Coal, Steel, and Steam
Chapter 2
The Industrial Age
In this unit, we explore the use of fossil fuel technologies during the 19th century that revolutionized the lives
of millions of people by making manufactured goods and lighting affordable.

Why Do I Need to Know This?
In this chapter, you learn how the concentrated energy in coal is applied to the tasks of making steel,
manufacturing, and transportation and the pollution problems related to burning coal. This combination of
fossil fuel energy and technology separated the developed countries from the rest of the world in power,
wealth, and comfort. The information in this chapter will help you understand the challenge faced by
undeveloped countries that do not have deposits of coal to develop without it.

Origin of Coal and its Components
Learning Objectives
1.

Identify the process by which plant matter is concentrated into coal.

2.

Identify four main grades of coal and their relative concentration of carbon

3.

Define a British Thermal Unit (BTU)

4.

Define bottom ash and fly ash

5.

Define SOX

6.

Define NOx

Earth Science

If a tree dies and is covered up by more dying trees or other vegetation before it oxidizes, its hydrocarbons
retain their energy. If this process goes on for very long periods, thick layers of plant material can be trapped
that represent a reservoir of stored energy. This is the process that is thought to have produced peat bogs
where the process is relatively recent as shown in Figure 2.1.
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Figure 2.1. Blocks of peat cut from a peat bog
If this process continues and the buried plant material is compressed and heated underground over
millions of years, it can turn into coal as shown in Figure 2.2. Coal is mostly carbon but it can contain other
impurities such as sulfur and silica.

Figure 2.2. Coal mining from a surface pit
Coal is found in layers underground. In some areas, the edge of the layer is exposed and the coal can
be removed by simply digging it out along the edge. Once the easily accessible coal is used up, the remaining
coal can be made accessible by removing the layers of rock and soil above the layer of coal which is called
strip mining. Alternatively, vertical shafts can be dug through the overlying rock and then branches dug in
the layer of coal which is called deep mining.
Recall that coal is the fossil remains of ancient plants where the carbon is more concentrated with less
moisture and other organic materials. Some layers of coal have higher concentrations of carbon than others.
The cleanest burning coal that produces the most heat per pound is the type with the highest concentration of
carbon (85-98%) which is called anthracite. A lesser quality coal with more plant material left in it and with
less heat per pound is bituminous (45-85% carbon). Bituminous coal is the grade used most in electric power
plants in the U.S. Two lower quality coals, sub-bituminous (35-45%) and lignite (25-35%) have even less
carbon.
Copyright 2016 © John Preston

Page 2

Dry wood has a heat content of 6,000-7,000 BTU per pound. (A BTU is enough heat to raise 1 lb. of
water, one degree Fahrenheit or the heat you would get from burning a wooden kitchen match) The top two
grades of coal have about twice as much heat per pound (see Table 2.1)

Table 2.1 (Brian H. Bowen 2008)
In addition to carbon, coal has other minerals like sand and clay that do not burn and are called ash.
Those minerals either collect in the bottom of a firebox where coal is burned (bottom ash) or are mixed with
the combustion gasses as fly ash. In some low quality coal like lignite, ash can be almost half of the coal.
(see Table 2.1)
Another element found in coal is sulfur (S). When the coal us burned, the sulfur also oxidizes into
sulfur compounds such as sulfur monoxide, SO, and sulfur dioxide, SO2. These oxides of sulfur are referred
to as SOX where the X is used to designate the number of oxygen molecules.
The high temperatures of a coal fired furnace can also oxidize the nitrogen in the combustion air.
(recall that 78% of the air is N2.) to form oxides of nitrogen such as SO and SO2. These oxides of nitrogen
are referred to as NOX where the X is used to designate the number of oxygen molecules.

Key Takeaways
1.

Coal is thought to be the compressed remains of plants that were trapped underground away
from air where they could not oxidize. Over millions of years, the plant material was
compressed and heated raising the concentration of carbon.
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2.

The grade of coal with the highest concentration of carbon is anthracite with up to 98%
carbon, followed by bituminous, sub-bituminous, and lignite (as low as 25%) in order of
carbon concentration.

3.

