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16.5: Photochemical Smog

&b Learning Objectives

e Describe how photochemical smog is formed.
e Describe how industrial smog is formed.
e Identify harmful effects of smog.

Smog is a mixture of air pollutants (sulfur dioxide, nitrogen oxides, ozone, and particulates) that often form over urban areas as a
result of fossil fuel combustion. Thus, smog is a byproduct of modern industrialization. Due to industry and the number of motor
vehicles, it is more of a problem in large cities that have a warm, sunny, and dry climate. The term was coined from the terms
“smoke” and “fog” referring to a brownish haze that pollutes the air, greatly reducing visibility and making it difficult for some
people to breathe (Figure 16.5.1 and 16.5.2). There are two main types of smog: photochemical and industrial smog. Photochemical
smog is formed when sunlight drives chemical reactions between primary pollutants from automobiles and normal atmospheric
compounds. The product is a mix of over 100 different chemicals with the most abundant being ground-level ozone. Industrial
smog is produced primarily by the burning of fossil fuels which produces carbon dioxide (from complete combustion), carbon
monoxides (from partial combustion), sulfur, and mercury. The sulfur reacts with other chemicals in the atmosphere producing
several sulfur compounds including sulfur dioxide. These compounds along with particulate material make up industrial smog.
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Figure 16.5.1: Smog over Almaty city, Kazakhstan. (Igors Jefimovs, via Wikimedia
Commons)

Figure 16.5.2: Smog over Santiago in Chile. (https://commons.wikimedia.org/wiki/F...tiago30std.jpg via
Wikimedia Commons)
Formation of Photochemical Smog

Photochemical smog occurs in dry, stagnant air masses, usually stabilized by a temperature inversion (which traps gases close to
the surface of the Earth as seen in Figure 16.5.1), that are subjected to intense sunlight. The driving energy force behind smog
formation is electromagnetic radiation from the sunlight with a wavelength at around 400 nm or less. This is in the ultraviolet
region, just shorter than the lower limit for visible light. Energy absorbed by a molecule from this radiation can result in the
formation of active species, thus initiating photochemical reactions.

Smog is produced in a series of chain reactions. There are two different series of chemical reactions which can take place in the
formation of photochemical smog. The first involves only nitrogen oxides formed by combustion reactions.

Step 1: People begin driving in the morning, nitrogen reacts with oxygen in the extreme temperatures of the combustion engine.
N, + 0, — 2NO (16.5.1)
Step 2: After a few hours, NO combines with O in another combustion reaction.

2NO + 0, — 2NO, (16.5.2)
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Step 3: Nitrogen dioxide absorbs light energy (hv), reforming NO and generating a highly reactive oxygen atom. The NO can then
go back to react with more O; in step 2 to continue cycling through the reaction or it can be used in later reactions.

NO; + hv — NO + O (16.5.3)
Step 4: In sunlight, the atomic oxygen combines with oxygen gas to form ozone.
0+ 0, = O (16.5.4)

Step 5: The ozone is consumed by NO to produce nitrogen dioxide and O,. Again, these products are able to be reused in earlier
steps of the reaction to continue the cycle.

These reactions result in the accumulation of various nitrogen oxides and some ozone which have the health and environmental
effects discussed previously in Section 16.4. However, NO and NO; can also enter into a second cycle of chemical reactions by
reacting with volatile organic compounds (VOCs, shown as R) and oxygenated organic and inorganic compounds (ROy) instead of
ozone to form a variety of other volatile compounds.

NO, + R — oxygenated products (16.5.6)
NO + RO, — NO; + other products (16.5.7)

Because the nitrogen oxides react with VOCs in this second series of reactions, ozone is no longer broken down in the first cycle.
Instead, ozone is allowed to build up. The accumulation of ozone and volatile organic compounds, along with the energy from the
sun, forms the brown, photochemical smog seen on hot, sunny days (Figure 16.5.3).

