Lectures 15 - 17: Atmospheric Aerosols
Required reading: S&P chapters 2.7 & 7-13
Recommended reading: F-P & P chapter 9
Other readings: NARSTO, Particulate Matter Science for
Policy Makers: A NARSTO Assessment, 2003

Atmospheric chemistry
CHEM-5151/ATOC-5151
Spring 2005
Qi Zhang

General Outline
I. Introduction and Fundamentals
Concerning aerosols …
• Effects
• Why do we care?
• Size distribution
• Chemical composition
• Physical and chemical properties
• Morphology and shape
• Sources, processes, and removal
• Temporal & spatial variations
• Vertical variation
Atmospheric
• Sources
aerosols
II.1. Aerosol Dynamics & Thermodynamics
Will be discussed in Aerosol IV
• Diffusion
• Condensation • Deliquescence
• Coagulation • Cloud nucleation
• Evaporation • Light scattering
III. Organic Aerosols
• Scavenging • Crystallization
• Elemental & organic carbon (EC/OC)
II.2. Formation & Transformation
• Chemical nature
• Nucleation
• Primary sources
• Gas to particle conversion
• Secondary organic aerosol formation
• Surface rxn (e.g., acid replacement)
• Photolysis and oxidation
• Bulk rxn
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Part I: Introduction and Fundamentals
Definition: An aerosol is a relatively stable suspensions of fine solid or liquid
particle in a gas. (Commonly refer to the particulate component only)
Aerosol = Particles = Particulate Matter (PM)
PMx: particles with diameters smaller than x µm (e.g., PM2.5, PM10)

Outline
• Effects
• Size distribution
• Chemical composition
• Morphology and Shape (briefly mention)
• Sources
• Temporal & spatial variations
• Vertical variation
Required reading: S&P chapters 2.7 & 7
Recommended reading: 1) F-P & P chapters 9.A.1, 9.A.2, & 9.C
2) NARSTO Assessment 2003, chapters 1 & 6

Effects of Atmospheric Aerosols
REACTIONS
(Secondary PM)

Indirect effect
on climate
Direct effect
on climate
Cloud
condensation
nuclei

Heterogeneous
reactions

Aerosols (PM)

Acid rain
Deposition

Visibility
reduction

Health
effect

EMISSIONS (Primary PM)
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Effects of Atmospheric Aerosols
• Visibility reduction:
– Form haze under high RH conditions that reduces visibility
– Economical concerns (tourism)
PM2.5=45 µg m-3

Pittsburgh

July 2, 2001

PM2.5=4 µg m-3
July 18, 2001

Pictures taken from a same location at same time of day, on two different days

• Climate effects:
– Absorb and scatter solar radiation and outgoing IR radiation
– Act as CCN (cloud condensation nuclei), affecting cloud formation and properties
– LARGEST sources of uncertainty in assessments of anthropogenic climate change
(IPCC, Intergovernmental Panel on Climate Change).
– Uncertain whether aerosol increase cause a net increase or decrease in average
global T.

Climate Effects of Aerosols

• For mineral dust and the
aerosol indirect effect, no
estimates of the forcing,
only uncertainty ranges.
• The dominant effect of
atmospheric particles is a
negative forcing (cooling).

Schwartz, S.E., Uncertainty requirements in radiative forcing of climate change,
Journal of the Air & Waste Management Association, 54 (11), 1351-1359, 2004.

• Uncertainty in aerosol
forcing must be reduced at
least 3-fold for uncertainty
in climate sensitivity to be
meaningfully reduced and
bounded!