A BTU (British Thermal Unit) is enough heat to raise the temperature of 1 pound of water,
1 degree Fahrenheit.

4.

Minerals in coal that do not burn form ash. If the ash collects in the bottom of a firebox it is
called bottom ash and if it flies out the chimney or smoke stack it is called fly ash.

5.

Sulfur in coal will oxidize in the fire to form oxides of sulfur. The most common are SO
and SO2. Collectively the oxides of sulfur are called SOX.

6.

Nitrogen in the combustion air will oxidize in the fire to form oxides of nitrogen. The most
common are NO and NO2. Collectively the oxides of nitrogen are called NOX.

Coal for Lighting
Learning Objectives
1.

Identify the process by which coal can be made into a gas suitable for street lighting

2.

Identify the flammable gasses that comprise coal gas

3.

Describe why a mantle was used to make the flame of coal gas emit more visible light

4.

How did gas from coal affect life in towns?

7.
Making Gas Out of Coal

Recall that partial combustion of wood produced carbon monoxide, CO. Similarly, partial combustion of coal
produces also produces CO.
2C (s) + O2→ 2 CO
If the hot coal is sprayed with water, other reactions produces CO, CO2, and Hydrogen gas.
C (s) + H2O (g) → CO + H
C + 2 H2O → CO2+ 2 H
Water can also react with carbon monoxide to make carbon dioxide and hydrogen gas.
CO + H2O → CO2+ H2
This process of turning solid coal into gasses that can be burned is called coal gasification. The
process required a manufacturing facility that was connected to lamps by pipes. Because this limited its use
to cities, it was called town gas. Hydrogen and CO give off a dim blue light when burned. To convert the
heat of the flame into visible light, a mantle is often used. You might be familiar with a gas mantle if you
have used a Coleman camp lantern. The mantle is made of cloth that is impregnated with metal compounds
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that when heated emit bright, visible light.

Figure 2.2. Coal gas street lamps with mantles
The combination of gas from coal and mantles to produce bright light had a major impact on western
cities. People could walk the streets more securely at night, they could stay up after dark and socialize or
read, and factories could operate a second or even third shift.

Key Takeaways
8.

To gasify coal, it is heated and combined with insufficient oxygen to make partially oxidized
carbon in the form of carbon monoxide, CO. Spraying the hot coal and hot CO gas with
water also converts some of the water into free hydrogen gas.

9.

Coal gas, also known as town gas, is a mixture of hydrogen and carbon monoxide.

10.

CO and hydrogen to not produce much visible light. If the heat of the flame is used to heat
a mesh bag of metal impregnated cloth to make it white hot and emit bright, visible light.

11.

With coal gas lighting, people could travel more safely after dark, socialize in the evenings,
and work additional shifts in factories.

Coke, Iron, and Steel
Learning Objectives
1.

Define coke and describe how it is produced from coal

2.

Identify the properties of coke that make it superior to coal

3.

Identify two common types of iron compounds that exist in iron ore

4.

Identify a common impurity in iron ore

5.

Describe the roles of coke and limestone in a blast furnace

6.

Describe the difference between iron and steel

7.

Identify three types of furnace used in the final step of making steel

8.

Identify the differences between cast iron and wrought iron

9.

Identify the extra ingredient in and stainless steel that prevents oxidation (rusting)
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Coke from Coal

Like charcoal, coke is a purified, condensed form of carbon except most of it is made from coal instead of
wood. Coal is heated in the absence of air which burns off other combustible carbon compounds leaving
almost pure carbon. High grade coal (anthracite) is the most common grade of coal used to make coke
because it already has a higher carbon content.
Iron Ore

Recall that the chemical behavior of atoms can be predicted by knowing the number of electrons in the
outermost layer. The atoms can be arranged in a periodic table where each column represents atoms with the
same number of electrons in the outer layer, and consequently similar chemical characteristics. This pattern
repeats up to element 20, Calcium, which has two electrons in the outermost layer.
Before this fourth, outermost layer continues to fill, another layer appears that is inside the outermost
layer that can hold up to ten electrons. After this inner layer is filled, additional electrons go into the
outermost layer. The ten elements that have electrons in this inner layer have properties that are not as
strongly determined by the outermost layer. To make room for them on the periodic table, the columns that
indicate elements with electrons in the outermost layers are spread apart to make room for ten more columns,
as shown in Figure 2.3

