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1. Water aerosol formation
Cloud Condensation Nuclei (CCN)
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Ground level clouds: Fog 
 enriched conc of dissolved ions 

Water aerosol droplets evaporate

Closer to land based sources (e.g., NOx, SOx)

Oxidation rxns enhanced by presence of 
O3

R-O-O (VOCs and BVOCs)



2. Chemistry of gases in water 

Dissolution governed by Equilibrium: Henry’s Law

Conc (aq) proportional to Partial pressure of gas

X(g) ===  X(aq) KH = [X(aq)]/PX(g) [X(aq)] = KH PX(g)



Henry’s Law Constants

M atm-1 or M Pa-1

(watch out for the units!)



3. Composition of Rain



Acidic Rainfall

• Lowest recorded pH ~ 2.1

• pH < 3-4 not uncommon 

• Past two decades [SO4
2-] decreasing, but [NO3

-] increasing





Chemistry of gases in water (continued) 

Dissolution governed by Equilibrium: Henry’s Law

Conc (aq) proportional to Partial pressure of gas

X(g) ===  X(aq) KH = [X(aq)]/PX(g) [X(aq)] = KH PX(g)

For acidic gases;

X(aq) +    H2O    ====    H+
(aq) +    cb Ka = ([H+][cb])/[X(aq)]

1 ( )[ ]   a H X gH K K P 



Influence of covalent oxides on pH of rain

Consider;

1.   CO2 at pre-industrial concentrations of 280 ppmv

2.  CO2 at current 400 ppmv

3.  SO2 at 10 ppbv

Henry’s Law & Ka Constants at 25 oC
(van Loon)

KH (CO2) = 3.3 x 10-7 M Pa-1

Ka1 (CO2) = 4.5 x 10-7

KH (SO2) = 1.2 x 10-5 M Pa-1

Ka1 (SO2) = 1.7 x 10-2



Seasonal pH variations in temperate climate



Why does acid rain matter?

Affects both

Natural 
&

Built 

environments



Human health

Aquatic Life

Terrestrial Life

Water Chemistry – increased metal/nutrient concentrations

Soil Chemistry – decreased metal/nutrient concentrations

Acid Rain Affects
SO2 – respiratory, heart and lung disease

Contributes PM



Elevated Aluminium Concentrations







Global distributions of Acid deposition and Acid Sensitivity



4.  Mechanisms of HNO3 and H2SO4
production



Atmospheric production and removal of 
nitric acid

Wet deposition in form of HNO3(aq)

If NH3(g) is present, 
NH4NO3(aq)

In dry conditions, NH4NO3(s)
CCN and/or dry deposition

NO   +   O3  NO2 +   O2

(daytime)
NO2 +   OH    +   M    HNO3
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Nitrogen oxides in the atmosphere

NO = nitric oxide
(colorless gas)

NO↔NO2 interconversion is:
• a chemical null cycle.
• rapid  NO and NO2 are in steady state.

daytime

Sources:

Natural:
• lightning
• bacteria in soil
• biomass burning

Anthropogenic (man-made):
• combustion engines 

NO2 = nitrogen dioxide (brown gas)

NOx ≡ NO + NO2
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Why does NOx matter?

VOC = volatile organic compound
OH = hydroxyl radical = atmospheric oxidant
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Summary:
• Oxidation of VOCs in the presence of NOx and sunlight produces O3.
• Photochemical O3 production is catalytic in, and controlled by, NOx.
• High [O3] = increased mortality rates.
 atmospheric abundance (sources and sinks) of NOx is of interest.

organic peroxy radical

NOx ≡ NO + NO2



NOx loss: nighttimeNOx loss: daytime
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deposition

production of HNO3 = NOx sinkSources:

Natural:
• lightning
• bacteria in soil
• biomass burning

Anthropogenic (man-made):
• combustion engines 
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NOx loss: nighttime

O
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NO3 = nitrate radical
= important oxidant of VOCs

N2O5 = dinitrogen pentoxide
(in thermal equilibrium with NO3)

= anhydride of nitric acid

deposition

N2O5

NO3

production of HNO3 = NOx sink

Daytime:

NO3 + NO  2 NO2

NO3 + hn NO2 + O (90%)

 NO3 and N2O5 are nocturnal species.

Sources:

Natural:
• lightning
• bacteria in soil
• biomass burning

Anthropogenic (man-made):
• combustion engines 



Summary of Night-time NO2 chemistry

NO2 +    O3  NO3 +    O2

NO3 +    hv (visible)    NO2 +    O

NO3 accumulates at night

NO3 reacts like OH (ie H abstraction from R-H and RCHO, addition to 
alkenes)     

NO3 +    NO2 ===    N2O5   (dinitrogen pentoxide)

N2O5 ===   2 HNO3



Atmospheric production and removal of 
sulfuric acid

H2S (t ~1-5 d) CS2 (t~ 40 d) COS (t ~1 yr) 

CH3SH (CH3)2S CH3SSCH3

H2S    +    OH    

CS2 +    OH    

COS    +    OH  

Reaction with OH yields SH (thionyl radical)



Oxidation of thionyl radical & SO

SH    +    O2  SO    +    OH

or

SH    +    O3  SHO    +    O2

SHO    +    O2  SO    +    HO2

[O] where [O] = O2, O3, NO2

SO     SO2



Oxidation of sulfur dioxide (SO2)

Gas Phase reaction (homogeneous):
M

SO2 +    OH     HOSO2

M
HOSO2 +    O2  HO2 +    SO3



Aqueous phase reaction (heterogeneous):
SO2(g)    ====    SO2(aq) KH = 1.9 x 10-5 M Pa-1

SO2(aq)    +    H2O ====    H+ +    HSO3
- Ka1 = 1.7 10-2

HSO3
- +    H2O ====    H+ +    SO3

2- Ka2 = 6.4 x 10-8

HSO3
- +    H2O2 ====    HOOSO2

- +    H2O
HOOSO2

-
 HSO4

-

(H2O2 present at 1-2 ppbv, but KH is high ~105 M atm-1 or ~ 1 M Pa-1

H2O2 oxidation dominant at pH 2 – 5)

Oxidation of sulfur dioxide (SO2)





Kinetics of SO2 oxidation



Carbonyl sulfide (COS) in the stratosphere

Photochemical oxidation leads to SO2 SO4
2- (sulfate aerosols)

Stratospheric aerosols (global cooling effect)

&

Catalytic O3 loss in polar vortex



Mt Pinatubo Eruption 1990-91



5.  Emission controls and abatement 
technology



Fluidized bed combustion
CaCO3(s)     CaO(s)    +    CO2(g)
CaO(s)    +    SO2(g)    +    ½ O2(g)     CaSO4(s)



Flue gas desulphurization

Ca(OH)2 +    SO2(g)     CaSO3(s)    +    H2O

or

CaCO3 +    SO2(g)     CaSO3(s)    +    CO2(g)

CaSO3(s)    +    ½ O2(g)     CaSO4 . 2 H2O(s)



SONOX for SO2 and NO removal



SONOX chemistry

CaCO3(s)     CaO(s)    +    CO2(g)

CaO(s)    +    SO2(g)    +    ½ O2(g)     CaSO4(s)

NH2CONH2 +  2 NO(g)  +   ½ O2(g)    2 N2(g)  +  CO2(g)  +  2 H2O