Left portion of the figure: global, annual mean radiative forcings (W/m2) for the period from pre-industrial (1750) as given by
the IPCC. The height of each rectangular bar denotes a best estimate value while its absence denotes no best estimate is
possible. I-beams denote estimated uncertainties. Level of scientific understanding represents the subjective judgment of the
IPCC working group on radiative forcing of the reliability of the forcing estimate. Bars and I-beams at right denote estimates
of total aerosol forcing, total forcing, and associated uncertainties. First bar denotes total aerosol forcing evaluated as
algebraic sum of IPCC aerosol forcings, with mineral dust and aerosol indirect forcings taken as 0; for second bar, these
forcings are taken as the midpoints of the IPCC uncertainty ranges. Third and fourth bars denote total forcing evaluated in the
same way, again with mineral dust and aerosol indirect forcings taken as 0 and as the midpoints of the IPCC uncertainty
ranges, respectively. For each bar, two uncertainty estimates are provided. Upper and lower limits of the first (larger)
uncertainty range are calculated as algebraic sum of upper and lower limits, respectively, of the uncertainties of the several
forcings. Upper and lower limits of the second (smaller) uncertainty range are calculated as the square root of the sum of the
squares, respectively, of the of the upper and lower uncertainty ranges relative to the estimated forcings denoted by the bars.
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Effects of Atmospheric Aerosols
• Health effects:
– Epidemiological evidence: affect
cardiorespiratory system, cause
cancer, impair lung development of
children
– More deadly than car accidents (est.
kills ~ 60,000 people / year in US)

• Ecological hazards:
– Acid and nutrient deposition:
damage ecosystems and ecological
components, disturb nutrient balance

• Influence atmospheric chemistry:

2003 NARSTO Assessment

– Reaction media
– Heterogeneous & surface rxns (e.g., polar stratospheric clouds and the ozone)
– Transport media

Size Distributions of Atmospheric Aerosols
Why PM size matters?
•
•
•
•

Particle toxicity (deposition efficiency are size dependent)
Light scattering (0.1 – 1 µm most efficient for scattering solar radiation)
Surface rxns (w/ same PM mass, smaller particles higher total surface area)
PM life time (coagulational loss of small PM, faster sedimentation of bigger PM)

2003 NARSTO Assessment

Finlayson-Pitts & Pitts
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Aerosol Sizes (Diameters)
• Aerosol sizes are usually reported as diameters.
• Yet many atmospheric particles have irregular shapes Æ have to use equivalent / effective
diameter that depends on a physical property.

Commonly used effective diameters:
Aerodynamic diameter, Da: the diameter of a sphere of unit
density (1 g cm-3) that has the same terminal falling speed in
air as the particle under consideration. Measured by inertial
methods such as impactors and cyclones, depends on particle
shape, density & size
Electrical mobility diameter, Dm: the diameter of a charged
sphere with the same migration velocity of the charged particle
under consideration in a constant electric field at atmospheric
pressure. Obtained by electrostatic mobility analyzers (e.g.,
DMA) depends on particle shape and size.

Details on PM diameters and shapes see:
DeCarlo et al., Particle morphology and density
characterization by combined mobility and aerodynamic
diameter measurements. Part 1: Theory, Aerosol Science
& Technology, 38, 1185-1205, 2004.

Vacuum aerodynamic diameter, Dva: the diameter of a sphere,
in the free molecular regime, with unit density (1 g/cm3) and
the same terminal velocity as the particle under consideration.
Measured by e.g., Aerodyne AMS, under high vacuum,
depends on particle shape, density & size.
Optical diameter, Do: obtained by light scattering detectors,
depends on particle refractive index, shape, and size.

Aerosol Diameters
• Particle diameters are
operationally defined
• Different measurement
techniques may report
enormously different
numbers
• Be aware of the
measurement technique!
Mobility diameter (Dm)
Aerodynamic diameter (Da)
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Aerosol size distributions are
determined by source,
processes (chemical, physical),
& removing conditions.