Figure 2.3. First four rows of the periodic table
This group of elements, contains common metals such as Chromium (Cr), Manganese (Mn), iron (Fe), Cobalt
(Co), Nickel (Ni), Copper, (Cu), and Zinc (Zn).
The element iron (Fe) is the most common element on earth by weight. Because iron is heavier than
most other elements in the earth’s crust, it exists mainly at the earth’s core. The iron in the earth’s crust
readily combines with oxygen and the most common compounds are hematite, Fe2O3, and magnetite,
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Fe3O4. Some deposits of iron ore are greater than 60% iron.

Figure 2.3. World Iron Production
Making Steel

Recall that iron ore consists of oxides of iron, particularly hematite, Fe2O3, and magnetite, Fe3O4 and 40% or
more of other compounds such as sand that is mostly an oxide of silicon (SiO2). The first step in steel making
is to remove the oxygen from the iron and also remove the sand and other impurities. The technology for
accomplishing this task on a large scale is the blast furnace.

Copyright 2016 © John Preston

Page 7

Figure 2.4. Blast furnace
At the top of the blast furnace, iron ore, coke and limestone are fed into the furnace and near the
bottom, hot air is blown into the furnace. The coke (carbon) has three important functions in this process:
1. Burning carbon provides heat to melt the ore
2. Carbon attracts oxygen more strongly than iron so some of it reacts with the oxygen in the iron ore to
make carbon dioxide leaving iron.
3. Some of the unburned carbon remains mixed in with the iron
The limestone, which is calcium carbonate (CaCO3), reacts with the sand to make slag.
At the bottom of the blast furnace the lighter weight slag floats on top of the molten iron. The slag can
be drained off on one side and the molten iron can be drained from the bottom, as shown in Figure 2.4.
The molten iron is poured into a bed of sand that has a central trough with several small branches to
the sides to cool and solidify, as shown in Figure 2.5. Some thought this arrangement was like a row of
piglets nursing a sow and the term pig iron was used for this type of iron.
Copyright 2016 © John Preston

Page 8

Figure 2.5. Bars of pig iron
The next step in making steel is to reduce the amount of carbon and other impurities left in the pig
iron and add other metals to make special types of steel. This is done by melting the pig iron with heat from
coal and blowing air through the iron or over it. The oxygen in the air oxidizes some of the carbon and
remaining silicon. Oxidized impurities form a layer of slag on the molten iron and the resulting mixture of
iron and carbon at the bottom is steel. The two types of processes used to make most of the steel in the 1800s
were the Bessemer process that burned off impurities by blowing hot air into the pig iron in a large, bricklined tank (see Figure 2.6)
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Figure 2.6. Bessemer converter
followed by the open hearth method that used exhaust gas to preheat the incoming air (see Figure 2.7).

Figure 2.7. Open hearth furnace
Because air is 78% nitrogen, this process could introduce unwanted nitrogen compounds into the steel.
Today’s final process of making steel uses electric currents in an arc furnace to heat the steel and pure
oxygen instead of air, as shown in Figure 2.8.
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Figure 2.8. Electric arc steel furnace
Types of Iron and Steel

Pure iron has limited uses because it is not very strong. If a small amount (1-2%) of pure carbon is mixed
into the iron an alloy is created called steel. Iron and carbon alloys have different names that depend on the
percentage of carbon or other additives:
Pig iron—an intermediate product of the steel making process. It has 3.5-4.5% carbon plus
undesirable contaminants such as silica.
Cast iron—has a carbon content above 2%. Hot iron is poured into molds to make items such as
frying pans.
Wrought iron—has very low carbon content, less than .08%, and was widely used for construction
because it could be shaped easily before low-carbon steel replaced it.
Low carbon steel—is also called mild steel because it has between 0.05-0.3% carbon. It is cheaper to
make than wrought iron and is used as structural steel in buildings and bridges.
Medium carbon steel—0.3-0.6% carbon, good strength and wear resistance. Used for automotive
components.

