
Nd:YAG Lens

Laser

o “Digital” lon Trap = square wave potential applied to ring
electrode; floated at -2 VV

+504V, -507 V (frequency = 4-150 kHz; selects particle size)

» Field adjusting electrode (-40 to -200 V) facilitates trapping by
optimizing the electric field gradient at the entrance end cap



Quadrupole lon Trap (2)

Particle trapping Is based on m/z

Mass Normalized Diameter (d,,) assumes a single
charge and unit density

1/3
dmn — [pp] dm
Lo

Stable motion determined by q,:
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Optimum Frequency (kHz)

Quadrupole lon Trap (3)
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Extraction of Laser-Produced lons

Aerosol

Aerodynamic lon lon Time of Flight
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Particle Size Definitions

Symbol Name Definition Relationship
dp Physical Diameter | Actual size/dimension of the
particle
O Volume equivalent | Diameter of a spherical
diameter particle having the same mass
as the actual particle and the
same density as bulk material
dva Vacuum aerodynamic | Diameter of a spherical P,
diameter particle with a density of 1 d, = d
g/cm® that has the same Pody
settling velocity as the actual
particle; evaluated in the free-
molecular regime
dm Electrical mobility | Diameter of a spherical c.(d,)
diameter particle having the same d, = c.(d,,) vdee
electrical mobility (migration e
rate in an electric field) as the
actual particle
dmn Mass normalized Diameter of a spherical

diameter

particle having the same mass
as the actual particle but with
a density of 1 g/lcm®




The reported particle size depends on the definition!

d, de dy dp, d

Spherical: ‘
dve = dm = dmn = dva . . . ‘

Nonspherical: . ‘
dve = dva - dmn - dm . ‘ ‘

Size relationships are depicted for p, = 1.7 g/cm?

va

Particle density and/or shape can be determined from
simultaneous measurement of two or more “diameters”




lonization Strategies:
Single Particle Mass Spectrometry (w/o surfaces)

Most useful for d, <1 um

 Laser Desorption lonization (LDI)
 Laser Induced Plasma (LIP)
Reasonable possibilities for d, > 1 um

o Matrix-Assisted Laser Desorption/lonization
(MALDI)

e Two-Step Laser (or Thermal) Desorption —
Laser lonization (LD-PI)




Analysis

Laser induced plasma

Laser desorption ionization

«d, (hm) —

Electro-
g’ dynamics
'UN) Aerodynamics
Aerodynamics & light scattering
| | | | |
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Normalized Intensity

Signal Intensity

Particle-to-Particle Variations in LDI Mass Spectra
(1:1 molar ratio NH,NO;:(NH,),SO,)
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Reinard and Johnston, J.A.S.M.S. (2008) 19, 389



lon Formation Mechanism in Single Particle LDI

2. Laser Assisted lonization

1. Particle Disintegration

3. Electron Capture

4. Charge Transfer

Dense plume:
processes 3, 4 dominant
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@
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Qhé A, B, C,D
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B+e -2 B

AT+ C > A+C*
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Dispersed plume:
processes 3, 4 less dominant
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Varying Plume Conditions

1:1 Mole Ratio of
NH,NO;:(NH,),SO,

NO* OO) HSO,
NO* @10 NO,
NH,* HSO,
| o,
®| O NO,
NH,*
NO* NG

Species | lonization
Potential (eV)

NO 9.26

NH, 10.07

H 13.6

Species | Electron
Affinity (eV)

HSO, 4.75

NO, 3.97

NO, 2.27




Covariance Calculation

1J ~ ~
C(x,Y) =—Z(Xi - X)(Y; = Y)
C(x,y)
(X,y) = 1/2
A [C(x,X)C(y, )]

c|-0.2{01| 1 |04

C
C ) )
b 0| 1(01]| 0 b

d a1 | 0 |-0.2/-0.5 a

a b <c¢ d a b



Negative lons

Positive lons

1:1 mole ratio NH,NO;:(NH,),S0O,

Positive Correlations:
- NO* and HSO,

-0.2

0.2

1 18 30 46 62 97
Positive lons Negative lons

Negative Correlations
NO* and H*, NH,*
NH,* and HSO,
NO,", NO; and HSO,

Charge Transfer Reactions:
NO + H* > NO* + H
HSO, + NO, > HSO, + NO,

Reinard and Johnston, J.A.S.M.S. (2008) 19, 389



Averaged Mass Spectra

1:1 mole ratio NH,NO;:(NH,),SO,

Normalized Intensity

Normalized Intensity

Nok © 10 HSO,
] NO,"
- SO4_
H* NH,* I NO; O\
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1
4
1:1 mole ratio NH,NO,:Na,SO,
CHENO
Na* ‘_ NO, HSO,
- SO4_
e NO* Ne:20+ . Oon SO,
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Negative lons