Finlayson-Pitts &Pitts

Aerosol
Sources

2003 NARSTO Assessment
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Satellite image of aerosol index detected in the
presence of UV-absorbing tropospheric
aerosols over each region of the Earth during
July, August, and September of 1987 and
1988.
TOMS: Total Ozone Mapping Spectrometer
Aerosol Index (AI): A measure of how much the
wavelength dependence of backscattered UV
radiation from an atmosphere containing
aerosols (Mie scattering, Rayleigh scattering,
and absorption) differs from that of a pure
molecular atmosphere (pure Rayleigh
scattering). Under most conditions, the AI is
positive for absorbing aerosols and negative
for on-absorbing aerosols (pure scattering).
• The areas in South America and Africa south
of the equator indicate smoke produced by
biomass burning.
• A large amount of the smoke from Africa can
be seen to collect just off the coast in the
Atlantic.
• North of the equator, most of the aerosol is
due to dust blowing off of desert regions.
http://toms.gsfc.nasa.gov/aerosols/aerosols_v8.html
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Figure 7-6 (S&P) The aerosol number, surface, and volume
distributions expressed as a function of log Dp and plotted vs.
log Dp. The areas below the three curved correspond to the
total aerosol number, surface, and volume, respectively.

Exercise:
Estimate the number, surface,
and volume concentrations of
each mode.

7

Number Concentration (cm-3)

Why Describe PM Size Distribution Based on ln Dp & log Dp
Ambient PM size dist. can be described by:

1) ∆N (cm-3) ~ Dp (describe size dist. by size bins)

loss info. about the distribution structure inside each bin.
∆N depend on definition of size bin.

2) dN/dDp (µm-1 cm-3) ~ Dp

Inconvenient b/c PM sizes range over orders of magnitude.

3) dN/dDp (µm-1 cm-3) ~ logDp

Hard to interpret physically (area ≠ number conc.)

Figure 7.1 Histogram of aerosol number conc. v.s.
the diameter. Inset: 0–0.2 µm. Seinfeld & Pandis

4) dN/dlogDp (cm-3) ~ logDp

The area below the curve corresponds to the # conc.
log b
(cm-3)
N a −bµm =
nNo (log D p ) d log D p

∫

2
3

Can be described by
lognormal
distribution function

O

dN/dlogDp (cm3)

dN/dDp (µm-1 cm-3)

log a

nNo (log D p ) = dN / d log D p

Figure 7.5 Aerosol number continuous distribution vs.
the diameter.
Seinfeld & Pandis

Figure 7.6 The same aerosol number distribution as in Fig.7.5
expressed as a function of log Dp and plotted vs. log Dp.

Properties of Size Distributions

Seinfeld & Pandis
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Mathematical Description of Size Distributions
Normal distribution (bell shaped)
arithmetic
mean

standard
deviation
σ = D1 - D

• A normal distribution is fully
characterized by the D and the σ
• 68% of the particles have sizes in
the range of D ± σ

Finlayson-Pitts & Pitts

The size distributions of atmospheric
aerosols are best described by
lognormal distributions (i.e., the
logarithm of particle sizes is normally
distributed).

Finlayson-Pitts & Pitts

Lognormal Distribution
• Describe ambient aerosol sizes by a lognormal distribution function Æ use 2
parameters (σg, and D pg ) to describe the size dependency of key aerosol parameters
(e.g., number, surface area, volume, mass)

nNe (ln D p ) =

nN ( D p ) =

(ln D p − ln D pg ) 2
dN
N
) (S&P eqn. 7.42)
=
−
exp(
2 ln 2 σ g
d ln D p (2π )1/ 2 ln σ g

(ln D p − ln D pg ) 2
dN
N
)
=
−
exp(
dDp (2π )1/ 2 D p ln σ g
2 ln 2 σ g

(S&P eqn. 7.43)

N: Number of particles having logarithmic diameters between lnD and lnD + dlnD
σg: Geometric standard deviation. It is the ratio of the diameter below which 84.1%
of the particles lie to the median diameter.
D pg : the median diameter
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Lognormal Distribution

Finlayson-Pitts & Pitts

σg is the same for a given sample for all

types of distributions – #, mass, S, & V.