Copyright 2016 © John Preston

Page 11

High-carbon steel—have 0.6-1% carbon. It can be hardened so that items like knives will retain a
sharp edge.
Stainless steel—steel with an additional 13-26% of chromium (Cr). Chromium is an element that
oxidizes and creates a thin layer that keeps oxygen away from the iron which prevents oxidation (rust).
Alloy steel—other special steels with additives such as the elements nickel, molybdenum, vanadium,
silicon and boron that have better characteristics than other types of steel.

Key Takeaways
Coke is produced from coal by heating the coal in the absence of air in a process that is similar to
making charcoal. Coke has a very high percentage of carbon approaching 98%
Coke burns hotter than coal while introducing very few impurities
Two common iron ore compounds are magnesite and hematite, both of which are oxides of iron.
One of the most common impurities in iron ore is silicon dioxide which is the main ingredient of
sand.
In a blast furnace, the coke provides heat by burning with air. It also chemically combines with the
oxygen in the iron oxides leaving pure iron. Some of the carbon remains mixed with the iron and is
a necessary component of steel.
Steel is iron with a small amount of carbon, typically between 0.05 and 1%.
Pig iron is converted to steel by burning out (oxidizing) some of the remaining carbon and silicon.
Two processes used for mass producing steel in the 1800s were the Bessemer and open hearth
methods. They were replaced by the electric arc furnace.
Cast iron has a high percentage of carbon above 2% and wrought iron has a very small amount, less
than 0.08%
Stainless steel has 13-26% of chromium added.

Using Steam to get Work out of Coal
Learning Objectives
1.

Identify what happens to volume or pressure when water is boiled into steam.

2.

Describe how a boiler transfers heat from hot gasses to water

3.

Describe and/or diagram how steam pressure can create rotary motion using a piston

4.

Describe how steam can create rotary motion using a turbine

5.

Identify the three main elements of a closed cycle steam power

6.

Identify the two methods used most often to dispose of heat from a power plant
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7.

Convert common temperature measurements to absolute temperature scales

8.

Calculate the maximum efficiency of a power plant

Boiling Water into Steam

Water molecules do not distribute the electrons in the outer layer evenly. They tend to spend more time near
the oxygen atom that at either end near the hydrogen atoms, as shown in Figure 2.9.

Figure 2.9. Charge distribution on a water molecule
If the water molecules are moving slowly, the positive end of one molecule will be attracted to the
negative middle of another, as shown in Figure 2.10.

Figure 2.10. Attraction between water molecules
This attraction is much less than the covalent bonds that the hold the hydrogen and oxygen atoms
together. This loose association of molecules produce a phase of matter called liquid, as shown in Figure
2.11.
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Figure 2.11. Water molecules in a liquid state
If heat is added to the water, the molecules move faster and overcome this attractive force. They
separate and move independently. This is the gaseous phase of water known as steam. Bubbles of steam
develop near the hot surface of the container, as shown in Figure 2.12. Note that the bubbles of steam are
transparent. (The term steam is often used to describe visible water droplets in the air or on a shower door. In
this text, the term is used exclusively to describe the gaseous state of water.)

Figure 2.12. Water boiling into bubbles of steam
If unconfined, the steam will expand to occupy 1000 times as much volume as liquid water. If
Copyright 2016 © John Preston

Page 14

confined, it will create a much higher pressure within the container. This high pressure steam can be used to
move pistons or turn turbines.
Boilers Transfer Heat from Coal to Boil Water

Heat from the hot gasses of the fire, heat the metal walls separating the fire from the water, and then the hot
metal transfers its heat to the water. To maximize the transferring heat from the hot gasses of a fire into
boiling water the surface area between the hot gasses and the water must be as large as possible. This is
accomplished by creating a bundle of tubes that are surrounded by water. (see Figure 2.13)

Figure 2.13. Fire tube boiler
Fire tube boilers were used in most steam locomotives. (see Figure 2.14)
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Figure 2.14. Fire tube boiler in a steam locomotive
In very large boilers, such as those used in a power plant, water flows through tubes along the walls
of the combustion chamber. This design is called a water tube or water wall design which is easier to fix if
an individual tube develops a leak.
Steam Pushes Pistons to Create Rotary Motion