Positive lons

1:1 mole ratio NH,NO;:Na,SO,

Positive Correlations:
> Na*, Na,O* and HSO,-
S0,/SO,/HSO, and O/OH-
NO* and NO,

O\

Neqgative Correlations:
““““““““““ Na* and H*, NO*

| NO* and SO,/HSO,
NO, and SO,/SO,/HSO,

123 30 6216 1746 8096 97 Charge Transfer Reactions:
Positive lons Negative lons Na + NO* > Na* + NO

HSO, + NO,” > HSO,” + NO,

lonization potential of Na: 5.14 eV

lonization potential of NO: 9.46 eV
° ation pote Reinard and Johnston, J.A.S.M.S. (2008) 19, 389



aser Induced Plasma Formation
(“Complete lonization Limit™)

High energy laser radiation produces an extremely hot plasma
(Reents et al, 2001; Mahadevan et al 2002)

Laser Desorption lonization l l Laser Induced Plasma
1 10 100 Jicm?
Laser irradiance W |
>
[e) [ 3]
$ £§  £¢ &5
QS S S SRS < O
5 T x S o -
lons produced & S § IS N
S o 9 S IS Q9 &
IS S O L.
SO S <$OS S
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“Complete lonization Limit”
Characteristics of the Laser Induced Plasma

 Particle is quantitatively converted to atoms
which are quantitatively converted to positively
charged atomic ions

« Absolute signal is related to particle mass (can
be used for particle sizing)

» Relative signals of different ions give the
elemental composition

Examples:
Reents and Gee, Aerosol Sci. Technol. (2000) 33, 122-134
Mahadevan et al, J. Phys. Chem. A (2002) 106, 11083-11092
Lee et al, Aerosol Sci. Technol. (2005) 39, 162-169




Atomic Analysis in the Complete lonization Limit

0.7
Na’ ]
0.8 0.6+
1 Cr NaCl,
Laser > s
. @ 0.6 5 T
Desorption g | § 041
lonization g’ 0.4 ?; 0.3-
(193 nm, 2 Jicm?) § Na,Cl $ 02
0.2 o 1 NaCl
] Na2+ I (O u
0.0 = l T —t T 1 0.0 T — T T 1
0] 50 100 150 0 0] 100 150
m/z m/z
NE
2x10° Na™ ]
- Na/Cl ratio:

Laser % Measured = 0.95
Induced = P Expected =1.0
Plasma 2 moq G0 ¢ &

) +4 +
(532 nm, 70 J/cm?2) ﬁ Na_ || Ci ) / Na*
Na%5 [ J /Cl*
0 ] J‘““"J* T l { L\J |
0] 10 20 30 40

Johnston et al., Appl. Spectrosc. (2006) 60, 264A-272A



C:0 Atomic Ratios by NAMS

10 nm dia. sucrose particles

2x10°7 | 4
o _ C:0 C:0
43, Specles
C /O Expected | Measured
s Sucrose 1.09 1.06 + .03
O
1x10°- PEG 200 |1.93+.04
c* O*?
o PPG* 2.62 2.60 + .04
C

L c’ o
0] _— LJLLMLLA_M.MM... 1 S— l .

0 5 10 15
m/z Wang and Johnston, Int. J. Mass Spectrom. (2006) 258, 50-57



Single particle analysis can be single molecule analysis

Signal Intensity

Mass Spectrum of a
Single BSA Molecule

(C3071 H4826N8160927S40)

2000 l

1500 - C+3/O+4

1000 -

MW = 66,000 (7 nm diameter)

Mass of one molecule = 1x10-19 g

Wang et al., Anal. Chem. (2006) 78, 1750-1754

! ) o
500 - C

10



Ambient Nanoparticle Measurements

State of Delaware
Air Quality Monitoring Site
Wilmington, Delaware




Particle Size Reconciliation

RSMS -50 nmd,, . d =

NAMS - 25 nmd...,
1/3

Average Ambient Density

pp= 1.7 g/lcm? &
d,. RSMS =29 nm
Average Shape Factor d,. NAMS =21 nm
X =1

Khlystov et al., A., Aerosol Sci. Technol. (2004) 38 (S1), 229-238
Zelenyuk, A., Cai, Y., Imre, D. Aerosol Sci. Technol., (2006) 40, 197-217
Wang and Johnston, Int. J. Mass Spectrom. (2006) 258, 50-57

Johnston et al., Appl. Spectrosc. (2006) 60, 264A-272A



Nanoparticle Measurements in
Wilmington, Delaware

RSMS NAMS
May 2005 — February 2006 May 9 — 19, 2006
Total Particles — 482,659 Total Particles — 19,403