Surface mean diameter:
ln D pgS = ln D pg + 2 ln 2 σ g

Volume mean diameter:

2.6 4.2
Figure 7.8. Cumulative lognormal aerosol number
distributions. The distributions have mean diameter of 1 µm
and σg =2 & 1.5, respectively. Seinfeld & Pandis

Exercise:
Know σg = 2, D pg = 1µm, determine D pgS and D pgV

ln D pgV = ln D pg + 3 ln 2 σ g

D pgS = 2.6 µm

D pgV = 4.2 µm

Size Distribution of Ambient Aerosols: Modes
Fine PM (PM2.5)
Ultrafine PM

Coarse PM

Nucleation mode:
< 0.01 µm
Ultrafine mode:
< 0.1 µm
Accumulation
mode:
0.1 – 2.5 µm
Fine mode:
< 2.5 µm
Coarse mode:
> 2.5 µm

Particle diameters (µm)

2003 NARSTO Assessment
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Size Distribution of Ambient Aerosols
l
(ln Dp − ln D pg ,i )
Ni
dN
=∑
exp(−
)
d ln Dp i =1 (2π )1/ 2 ln σ g ,i
2 ln 2 σ g ,i
2

Finlayson Pitts - Pitts

l – number of modes
D pg ,i – the median diameter of mode i
σg,i – geometric standard deviation of mode i
Figure 7.13.
Aerosol number
distributions next
to a source
(freeway), for
average urban, for
urban influences
background, and
for background
conditions.
Seinfeld & Pandis

Figure 7.12. Typical urban aerosol #, S, & V
distributions. Seinfeld & Pandis

Typical PM Size Distributions in Various Atmospheres
Urban

Desert

Rural

Free Troposphere

Remote

Polar

Seinfeld & Pandis
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Atmospheric Aerosol Composition
Combustion Process Emissions
primary OC - EC
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2003 NARSTO Assessment
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HCl
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H2O

s

Gas-Phase
Photochemistry

NO3-,H+

Ca2+,Mg2+,
Fe3+, etc.

H2O

HNO3
NOx
Emissions

Chemical composition reflects the sources and processes of particles:
• Metals/crustal materials (e.g., Al, Fe, Ca, Si): soil erosion, dust
• Na, Cl-: Sea-salt
• Black carbon: Fusil fuel / biomass combustion
• Sulfate, nitrate, ammonium: secondary formation
• Organics: a complex mixture of many individual organic compounds
• H2O

Size Resolved Composition of Pittsburgh Fine PM
Only the nonrefractory
components

Zhang et al., Time and sizeresolved chemical
composition of submicron
particles in Pittsburgh Implications for aerosol
sources and processes, J.
Geophys. Res., 110
(D07S09), 2005.

Size dependent composition of ambient aerosols
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Atmospheric Aerosol Composition

Size dependent composition of ambient aerosols
Seinfeld & Pandis

Size
distributions
of ambient
fine PM in
Pittsburgh

T otal = 15.16 µ g m

T otal = 4.50 µ g m

-3

-3

T otal = 10.89 µg m-3

T otal = 23.33 µg m

-3

Zhang et al., Time and sizeresolved chemical
composition of submicron
particles in Pittsburgh Implications for aerosol
sources and processes, J.
Geophys. Res., 110
(D07S09), 2005.
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Evolution of the size
distributions of
ambient aerosols in
Pittsburgh during a
nucleation day

Zhang et al., Insights into the
chemistry of new particle
formation and growth events in
Pittsburgh based on Aerosol Mass
Spectrometry, Environmental
Science & Technology, 38 (18),
4797-4809, 2004.

2003 NARSTO Assessment
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PM2.5 Concentration & Composition in US

2003 NARSTO Assessment

Atmospheric PM vary greatly in concentration & composition

2003 NARSTO Assessment
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Seasonal Variations of PM10 Mass Concentration

90th
50th
20th

2003 NARSTO Assessment

Seasonal Variations
of PM2.5 Mass
Concentration

2003 NARSTO Assessment
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Vertical Variation

Seinfeld & Pandis

Part II: Aerosol Processes and Dynamics
II.1. Aerosol Dynamics
• Diffusion
• Condensation
• Coagulation
• Evaporation
• Scavenging

To understand physical
and chemical processes
that are important for
aerosol production,
growth, and removal.

