
Part 1. The Earth’s Atmosphere

Chapter 5. Tropospheric Chemistry:

Precipitation



• Precipitation:

-wet deposition: rain, snow, sleet, hail, etc.

-dry deposition: SO2, dust, etc.

• Composition of rain (table 5.1 and table 5.2)
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5.1 The Composition of rain



 Daytime chemistry: NO is oxidized by O2, O3, or ROO• to produce HNO3

NO + O3  NO2 + O2

•NO2 + •OH + M  HNO3 + M : k = 1.2 x 10-11(T/298)-1.6 cm3 molecule-1 s-1

 Night-time chemistry

•NO2 + O3  •NO3 + O2 (5.3)
NO3 + NO2  NO + NO2 + O2 (5.4)
NO3 + NO  2NO2 (5.5)
•NO3 + CnH2n  •CnH2nNO3 (5.6)
•NO3 + RCHO  R•CO + HNO3 (5.7)
•NO3 + RH  R• + HNO3 (5.8)
NO3 + NO2  N2O5 (5.9)
N2O5 + H2O  2HNO3 (5.10)
RC(O)OO• + •NO2  RCOO2NO2 (5.11)

 Removal of HNO3

NH3 + HNO3  NH4NO3 (5.12)
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5.2 Atmospheric production of nitric acid



 Oxidation of reduced sulfur species: HS, COS, CS2, H2S, CH3SH, etc.

H2S + •OH  H2O + •SH                (5.13)

CS2 + •OH  COS + •SH               (5.14)

COS + •OH  CO2 + •SH               (5.15)

•SH + O2  SO + •OH   (5.16)

•SH + O3  SHO• + O2 (5.17)

SHO• + O2  SO + •OOH   (5.18)

SO + O2, O3, NO2  SO2 + other product       (5.19)

(CH3)2S + •OH CH3SCH2• + H2O  methane sulfonic acid  (5.20)

 CH3S•(OH)CH3  CH3SOCH3 (5.20)
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5.3 Atmospheric production of sulfuric acid



 Oxidation of SO2 by homogeneous rxns

SO2 + •OH + M  HOS•O2 + M (5.21)

HOS•O2 + O2 + M  HOO• + SO3 + M      (5.22)

SO3 + H2O  H2SO4 (5.23)

NO + HOO•  NO2 + •OH   (5.24)

•NO2 + •OH + M  HNO3 + M (5.25)

Kinetic constant changes-see Fig. 5.1
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5.3 Atmospheric production of sulfuric acid
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5.3 Atmospheric production of sulfuric acid



 Oxidation of SO2 by heterogeneous rxns

SO2(g)  SO2(aq)       KH = 1.81 x 10-5 mol L-1 Pa-1 (5.25)

SO2(aq) + 2H2O  HSO3
-(aq) + H3O

+(aq) Ka1=1.27x10-2 mol L-1 (5.26)

HSO3
-(aq) + H2O  SO3

-(aq) + H3O
+(aq)  Ka2=6.43x10-8 mol L-1 (5.27)

 aqueous solubility of SO2

E.g. if atmospheric mixing ratio of SO2=10 ppbv at P0,

solubility(at pH=4) = 2.2x10-6 mol L-1

solubility(at pH=7) = 2.2x10-3 mol L-1

 HSO3
-(aq) + H2O2(aq)  HOOSO2

-(aq) + H2O(aq)  (k1, k2)   (5.28)

atmospheric mixing ratio of H2O2=1~2 ppbv, 

readily soluble in water with KH = 7.0 x 10-1 mol L-1 Pa-1

HOOSO2
-(aq) + H3O

+(aq)  H2SO4(aq) + H2O (k3) (5.29)

(5.30)]O][H[HOOSO
dt

]SOd[H
3

-

23
42  k

Chapter 5. Tropospheric Chemistry: Precipitation

5.3 Atmospheric production of sulfuric acid



 Assuming a steady state conc. of HSO4
-

 (5.32)

Here,                       since [H2O]>>[HOOSO2]
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5.3 Atmospheric production of sulfuric acid



 A second heterogeneous pathway involves ozones as the oxidant

 HSO3
-(aq) + O3  SO4

2-(aq) + H3O
+(aq) + O2 (5.39)           

SO3
-(aq) + O3  SO4

2-(aq) + O2 (5.40)

Chapter 5. Tropospheric Chemistry: Precipitation

5.3 Atmospheric production of sulfuric acid



 Refer to Table 5.1

 Cations: Na+, K+, Ca2+, Mg2+ ions of strong bases

 Anions: Cl-, NO3, SO4
2- ions of strong acids

 These are all balanced in water, so the only major ions perturbing the acid-
base balance of the water are NH4

+ and H3O
+

 NH4
+ is an important contributor to the soil acidification.

NH4
+(aq) + 2O2 + H2O    NO3

-(aq) + 2H3O
+(aq) 

microorganisms  
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5.4 Acidifying agents in rain
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5.5 Sources and sinks of N and S emissions



 Four approaches to reduce N and S emissions:

1. Decrease energy use by various efficiency measures

2. Produce energy via non-combustion processes

3. Prevent emissions of the problem gases

4. Remove gases after they have been generated

 Fluidized-bed combustion: to enhance the efficiency of coal combustion

and of heat transfer and therefore to minimize fuel use
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5.6 Control of anthropogenic N and S emissions



 Retrofitted flue gas desulfurization: combustion gas passes through an aq. 

slurry, then the following rxns will produce CaSO3.

with hydrated lime slurry Ca(OH)2 + SO2  CaSO3 + H2O (5.45)

with limestone slurry  CaCO3 + SO2  CaSO3 + CO2 (5.46)

CaSO3 + ½  O2 + 2H2O  CaSO4•2H2O                            (5.47)

 The SONOX process: 

CaCO3 (aq. slurry)   CaO + CO2 (5.43)
900~1350 0C

CaO + SO2 + ½  O2  CaSO4 (5.44)

NH2CONH2 + 2NO + ½  O2  2N2 + CO2 + 2H2O               (5.48)

 Conversion of coal to gaseous and liquid forms:
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5.6 Control of anthropogenic N and S emissions


