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Aerosol and Aqueous Chemistry 

•  Equilibrium Partitioning 
•  Oxidation and Oxidants 
•  Other Reactions 

–  Surface-driven Reactions 

The Great Smog

•  Fogs in London were a common occurrence, but the events that began on the 5th of December 
1952 led to the deaths of over 4 000 people (some reports suggest as many as 12 000 might have 
died as a direct result of the smog) and set in motion fifty years of scientific research into the 
effects of air pollution on human health and on the environment.

•  Clear skies on the 5th of December led to the temperature falling close to zero. As the ground 
cooled, moist air that came into contact with it condensed into a fog bank, which the light winds 
pushed up into a layer of fog over 100 metres deep. During the night of the 5th, the fog thickened 
and persisted until the 9th, thickening nightly and constantly accumulating noxious fumes, 
poisonous gases, smoke and soot particles. The fog formed around soot particles in the air upon 
which water vapour condensed. Sulphur dioxide (SO2) gases dissolved in the water droplets turning 
them into concentrated sulphuric acid. The smog is thought to have been around pH 1.4 - 1.9, 
which is more acidic than lemon juice and almost as acidic car battery acid.

•  By the 6th of December the news papers were reporting that air travel was being delayed because 
of the smog, and on the 7th, the worst day, ships on the Thames came to a standstill. AA 
mechanics were having difficulty finding people whose cars had broken down, fire engines were led 
slowly through the streets and theatres and cinemas were closed because people could not see the 
show. Visibility was down to less than 5 metres in places.

•  By the 9th of December the smog extended 30km in all directions, and when the high pressure 
system began to subside, the entire mass of acidic smog did not disperse, but rather moved slowly 
eastwards and out over the Dogger Bank.

•  The Times newspaper recorded the single loss of life during the event as that of an Aberdeen 
Angus bull at a local show. It took a further nine days before the effects of the smog became 
known following collation of the death certificates of those who had died in the previous week. 
Two-and-a-half times as many people died in the week of the Great Smog as died the same week 
the year previously. The death rate peaked at 900 deaths per day on the 8th and 9th of December. 
2062 people died in the week ending 6th December, the following week 4703 died.

•  Legislation was introduced following the events of the Great Smog of 1952. The City of London 
(Various Powers) Act of 1954 and the Clean Air Acts of 1956 and 1968 banned the emissions of 
black smoke and banned the use of smokeless fuels in urban areas. These changes took time to 
implement, however, and fogs continued into the 1960s.

http://ecrc.geog.ucl.ac.uk/clam2/public/acidrain
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Raoult’s Law vs. Henry’s Law 
•  Vapor-liquid equilibrium 
•  For concentrated solvent phase 

(almost pure) 
–  Can linearize near pure concentration 
–  Ideal solution behavior for solute 

•  For dilute gas-phase conditions 
–  Can apply ideal gas law 
–  Low pressure 
–  High temperature (relative to 0K) 

•  Used for drop activation (Köhler 
curves) 

•  Depends on vapor pressure 

•  Vapor-liquid equilibrium 
•  For dilute aqueous conditions 

–  Can linearize near origin 
–  Ideal solution 
–  Usually accurate for mole fractions 

<0.1 
•  Used for aqueous systems in the 

environment  
–  Lakes 
–  Cloud droplets (after activation) 

•  Depends on solubility 

Pi = yiP = xiPi
sat Pi = HCi  or Ci = kHPi

Raoult’s Law 
•  Solutes increase water uptake by particles  

–  The more solute (larger particle) the more water (larger droplet) 
–  Salts dissociate  
–  Ions interact with water (Raoult’s law) 
–  Dissolution produces energy 
–  Polars interact with water (think salt & vinegar) 
–  Nonpolars repel water (think turtle wax) 

Pi - partial pressure of component in solution 
xi- mole fraction of component in solution 
Pi

sat - partial pressure of pure component (at saturation) 

Equivalent to Eq. 7.2  Pi = yiP = xiPi
sat
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•  Equilibrium 

partial pressures  
–  nonideal 

mixture of A 
and B 

–  Ideal mixture of 
A and B 

Seinfeld and Pandis, 1998 

•  If a gas and aqueous phase are in equilibrium, they can be 
related by the following equation: 

•  We can then define a Henry’s Law coefficient such that 

•  Note that Henry’s Law coefficients have also been defined  by 
the alternative equation 

•  so that in using coefficients from references you will need to 
confirm the definition  used. 