II.2. Formation & Transformation
• Nucleation
• Gas to particle conversion
• Surface rxn (e.g., acid replacement)
• Bulk rxn
Required reading: F-P & P chapters 9.B. & S&P chapter 11.1.
Recommended reading: S&P chapters 8, 10, 12
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Gas – Particle Interactions
Regimes of gas-particle interactions:
• Knudsen number (Kn) defines the nature of the suspending particle relative to
the particle:
Kn = 2λ/Dp
λ – Mean free path: the average distance traveled by a molecule btw collisions
with other molecules. λair ≈ 65 nm
Dp – Particle diameter
1. The continuum regime: λ << D
p

(ambient, Dp > 0.2 µm). The gas behave as
to the particle as a continuous fluid.

2. The free molecular (kinetic regime): λ
>> Dp (ambient, Dp < 0.01 µm). The particle
is small enough that looks like another gas
molecule.

From Seinfeld and Pandis

3. The transition regime: λ ≈ Dp (ambient,
0.01 < Dp < 0.2 µm).

Mass transfer processes (i.e.,
condensation & coagulation) are
function of Kn.
≈ 1)

Gas to Particle Conversion
Mass transfer of gas molecules to particles (i.e., condensation):
• Jc: the total flow of A(g) (moles time-1) toward the particle in continuum regime

J c = 4π R p D g ( c ∞ − c s )
Rp: Particle radius
Dg: Diffusivity of gas A
c∞ : Conc. of A far from the particle
cs: Vapor phase conc. of A at the particle surface
• Jk: the total flow of A(g) (moles time-1) toward the particle in free molecular
(kinetic regime)
1/ 2

⎛ 8kT ⎞
⎟⎟
J k = πR p2 c Aα (c∞ − cs ); c A = ⎜⎜
⎝ πmA ⎠

c A : Mean speed of the molecules
α: Molecular accommodation coefficient, i.e., probability of A to stick on particle.
0≤α≤1
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Gas to Particle Conversions (Mass Transfer)
Mass transfer of gas molecules to particles (i.e., condensation):
• J: the total flow of A(g) (moles time-1) toward the particle in transition regime
• Jc & Jk eqns are not valid when λ ≈ DP (or Kn ≈ 1)
• No general solution exists from solving distribution of gas molecules
Î Use flux matching to determine J

This curve
does not
match the
experiment
al data

From Seinfeld and Pandis

How Does Condensation Affect Size Distribution?
• Condensation/Evaporation Æ Dp change & size dist. change shape.
• Under condensation, smaller particles grow much faster than larger ones Æ The
size distribution becomes much narrower

From Seinfeld and Pandis
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Gas to Particle Conversion (Particle Nucleation)
Particle
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Condensable
gaseous species
e.g., H2SO4

initial nuclei
(< 3 nm)

• Condensation and nucleation are
competing processes.
• Nucleation dominate when PM
condensational sink is low.

Fine particles
(e.g., ~50 nm)

Possible nucleation mechanism
a) Binary nucleation (H2SO4 + H2O)
b) Ternary nucleation (H2SO4 + NH3 + H2O)
c) Organic compounds nucleation
d) Ion-induced nucleation

How Does Nucleation Affect Size Distribution?
Start of nuc.
Particle growth

6×104

Pittsburgh, Aug 10, 2001
(A normal—no nucleation day)

5

500

4

100

3

10
00:00

06:00

12:00

Time of Day

18:00

24:00

2

Log 10( Response )
Response in dN/dlogD p cm -3

Particle Size (nm)

#/cm-3

b/f nuc.

Nucleation + growth events:
• Frequent, ubiquitous
• Dramatically increase
the number conc.,
change the size
distribution and
chemical composition of
ambient particles.

Particle number distribution
data from Charlie Stanier,
CMU (now at Univ. of Iowa)
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Evolution of Number, Volume, & Mass distributions
(Pittsburgh, Sept 12, 2002)
~ 70 nm

AMS data

SMPS data

Start of nucleation
(8:10am)

Zhang et al., Insights into the chemistry of new particle formation and growth events in Pittsburgh based
on Aerosol Mass Spectrometry, Environmental Science & Technology, 38 (18), 4797-4809, 2004.