The high pressure steam from the boiler can be released into a cylinder where it pushes a piston along the
cylinder. A series of pipes and valves can route the steam to the other side of the piston and push it in the
opposite direction while a valve releases the low pressure steam to the atmosphere. The piston is connected
to the side of a wheel by a connecting rod. The back and forth motion of the piston is transformed into the
rotary motion of the wheel as shown in Figure 2.15.
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Figure 2.15. Steam can push a piston back and forth
This method was used to power steam locomotives (Figure 2.16),

Figure 2.16. Steam in cylinder pushes a piston that is connected to a drive shaft
It could also drive a stationary steam engine that was connected to a rotating shaft by leather belts, as
shown in Figure 2.17.

Figure 2.17. Stationary steam engine
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The rotary motion of the flywheel could be transferred to a rotating shaft that was mounted in the
ceiling of a factory. Individual machines could take power from the shaft by tightening a leather belt, as
shown in Figure 2.18.

Figure 2.18. Power from steam engine distributed by a shaft and belt system
Steam Turns a Turbine

Using a system of pistons, connecting rods, and a flywheel to produce rotary motion from steam is an
inefficient system that has too many moving parts that can wear out. Since the desired type of motion is
rotary, it is more direct to have the steam push against a series of fan blades attached to a shaft causing the
shaft to rotate. Such an arrangement is called a turbine. (See Figure 2.19)
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Figure 2.19. Steam turbine
In the example in Figure 2.19, the high pressure steam is inserted in the middle and moves both left
and right past the turbine blades, slowing down and losing pressure as it transfers its energy to the turbine.
Recovering Treated Boiler Water

Water from most sources contains dissolved minerals like calcium that form scale inside a boiler which slows
the heat transfer. To reduce scale buildup and corrosion of the metal boiler from impurities in the water, the
water is filtered and treated to remove all the minerals. This is an expensive process and rather than vent the
water to the atmosphere after the steam has done its work, to is more efficient to cool the steam and condense
it back into water that can be recycled into the boiler.
The low pressure steam that exits from the turbine, is fed into another heat exchanger called a
condenser where the hot steam travels through tubes that are surrounded by a completely separate, untreated
flow of water. The untreated water cools the steam so that it condenses back into liquid water. The liquid
water is pumped back to the boiler where it can be boiled again, as shown in figure 2.20.

Figure 2.20. Closed cycle steam power
Copyright 2016 © John Preston

Page 19

Dealing with Low Temperature Cooling Water

If a high volume of untreated water is used to cool the condenser, it usually only increases its temperature by
about ten degrees. Most power plants in the U.S. are located near bodies of water like lakes or rivers so the
heat could be transferred to the large body of water where it would cool quickly to the same temperature as
the rest of the lake or river. The DTE power plant in Monroe, Michigan diverts part of a local river through
the condenser of the plant before the water is allowed to flow into Lake Erie, as shown in Figure 2.21.

Turbines
Boilers

Coal

Outlet

Inlet

Figure 2.21. Water from river used to condense steam
Even though the temperature difference is relatively small, it can affect fish and plant life that are
sensitive to temperature. To lessen this environmental impact, newer power plants allow the cooling water to
evaporate in large chimneys, called cooling towers to transfer the heat into the air along with clouds of
evaporated water, as shown in Figure 2.22.
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Water
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Figure 2.22. Water from condensers evaporates in large cooling towers
Absolute Temperature Scales