  A(g ) ↔ A(aq )

  A(aq)[ ]= HApA

  pA = HA
' A(aq )[ ]

Henry’s Law 

Henry’s Law 
In droplets 
because of 
solubility  
kH 

In droplets 
because of 
reaction 
keff 

Pi = HCi  or Ci = kHPi

Hoffmann and 
Calvert (1985) 

 Hoffmann and 
Calvert (1985) 
Hoffmann and 
Calvert (1985) 
Martin and Hill 
(1987) 

Oxidant 

 
Rate Expression  Reference 

 

Lee and Schwartz 
(1983) 

 

Summary of Rate Expressions for 
Aqueous Oxidation Pathways 

−
d S IV( )[ ]

dt

O3 k0 SO2 •H2O[ ]+ k1 HSO3−[ ]+ k2 SO32−[ ]( )O3(aq)[ ]

H2O2
k4 H

+[ ]HSO3−[ ]H2O2(aq)[ ]( )
1 + K H +[ ]( )

Fe III( ) k5 Fe III( )[ ] SO32 −[ ]

Mn II( ) k6 Mn II( )[ ]S IV( )[ ]

NO2 k7 NO2(aq)[ ]S IV( )[ ]

8.1 

 
•  Aqueous phase 

oxidation of species 

Seinfeld and Pandis, 1998 

DMS, SO2; 
H2SO4; 

and 
NN and CCN 

cloud SO2 
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•  Note that Henry’s Law is independent of the amount of 
liquid present; however, it does depend on temperature, as 
given by the van’t Hoff equation 

 
 
 
 
 
•  If we integrate with respect to temperature, we get the 

following relationship 

  
d lnHA

dT
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http://lis.sarnia.com/images/air%20mono%20three%20acid%20rain%20graphic.jpg 

http://edugreen.teri.res.in/explore/
air/acid.htm 
http://www.hd.org/Damon/photos/
natural-science/_more1999/
_more05/acid-rain-stone-erosion-
of-statue-1-AJHD.jpg 
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Hoppel Minimum 
 
•  Particle evolution in 

remote marine 
conditions 

•  cloud processing – 
growth of particles 
due to coalescence 
and solute 
condensation in 
cloud 

7.1 

Seinfeld and Pandis, Fig. 15.23 (Hoppel et al., 1990) 
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Chemical Size Distribution 

•  Typical 
aerosol 
chemical 
size 
distribution 

Fine (Submicron) Coarse (Supermicron) 

“PM2.5” (<2.5mi
cron) 

Nitric Acid/Water Equilibrium 

•  Vapor/liquid equilibrium 
•  Aqueous reactions 
•  Effective Henry's Law constant 
•  Dominant aqueous form (NO3

-) in all clouds 

Ammonium in Rain 
•  Ammonium (NH4

+) is the other important N-species in rain.  It forms 
predominantly via the reaction between water and ammonia:  H2O + NH3 
= NH4

++ OH- 

•  The hydroxyl ion , OH -, formed in this reaction raises the pH of rain.  The 
residence time for NH3 gas is about 6 days.  Once it is dissolved in rain 
and converted to ammonium, it takes about 5 days to remove the 
ammonium.   

•  A second reaction is one between NH3 and H2SO4 which leads to the 
formation of a (NH4)2SO4 aerosol.  This aerosol can be transported over 
long distances (5000 km) before it is removed by rainout or settling.  

•  Ammonia analyses are difficult. Contamination is a problem.   
 

• Vapor/liquid equilibrium; dominant aqueous form (NH4
+) at pH>8 

• Dependence of aqueous ammonium on pH 
• Aqueous ammonia fraction as a function of cloud water 

Ammonia Reactions in Water 

•  Ionic dissociation  
– H2O + NH3 = NH4

++ OH- 

•  pH dependent association with (bi)sulfate 
– Formation of ammonium sulfate 

•  (NH4)2SO4 
– Formation of ammonium bisulfate 

•  (NH4)HSO4 

Agricultural practices 
result in 2/3 of total 
global ammonia 
emissions 
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•  Dependence 

of 
ammonium 
partitioning 
on pH 

Seinfeld and Pandis, 1998 

 
•  Acidic (low 

pH) 
conditions 
have more 
aqueous-
phase NH3 

Seinfeld and Pandis, 1998 
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