Evolution of Size-Resolved PM Comp. (Sept. 12, 2002)
I

II

III

IV

I:
Initial
II & III: Growth
IV:
Final

AMS data

Pittsburgh

Zhang et al., Insights
into the chemistry of new
particle formation and
growth events in
Pittsburgh based on
Aerosol Mass
Spectrometry,
Environmental Science
& Technology, 38 (18),
4797-4809, 2004.
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Evolution of Size-Resolved PM Comp. (Sept. 12, 2002)
Pittsburgh

IIIIV

dM / dlogDva (µg m-3)

II

I:

Size dist of SO42- & NH4+ similar
Org & NO3- different

II: SO42- first to ; Org & NO3III: Growth of the ultrafine mode.
IV: All developed into the same size
dist. Î Extensive condensation

Dva (nm)

Zhang et al., Insights into the
chemistry of new particle
formation and growth events in
Pittsburgh based on Aerosol Mass
Spectrometry, Environmental
Science & Technology, 38 (18),
4797-4809, 2004.

Particle ~ Particle Interaction (Coagulation)
Coagulation: formation of a single particle via collision and
sticking of two smaller particles (e.g., Brownian coagulation)
• Need to consider in the context of different regimes.
• Coagulation rate depends on:
¾ Diameter of the large particle
¾ Diffusion rates of the smaller particle
¾ Concentration of the particles
• Smallest coagulation rates b/w particles of same size (i.e., self-coagulation slowest).

From Seinfeld and Pandis
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Particle ~ Particle Interaction (Coagulation)

Bigger size ratio (Dp1/Dp2),
higher coagulation rates
From Seinfeld and Pandis

How Does Coagulation Affect Size Distribution?
• Small particles faster Brownian
motion Æ more collision Æ faster
coagulational loss.
• Coagulation dramatically affects the
# conc. of particles w/ Dp < 0.05 µm

From Seinfeld and Pandis
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Condensation vs. Coagulation Rates

From Finlayson-Pitts and Pitts

• At ambient condition, condensation much faster than coagulation

Secondary Aerosol
Primary Aerosol

4. PM-phase rxn

PM
2. Nucleation

Gases

icle
art g
s-P nin )
Ga tio ion
1. Parti ensat
nd
(co

3. Aq-phase rxn

PM

Gas-phase
oxidation

Gaseous EMISSIONS

Low vapor
pressure gases

• Combustion (Fossil
fuel & biomass)
• Sea Spray
• Wind blown dust
• Plant derbies
• Soil erosion
• Volcano eruption

Particle EMISSIONS
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Secondary Aerosol Formation (i.e., Gas Æ PM Conversion)
Emissions
(Gas/Particles)
City/Urban
(Vehicle exhaust
Food cooking …)

Primary
PM

VOC
hυ, O3 , •OH

Nature
(Vegetation
Forest fire …)

Agriculture
(Animals
ag. activity …)

Secondary Organic
Aerosol (SOA)
Conds./ coag.

PM
&
Surface
s
n
bulk rx
Conds./coag.

NOx

O3 , •OH

NH3
SO2

O3, H2O2, •OH

NH4NO3
(NH4)2SO4
NH4HSO4
H2SO4
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VOC: volatile organic compounds

wth
le gro
Partic ensation
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g
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Industry
(Power Plants
Refinery …)

Con
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New
PM

Chemical Reactions of Particles
• Chemistry
– Solid aerosol provide surfaces upon which trace
gases can be absorbed and then react
e.g., NaCl(s) + HNO3(g) Æ HCl(g) + NaNO3(s) (acid
replacement on sea salt aerosols)
– Liquid aerosols absorb gases which may then react
together in solution
e.g. SO2(g) Æ H2SO4(l)

From Finlayson-Pitts and Pitts

25

How Do Chemical Reactions Affect Size Distribution?
Due to cloud processing of small mode PM
1. Agglomeration of smaller PM
2. Gas Æ PM (e.g., SO2 oxidation)

From Finlayson-Pitts and Pitts
From Finlayson-Pitts & Pitts

Aqueous reactions (in fog/cloud droplets) responsible for the
bimodal distribution of the accumulation mode.

