AIR POLLUTION CHEMISTRY
Combustion of Fossil Fuels
Atmospheric carbon dioxide levels have increased by 30% since the 1800’s (beginning of the industrial revolution).  This increase can be explained primarily by the increased burning of fossil fuels:
Burning coal:
C(s) + O2  
[image: image1]  CO2
Burning Natural Gas:
CH4 + 2O2  
[image: image2]  CO2 + 2H2O
Burning Gasoline:
2C8H18 + 25O2  
[image: image3]  16CO2 + 18H2O
If the combustion process is incomplete (occurs with too little oxygen) then carbon monoxide (CO) is formed in addition to the CO2.
Air Pollution Formulas
Sulfur Dioxide and related sulfur oxides (SOx) are primary air pollutants that are created when coal containing high amounts of iron sulfide is burned.  Atmospheric oxygen reacts with iron sulfide to form iron oxide and sulfur dioxide:
4FeS2 + 11O2  
[image: image4]  2Fe2O3 + 8SO2
Once in the atmosphere, sulfur dioxide oxidizes and dissolves in atmospheric water droplets to form sulfuric acid.  Sulfuric acid is considered a secondary air pollutant and is a major component of acid rain.
2SO2 + 2H2O + O2  
[image: image5]  2H2SO4
Nitrogen Dioxide and related nitrogen oxides (NOx) are primary air pollutants produced when fuel is burned at very high temperatures such as in power plants or in the combustion chambers of engines.
Nitric oxide, a colorless gas, reacts with additional oxygen to form nitrogen dioxide, a red-brown toxic gas that causes irritation to the eyes and respiratory system.

N2 + O2  
[image: image6]  2NO
2NO + O2  
[image: image7]  2NO2
Nitrogen dioxide mixes with water droplets in the atmosphere can produce nitric acid and nitrous acid (secondary air pollutants), which is another component of acid rain.
NO2 + H2O  
[image: image8]  HNO3 HNO2
Acid Rain
The pH of rainwater is normally slightly acidic, at about 5.6, due mainly to the reaction of carbon dioxide with water vapor to form carbonic acid.

CO2 + H2O  
[image: image9]  H2CO3
Acid rain (a secondary air pollutant) typically has a pH in the 4.4 – 4.7 range, with extreme cases reaching as low as 2.3.  It is caused by industrial and combustion processes that release sulfur oxides and nitrogen oxides into the atmosphere which combine with water vapor to form acids.


sulfuric acid:
2SO2 + 2H2O + O2  
[image: image10]  2H2SO4

nitric acid and nitrous acid:
NO2 + H2O  
[image: image11]  HNO3 + HNO2
Natural events can also increase the acidity (lower the pH) of precipitation.  Volcanic eruptions, forest fires, and lightning bolts produce sulfur dioxide and nitrogen dioxide.  These gases react with atmospheric water in much the same way that man-made chemicals do.

Photochemical Smog

Nitrogen oxide is an essential ingredient of photochemical smog which is a secondary air pollutant.
Nitrogen dioxide is irradiated when is comes into contact with certain wavelengths of sunlight.  The free oxygen atom generated reacts with atmospheric oxygen (O2), to form ozone (O3).


NO2                  NO + O
O + O2  
[image: image12]  O3
This is not the good, protective ozone up in the stratosphere; this is the polluting ozone near the ground in the lithosphere.  Ground level ozone traps heat and contributes to thermal inversions and smog.

This simplified equation represents the key ingredients and products of photochemical smog:

Hydrocarbons + O2 + CO + NOx                   O3 + NOx + Organic Compounds + CO2 + H2O)

  (auto exhaust/VOC’s)
(oxidizing agents/irritants)
Hydrocarbons or VOC’s (volatile organic compounds), carbon monoxide, and nitrogen oxides from vehicle exhausts are irradiated by sunlight in the presence of oxygen. The resulting reactions produce a potentially dangerous mixture that includes other nitrogen oxides, ozone, and irritating organic compounds, as well as carbon dioxide and water vapor. 
Ozone Formation and Destruction
Formation:  As solar radiation penetrates the stratosphere, high-energy UV radiation reacts with oxygen gas molecules, splitting them into individual oxygen atoms.  These highly reactive oxygen atoms are called free radicals.  In the stratosphere free radicals can combine with oxygen molecules to form ozone.



O2                                  O + O
O2 + O  
[image: image13]  O3
Protection:  Each ozone molecule in the stratosphere can absorb medium-energy UV radiation.  This energy absorption prevents potentially harmful UV rays from reaching the earth’s surface.  The energy also causes the ozone to decompose, producing an oxygen molecule and an oxygen free radical.  These products can then carry on the cycle by replacing ozone in the protective stratospheric layer.


O3                                     O2 + O
O2 + O  
[image: image14]  O3
Destruction:  CFC’s (chlorofluorocarbons) are highly stable molecules in the troposphere, however, in the stratosphere high energy UV radiation splits chlorine free radicals from CFC’s by breaking their C–Cl bond.  The free chlorine radicals are very reactive and can participate in a series of reactions that destroy ozone by converting it to regular, diatomic oxygen (O2).
Cl + O3  
[image: image15]  ClO + O2
Once the reaction is complete, the chlorine radical is freed back into the atmosphere to repeat this process for years, decades, or even longer.  As a result, each chlorine radical acts as a catalyst for not just one, but an average of 100,000 ozone – destroying reactions thus speeding up ozone destruction.
ClO + O  
[image: image16]  Cl + O2
Air Pollution Control and Prevention
In the process of “scrubbing” the gas emissions of industrial combustion processes, sulfur dioxide gas is removed by using an aqueous solution of calcium hydroxide, also called limewater.  The sulfur dioxide reacts with the limewater to form solid calcium sulfite.  Scrubbers that utilize this “wet” scrubbing method can remove up to 95% of sulfur oxides.

SO2 + Ca(OH)2  
[image: image17]  CaSO3 + H2O

AIR POLLUTION CHEMISTRY
1.  Write the balanced chemical equation for the complete combustion of methane gas.
2.  When is carbon monoxide (CO) produced during the combustion process?
3.  During the smelting of iron, iron sulfide is combined with oxygen gas to form iron oxide and gaseous sulfur dioxide.  Write the two step equation showing the formation of sulfuric acid that results from the sulfur dioxide.
4.  Atmospheric nitrogen combines with oxygen gas to form nitric oxide, a primary pollutant.  Write the equations for the two step formation process of nitrogen dioxide, the red-brown toxic gas found in smog.
5.  Write the equation for the formation of carbonic acid, which gives rainwater its natural, slightly acidic characteristics.
6.  Write the two step equation showing the formation of ground level ozone from the pollutant nitrogen dioxide.
7.  What chemicals react during the formation of photochemical smog?
8.  Write the two step equation showing how a chlorine atom can break off of a CFC molecule, destroy stratospheric ozone, and then persist in the upper atmosphere to repeat the process of destroying ozone yet again.
9.  Air pollution (sulfur dioxide) from burning coal can be controlled by the process of ‘scrubbing’ the emissions with limewater.  Write the equation for this process.
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