Recall that temperature is a measure of the average heat in the molecules. The heat is the motion of the
molecules. It is reasonable to conclude that zero temperature should mean that the molecules have no motion.
This happens at extremely low temperatures that are far below our everyday experience. The two temperature
scales that are commonly used are Fahrenheit and Celsius. In the Fahrenheit system, zero is about the
temperature of a mixture of salt and ice and in the Celsius system it is the temperature at which water freezes
into ice. These systems have been used for years but they are not useful for making comparisons. For
example, if a person said that today’s temperature of 80 degrees is twice as hot as last night’s temperature of
40 degrees would they agree that it was ten times hotter than a temperature of 8 degrees?
To allow meaningful comparisons of temperatures, the choice of zero must have physical meaning.
The scale that uses the same size degrees as the Fahrenheit scale is the Rankin scale. On the Rankin scale,
zero degrees occurs when motion of molecules stop. This is called absolute zero. On this scale, zero degrees
Fahrenheit would be about 460 degrees Rankin. To convert degrees Fahrenheit to degrees Rankin, add 460.
A similar scale that uses the same size degrees as the Celsius scale is the Kelvin scale. It also starts at
absolute zero. To convert degrees Celsius to degrees Kelvin, add 270.
Maximum Theoretical Efficiency of a Heat Engine

The efficiency of a heat engine like a steam engine compares the amount of heat input from the fuel to the
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amount of useful work it puts out. The maximum theoretical efficiency is the difference between the
temperature of the burning fuel and the temperature of the cooling water all divided by the temperature of the
burning fuel. This relationship can be expressed as a formula:
Max. Efficiency = (Thigh – Tlow) / Thigh
The temperatures must be expressed in degrees Rankin or Kelvin which is based on a real zero.
For example, if the temperature of the burning coal is 1300 oF and the cooling water is 70 oF, we first
convert the temperatures to degrees Rankin by adding 460, e.g. 1760 oR and 530 oR respectively. The
maximum efficiency of the power plant is:
Max. Efficiency = (1760 – 530) / 1760 = 70%
This means the ideal efficiency of a power plant would be 70%. In practice a well-run power plant is
about 60% efficient. That means that only 60% of the coal’s heat energy ends up as useful work. Forty
percent of the coal’s heat is available for use locally but since most power plants are located away from urban
centers, 40% of the coal’s heat is transferred to local lakes, rivers, or to the atmosphere.

Key Takeaways
If unconfined, steam will expand to 1000 times more volume than liquid water. If confined, the
pressure will be greatly increased.
A fire tube boiler has a set of tubes through which the hot gasses from the fire flow. The tubes are
surrounded by water. The heat flows through the metal of the tubes from the hot gasses to the water.
In a water tube boiler, the hot gasses surround tubes filled with water.
Valves and pipes can route high pressure steam to either side of a piston pushing it back and forth.
The used steam is allowed to escape.
High pressure steam pushes against fan blades at an angle that causes them to rotate the shaft to
which they are attached
A closed cycle steam system has a boiler, a turbine, and a condenser.
Heat from the condenser can be transferred to water from a river or lake or it can be transferred to
water that is allowed to evaporate into the air in a cooling tower.
To convert degrees Fahrenheit to degrees Rankin, add 460. To convert degrees Celsius to degrees
Kelvin, add 270.
To calculate the maximum efficiency of a power plant or other heat engine, measure the hottest
temperature of the burning fuel and the temperature of the surroundings into which the waste heat
will be transferred. Convert the temperatures to an absolute scale such as Rankin or Kelvin. Subtract
the lower temperature from the higher temperature and then divide by the higher temperature.
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Pollution from Burning Coal
Learning Objectives
1.

Define fly ash and its harmful effects

2.

Define ion and pH

3.

Explain why pure water has a pH of 7

4.

Identify how acids change the pH of water

5.

Identify how bases change the pH of water

6.

Identify the processes that transform atmospheric nitrogen and sulfur in the coal into acids
in rain.

7.

Identify the effects of smog from coal smoke in London in 1952

The concentrated energy in coal was used to fuel the industrial revolution in Western Europe and in the US in
the 19th century. The improvements resulting from manufacturing of steel, street lighting, and railroad
transportation changed people’s lives, mostly for the better, but not without cost. Digging up fossil remains
of plants and burning them in large amounts, introduced pollutants into the air and water.
Ash

Coal includes non-combustible materials such as oxides of silicon (sand) and aluminum. When the coal is
burned, some of these materials fall to the bottom of the furnace and are called bottom ash. Smaller particles
are carried by the hot combustion gasses and are called fly ash. Fly ash contains particles of various size but
the most harmful are the fine particles that are less than 2.5 millimeters in size (see wood smoke in Chapter
1). These particles can lodge deep in the lungs and cause breathing problems or exacerbate existing breathing
problems that are particularly harmful to people already suffering from emphysema
Water and Ions