50 nm (d,,) Particles -38,087 25 nm (d,,,) Particles - 9,842

“Secondary Aerosol” — 60%

Ammonium sulfate, nitrate, organics — Particles with C, N > 94%
Particles with O 89%
“Primary Aerosol” — 40% / Particles with S 73%
Biomass Burning (K) 29% | _
Fossil Fuel Combustion (C) 5% —— Particles with ~100% C 3%
Industrial Sources
Alkali Metals (Na, K) 3% — Particles with Na, K 1%
Amine 2%
Transition/Heavy Metals 1% — Particles with Transition/Heavy
V, Fe, Zn, Sn, CellLa, Pb Metals (V, Fe, Zn) 1%

Particles with Si 46%



Normalized Intensity
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Alkali metals, transition

metals are efficiently
lonized by RSMS

Trace elements are
markers for specific
emission sources



Normalized Intensity

Na-K Class: 2% of particles analyzed in RSMS dataset
Emission Sources: Power Plant (90°), Refinery (210°)
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Primary Aerosol - NAMS

H* O3S+
b = K+3
@ | |[cEoH| ce C* K+2
2 N
C - + +[Q+2
(:U — \\Is S+5 N*2 OIS Ar+2 Art
(e
o
(0)) | l /O+2/S+4 J
Na*
- v . 4 . K+
o il I S S
0 5 10 15 20 25 30 35 40 45
m /z _ .
_ K-Na Single Particle
*Different elements are detected with Carbon 65%
the same sensitivity Oxygen 15%
Nitrogen 6%
*Trace elements are difficult to detect  Sulfur 5%
Sodium 5%

Potassium 4%



Ambient Nanoparticle Characterization with NAMS

particles / cm®

70000 —
60000
50000
40000 —
30000 —
20000 —

10000

SMPS Particle Density

0

May 9-10, 2006: 5002 particles in 17 hr

May 9-10

V.

Particles Hit
S 8 5
1 1 1

—
o

(=)

T T T T T T T T T
20:34 22:34 0:34 2:34 4:34 6:34 834 10:34 11:34
Time

1 May9-10
Total Particles Hit

20:00 22:00 24:00 02:00 04:00 06:00 08:00 10:00 12:00
Time

dN/d(logd,) vs. Time
d.=21nm(d,,=25nmfor p=1.7 g/lcm3)

NAMS Particle Hits per min vs. Time
d., =25 nm (f = 10 kHz)

Zordan et al., 2008



Relative Intensity

Single Particle Mass Spectra
(d ;=25 nm, 6:33 PM, 9 May 20006)
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Inferring Molecular Composition from Atomic Composition

Total Integrated Area for: C, O, N, S, Si

I-> Apportion O as SiO, from Si signal

L> Apportion N and residual O as (NH,),SO, from S signal

I-> Apportion residual O as NH,NO, from residual N signal

I-> Combined residual O with C signal for Organic Carbon



Relative Intensity

Single Particle Mass Spectra
(d ;=25 nm, 6:33 PM, 9 May 20006)
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Residual Oxygen/Carbon Mass Analyzed per Minute
| 0:C<01
May 9-10, 2006

140

Primary Organic Carbon — most 0
of the mass is in the morning

“spikes” (individual vehicles?)

T T T T T T T T 1
2000 2200 2400 2600 2800 3000 3200 3400 3600
Time of Day

AmmoniumSulfate Mass Analyzed per Minute
May 9-10, 2006

4 Total = 20851 attograms

Ave = 21.88 + 27.46 attograms

250 —

Ammonium Sulfate — present both
In the morning “spikes” (diesel
vehicles?) and midday “ramp”
(secondary aerosol) o

200+

150

100

Mass Analyzed (attograms)

’ ' 20‘00 ' 22‘00 ' 24‘00 ' 26‘00 ' 28‘00 ' 30‘00 ' 32‘00 ' 34‘00 ' 36‘00
Time of Day
1204 Ammonium Nitrate Mass Analyzed per Minute
- o e g May 9:10, 2006
Ammonium Nitrate — presentonly — © =] SRl
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- - 17 1} g 8
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©
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20
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Conclusions

. Single particle mass spectrometry allows the size, shape, density
and composition of nanoparticles to be determined in flowing
systems.

RSMS and NAMS analyze a wide range of particle sizes:

 Particles above about 50 nm in diameter are most easily size selected
by aerodynamics (RSMS)

 Particle below about 30 nm in diameter are most easily size selected
by electrodynamics (NAMS)

RSMS and NAMS give complementary measures of composition:

* Laser desorption ionization Is sensitive to trace metals that can act as
signatures for primary aerosol

* Laser induced plasma permits quantitative characterization of
secondary aerosol (sulfate, nitrate, organics).

. Single particle detection gives insight into 1onization processes
(e.g. covariance analysis).

. Ambient monitoring with single particle mass spectrometry gives
Insight into nanoparticle sources.
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