• Dry deposition:

Removal of Particles

– Gravitational settling: particle falling under gravity (settling velocity is directly
proportional to particle mass). Only effective for larger particles.
– Turbulent deposition: the most effective dry vertical transport mechanism in the
boundary layer.

• Wet deposition
– Rainout: aerosol Æ cloud condensation nucleus (CCN) Æ rain drops Æ deposit
– Washout: the removal of aerosol by cloud droplets. An aerosol is incorporated into
an already existing cloud drop, and that drop grows large enough to fall as rain, the
particle is said to have been washed out.
• The difference between washout and rainout is the required pre-existence of a collecting
drop for washout.

– Sweepout: Aerosol remaining below the cloudbase of a raining cloud can impact
into falling raindrops. If the impact leads to incorporation of the aerosol into the
drop, the aerosol is deposited with the raindrop, the condensation nucleus, and any
other washed or swept out particles.
• Although the final fate of rained, washed and swept out particles is the same, the three
processes are distinct because the efficiency of each, and the size and amount of aerosol
swept out by each process is calculated differently in modeling.

– Occult Deposition: (deposition by way of fog and cloud droplets) Impaction
efficiency is the likelihood that a particle will strike a surface feature encountered
in a flow, rather than be deflected around the object. It is a strong function of size,
with larger aerosol being more likely to impact on a surface feature than smaller
particles.
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Part III: Organic Aerosols
•
•
•
•
•

Elemental carbon (EC) & organic carbon (OC)
Chemical nature of organic aerosol compounds
Primary sources
Secondary organic aerosol formation
Photolysis and oxidation

Required reading: Seinfeld, J.H., and J.F. Pankow, Organic
atmospheric particulate material, Annual Review of Physical
Chemistry, 54, 121-140, 2003.
Recommended reading:
1) S&P chapter 13
2) F-P & P chapters 9.C.2, 9.D

Elemental & Organic Carbon (EC/OC)
EC: elemental carbon, i.e., black carbon (BC)
OC: organic carbon
Soot: by-product of the combustion, contain
both EC and OC. Present as chain
agglomerate of small roughly spherical
elementary carbonaceous particles.
ρ ≈ 2 g /cm3
Atmospheric organic compound classes:
Aliphatics (e.g., alkanes, alkenes)
Aromatics
Aliphatic and aromatic acids
Aliphatic and aromatic carbonyls (i.e.,
aldehydes & ketones)
Aromatic polycarboxylic acids
Polycyclic aromatic hydrocarbons (PAH)
Peroxides
Nitrogen containing organic compounds (e.g.,
amines, amides, nitro compounds, nitrates,
heterocyclics) …
Thousands of compounds, extremely complex

Finlayson-Pitts & Pitts
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Primary and Secondary Organic Aerosols
Primary Organic
Aerosol (POA)

-C(O)OH, -HC=O, -C=O,
-CHONO2, -CHOH, -CHOOH,

Anthropogenic

• Gasoline
• Diesel
• Wood smoke
• Meat Cooking …

Biogenic
• Plant debris
• Pollen
• Bacteria …

Secondary Organic
Aerosol (SOA)

Particulate products
of anthropogenic &
biogenic VOCs
(volatile organic
compounds)

2003 NARSTO Assessment

Secondary Organic Aerosol Formation
Volatility is the key!
Mechanisms:
rxn higher polarity, lower volatility products G-P
VOC
conversion SOA material
• Typically VOC ≥ C6-7 are effective SOA precursors
• aromatic hydrocarbons (e.g. toluene, ethylbenzene, xylenes)
• terpenic biogenic hydrocarbons (e.g. α-pinene, β-pinene)
• Oxidation mechanisms for large VOCs are very complex
1 mmHg = 1 torr = 133 Pa = (1/760) atm

Vapor pressure depends on:
1) the number of carbon
atoms in the molecule.
2) the number and type of
polar functional
groups.
3) Adding O and/or N
atoms reduce volatility.