Figure 16.5.3 A photochemical smog formation diagram. (Liweichao.vivian, CC BY-SA 4.0, via Wikimedia Commons)

Because of the wide variety of VOCs present in the atmosphere, numerous noxious products are generated. As already stated, one
of the main ones of these is ozone, O3, and it is the single species most characteristic of smog. Another class of materials formed
with smog consists of oxygen-rich organic compounds containing nitrogen of which peroxyacetyl nitrate, PAN,

e
H-¢-C-0-0-NO,
H Peroxyacetyl nitrate (PAN)

is the most common example. This compound, and ones similar to it, is a potent oxidizer and highly irritating to eyes and mucous
membranes of the respiratory tract. Also associated with smog are aldehydes, which are irritants to eyes and the respiratory tract.
The simplest aldehyde, and one commonly found in smoggy atmospheres, is formaldehyde:

9

—C~
H H Formaldehyde
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Harmful Effects of Smog

Smog adversely affects human health and comfort as well as plants, materials, and atmospheric quality. Ozone is the smog
constituent that is generally regarded as being most harmful to humans, plants, and materials, although other oxidants and some of
the noxious organic materials, such as aldehydes, are harmful as well. These effects may be especially pronounced for individuals
undergoing vigorous exercise because of the large amounts of air that they inhale. On smoggy days, air pollution alerts may advise
against exercise and outdoor activities.

Plants are harmed by exposure to nitrogen oxides, ozone, and peroxyacetyl nitrate (PAN, see above), all species present in a
smoggy atmosphere. PAN is the most harmful of these constituents, damaging younger plant leaves, especially. Some plant species,
including sword-leaf lettuce, black nightshade, quickweed, and double-fortune tomato, are extremely susceptible to damage by
chemicals in smog and are used as bioindicators of the presence of smog. Costs of crop and orchard damage by smog run into
millions of dollars per year in areas prone to this kind of air pollution, such as southern California.

Materials that are adversely affected by smog are generally those that are attacked by oxidants. The best example of such a material
is rubber, especially natural rubber, which is attacked by ozone. Indeed, the hardening and cracking of natural rubber has been used
as a test for atmospheric ozone.

Visibility-reducing atmospheric aerosol particles are the most common manifestation of the harm done to atmospheric quality by
smog. The smog-forming process occurs by the oxidation of organic materials in the atmosphere, and carbon-containing organic
materials are the most common constituents of the aerosol particles in an atmosphere afflicted by smog. Conifer trees (pine and
cypress) and citrus trees are major contributors to the organic hydrocarbons that are precursors to organic particle formation in
smog.

Industrial Smog

Industrial smog or London-type smog is mainly a product of burning large amounts of high sulfur coal (Figure 16.5.4). Clean air
laws passed in 1956 have greatly reduced smog formation in the United Kingdom; however, in other parts of the world London-
type smog is still very prevalent. The main constituent of London-type smog is soot; however, these smogs also contain large
quantities of fly ash, sulfur dioxide, sodium chloride and calcium sulfate particles. If concentrations are high enough, sulfur dioxide
can react with atmospheric hydroxide to produce sulfuric acid, which will precipitate as acid rain.

SO, + OH — HOSO,
HOSOg + 02 — HOz + 503
SO3 + HoO — H2S04

Concerns about the harmful effects of acid rain have led to strong pressure on industry to minimize the release of SO,. For
example, coal-burning power plants now use SO, “scrubbers,” which trap SO, by its reaction with lime (CaO) to produce calcium
sulfite dihydrate (CaSO3-2H,0) thus preventing its release into the atmosphere.

Figure 16.5.4: An example of industrial or London smog. (Willem van de Poll, CCO, via Wikimedia Commons)
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Summary

e Photochemical smog is a mixture of pollutants that are formed (mostly during the hot summer months) when nitrogen oxides
and volatile organic compounds (VOCs) react with sunlight, creating a brown haze above cities.

e Smog is a serious problem in many cities and continues to harm human health and are especially harmful for senior citizens,
children, and people with heart and lung conditions such as emphysema, bronchitis, and asthma.

o Industrial smog is a mixture of soot and other particulate matter, as well as sulfur dioxide gas.

o If concentrations are high enough, the sulfur dioxide in industrial smog can form sulfuric acid and acid rain.
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