
Lecture 22. Carbonaceous Aerosols



Elemental carbon (EC): also called black carbon or graphitic carbon, 
has a chemical structure similar to impure graphite and is emitted 
directly into the atmosphere predominantly during combustion

Organic carbon (OC): is either emitted directly by sources (primary 
OC) or can be formed in situ by condensation of low-volatility 
products of the photooxidation of hydrocarbons (secondary OC). Note 
that OC refers to only a fraction of the mass of the organic material 
(the rest is hydrogen, oxygen, nitrogen, etc.), but because the carbon 
fraction is measured directly the designation is used routinely.

Carbonaceous particles: are a byproduct of the combustion of liquid 
or gaseous fuels. Particles formed this way consist of both EC and OC 
and are known as soot. Soot particles are agglomerates of small 
roughly spherical elementary carbonaceous particles.
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Soot
•A combustion product composed 
mainly of carbon

TEM image of soot 

•Soot is produced  from incomplete 
combustion of fuel 
•Diesel engine generates most soot
•Soot is nucleated from polycyclic 
aromatic hydrocarbon (PAH) 
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Importance of  Soot Study

• Soot formation reduces combustion efficiency

Soot (PM) inhalation kills 
60,000 people a year in US. 

• black carbon is the 2nd most important
     heating agent after CO2 , (Jacobson 2001 ,NATURE)

Wilson, and Spengler, 1999

• Hence, it is important to study soot 



Source of  Soot Emission

US EPA, 2012 

Although main soot source are biomass and forest-fire in the world, 
diesel soot is the main source IN USA (52 %).























(Seinfeld and Pandis, 1998 edition)







100% transmission (60-600 nm), aerodynamic sizing, linear mass signal, time resolution = minutes

Particle Inlet (1 atm)

Quadrupole
Mass Spectrometer

Thermal 
Vaporization 

&
70 ev EI 

Ionization
Aerodynamic 

Lens
(2 Torr)

Chopper

Turbo 
Pump

Turbo 
Pump

Turbo 
Pump

TOF 
Region

Particle Beam 
Generation

Aerodynamic Sizing Particle  
Composition 

Aerodyne Aerosol Mass Spectrometer (AMS)

Jayne et al., AS&T, 33:1-2(49-70), 2000.
Jimenez et al., JGR, 108(D7), 8425, 2003



Organic Aerosol Components Worldwide

Jimenez, Canagaratna, Donahue, et al., Science 326, 1525 (2009)

Organic aerosol (OA) makes up ~20-90% of 
submicron particulate mass (Zhang et al., 2007).

SOA accounts for a large fraction (~ 72 ±21%) of 
these OA mass (Jimenez et al., 2009). 
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Particle formation = Nucleation + Growth

While the involvement of H2SO4 in atmospheric particle 
formation is well established, many field measurements indicate 
that the growth rates of nucleated particles are commonly a 
factor of ~ 2-20 higher than can be explained by the H2SO4 
condensation alone (Kulmala et al., 2004; Kuang et al., 2010). 

Secondary Organic Aerosol (SOA)











The chemical and physical processes associated with SOA formation are 
very complex (Kroll and Seinfeld, 2008; Hallquist et al., 2009) . 

Present model predictions of atmospheric SOA formation are largely 
built upon the theoretical foundations on organic gas/particle partitioning 
developed by Pankow in the 1990s (Pankow, 1994) and extended by 
Odum et al. to SOA formation (Odum et al., 1996)

SOA formation 

VOCi + OXj  αi,j,1 SOGi,j,1 + αi,j,2 SOGi,j,2    + … + αi,j,m SOGi,j,m  SOAs 

where αi,j,k is the mass-based Stoichiometric yield

Because of the large number of products formed in a given HC oxidation reaction and 
the difficulty in measuring individual semi-volatile compounds, two surrogate products 
(i.e., m= 2) have been widely used to express the volatility distribution of the oxidation 
products (Odum et al., 1996) and are considered as the standard means of representing 
laboratory SOA yield data in many experimental studies (Seinfeld and Pankow, 2003). 





The 2-product model of SOA formation has been employed in a number 
of regional and global models such as CMAQ (Schell et al., 2001), CMAQ-
MADRID (Zhang et al., 2004), GEOS-Chem (Chung and Seinfeld, 2002; Liao et 
al., 2007); GISS GCM II-prime (Chung and Seinfeld, 2002), and TM-3 with 
CBM-4 (Tsigaridis and Kanakidou, 2003).

One limitation of the 2-product SOA formation model is the lack of  
consideration of the SOG aging process which has been observed in the 
atmosphere and in the laboratory (Donahue et al., 2006; Rudich et al., 2007; 
Kroll and Seinfeld, 2008; Hallquist et al., 2009; Jimenez et al., 2009). 

Kroll and Seinfeld (2008) pointed out that, in order to gain a quantitative and 
predictive understanding of SOA formation, the volatility changes arising 
from the aging process must be parameterized and included in models.

Another limitation of the 2-product model is the lack of information 
about the condensable portion of oxidation products which is important 
for the growth of freshly nucleated particles



In GEOS-Chem, reactive biogenic volatile organic compounds (VOCs) 
are grouped into six categories (Liao et al., 2007):

   VOC1= α-pinene + β-pinene + sabinene + careen + terpenoid ketones;
   VOC2 = limonene; 
   VOC3 = α -terpinene + γ-terpinene + terpinolene; 
   VOC4 = myrcene + terpenoid alcohols + ocimene; 
   VOC5 = sesquiterpenes; 
   VOC6 = isoprene. 

The oxidation reactions of VOCi with O3+OH (OX1) and NO3 (OX2) produce 16 groups 
of SOGs which then lead to the formation of 16 groups of SOAs through equilibrium 
partitioning (Chung and Seinfeld, 2002; Liao et al., 2007),

VOCi + OX1  αi,1,1 SOGi,1,1 + αi,1,2 SOGi,1,2     SOAs  
VOCi + OX2  αi,2,3 SOGi,2,3                             SOAs 



VOCi

O3+OH oxidation (OX1) NO3 oxidation (OX2)
Product type 1 

(SV-SOG)
Product type 2 

(MV-SOG)
Product type 3

(MV-SOG)
αi,1,1 Ci,1,1* αi,1,2 Ci,1,2* αi,2,3 Ci,2,3*

i = 1 0.067 0.45 0.354 25.05 1 6.00
i = 2 0.239 1.64 0.363 19.92 1 6.00
i = 3 0.069 0.64 0.201 31.02 1 6.00
i = 4 0.067 0.37 0.135 12.50 1 6.00
i = 5 1 1.99 1 6.00
i = 6 0.029 0.31 0.232 63.68

Table 1. Mass-based Stoichiometric yield for semi-volatile products from 
the oxidation of various VOCi and C* (in μg/m3) of these products at 
T=290 K. αi,j,k and  Ki,j,k values based on Griffin et al. (1999a, 1999b) and 
Kroll et al. (2006).
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