Jacobson, M.C., H.C. Hansson, K.J. Noone, and R.J. Charlson, Organic
atmospheric aerosols: Review and state of the science, Reviews of Geophysics, 38 (2), 267-294, 2000.
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From Ziemann, P. Tutorial on Secondary Organic Aerosol Formation.
American Association for Aerosol Research Annual Conference, Anaheim, CA 2003

Secondary Organic Aerosol Formation
Once a multicomponent system contains enough condensable material to form aerosol,
equilibrium G/P partitioning is governed by the equation for absorptive gas/liquid partitioning in
a potentially nonideal system:
o
1) pi = X iζ i pL ,i

2) K p ,i =

(ng / µg ) ParticlePhase Fi / TSP
760RTf om
=
= 6
3
(ng / m )GasPhase
Ai
10 MWomζ i pLo ,i

pi (torr):
Xi :
ζi:
poL,i (torr):

the gas-phase partial pressure of species i
the mole fraction of i in the particle phase
the activity coefficient of species i in the particle phase typically lie in the range 0.3~ 3.
the compound’s vapor pressure as a pure liquid (subcooled if necessary) at the temperature
of interest.
Ai (ng m-3):
gas phase conc.
Fi (ng m-3):
OM phase conc.
TSP (µg m-3): total suspended PM conc.
R:
the ideal gas constant
(8.2E-5 m3 atm mol-1 K-1)
T (K):
temperature
fom:
the weight fraction of the
TSP that comprises the
absorbing OM phase
MWom (g mol-1): the number-average
molecular weight of the
absorbing OM phase.
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Organic Aerosol Analysis
• Organic aerosols are composed
of thousands of compounds.
• Chemical analysis is a
significant challenge.
• Compound specific study can
only explain a small fraction of
total organic mass. Large
fraction unidentified.
• A number of analytical
methods are available, they are
complementary.

Figure 3.10. Speciation results for organic aerosol in Southern California
(Rogge et al., 1993). Even if a hundred or so individual organic
compounds were identified and quantified they represented only 15
percent or so of the total organic mass.
2003 NARSTO Assessment
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Organic Aerosol Analysis
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AMS=Aerosol Mass
Spectrometer
CI=Chemical Ionization
EA= Electron Attachment
EC/OC=Elemental/Organic
Carbon
FTIR=Fourier Transform
Infrared Spectroscopy
GC/MS=Gas
Chromatography/Mass
Spectrometry
2D-GCMS=TwoDimensional Gas
Chromatography/Mass
Spectrometry
HR-ToFAMS=HighResolution Time-of-Flight
Mass Spectrometer
NMR=Nuclear Magnetic
Resonance
PBTDMS=Particle Beam
Thermal Desorption Mass
Spectrometer
PILS-OC= Particle-IntoLiquid-Sampler for Organic
Carbon
VUV= Vacuum Ultraviolet

Produced by J. Jimenez

• Estimated mass concentrations of OA:
− Typical ~ 2.0 and 3.0 µg/m3
− Highest in the eastern US.
(emissions of biogenic VOC are 2–10 times
greater in the Southeast than much of the
Northeast)

• Org% of total PM2.5 mass:
− Highest in the Northwest, typically >
40%.
− ~ 30% in the Southeast.
− Only a few sites < 20%

Data from 143 EPA IMPROVE
(Interagency Monitoring of Protected Visual
Environments) network sites in 2004.
Organic mass concentration = OC × 1.4
Malm, W.C., B.A. Schichtel, M.L. Pitchford, L.L.
Ashbaugh, and R.A. Eldred, Spatial and monthly trends in
speciated fine particle concentration in the United States,
Journal of Geophysical Research-Atmospheres, 109,
D03306, doi:10.1029/2003JD003739, 2004.

31