Recall that water is a molecule made of one oxygen atom that has eight positive protons and eight negative
electrons and two hydrogen atoms that each have one positive proton and one negative electron. The total
positive and negative charges are equal and the molecule as a whole is neutral. Also recall that heat is the
motion of the molecules and that temperature is the average motion but some of the molecules can move
much faster or slower than the average.
Some of the water molecules move so fast that when they collide with another water molecule, they
break apart into one hydrogen and a molecule of oxygen and one hydrogen. The electron that normally
accompanies the positive proton in hydrogen tends to remain with the oxygen-hydrogen molecule. The result
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is a bare positive proton which is the nucleus of a hydrogen atom with a positive charge and an oxygenhydrogen molecule with a net negative charge. When the total charge of an atom or molecule is not balanced
with equal numbers of positive protons and negative electrons, it is called an ion. In this case, we have two
ions, represented by H+ and OH- to indicate their charge.
Parts of Hydrogen, pH

Ions are typically very reactive with other atoms due to their unbalanced charge. Eventually the two ions will
find each other and recombine to form a neutral molecule of H2O. This separation and recombining occurs
frequently enough in pure water so that at any given time there is one H+ ion for every ten million neutral
water molecules. To represent this as a fraction, we write

1
10,000,000

. Rather than count all the zeros each

time such a large number is used, we simply make note of the number of zeros,

1
107

The concentration of free hydrogen ions in water is abbreviated pH which stands for parts of
hydrogen. Pure water has one hydrogen ion for every ten million water atoms and this is simply represented
by referring to the number of zeros in the ratio and we say that the pH of pure water us 7.
Acids

The pH is only concerned with the ratio of H+ ions to water molecules. If we dissolve another compound in
the water, like hydrogen chloride, HCl, that contributes extra H+ ions it will change the pH. If we add
enough HCL so that there is a H+ ion for every 100 molecules of water, the ratio would be
be written,

1
102

1
100

which would

and the pH of that solution would be 2. In general, if something is dissolved in water that

increases the number of H+ ions, the pH will be less than 7. We say that the solution is acidic if it has a pH
of less than 7.
Carbon dioxide combines with water to create carbonic acid as shown in figure 2.23.

Figure 2.23. Water from condensers evaporates in large cooling towers
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Bases

If we dissolve another compound in the water, like sodium hydroxide, NaOH, that separates into Na+ and
OH- ions, it will change the pH indirectly. The extra OH- ions will combine with some of the naturally
occurring H+ ions and neutralize them, making H+ ions even more rare. If we add enough NaOH so that
there is a H+ ion for every billion molecules of water, the ratio would be
written,

1
109

1
1,000,000,000

which would be

and the pH of that solution would be 9. In general, if something is dissolved in water that

decreases the number of H+ ions, the pH will be more than 7. We say that the solution is basic if it has a pH
of more than 7. Refer to Figure 2.24 for examples of acids and bases.
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Figure 2.24. Examples of acids and bases
Alkali

Alkalis are a type of base and the two terms are often used interchangeably but all bases are not alkalis.
Buffers

Buffers are molecules that are neutralize additional acids or bases to maintain a fairly constant pH.
Biological processes are sensitive to pH levels and animals like ourselves use buffers to maintain our blood’s
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pH within a narrow range of 7.35 and 7.45 (slightly basic).
Limestone contains calcium bicarbonate, CaCO3, that acts like a buffer to neutralize additional acid,
as shown in Figure 2.25.

Figure 2.25. Limestone (calcium carbonate) buffers carbonic acid in rainwater
Acid Rain

Burning coal at high temperatures oxidizes the sulfur in the coal to form sulfur dioxide, SO2. Sulfur dioxide
reacts with water in the atmosphere to create sulfuric acid, H2SO4. When dissolved in rainwater, sulfuric acid
separates into two H+ ions and a SO4-2 ion, lowering the pH. Combustion of fossil fuel accounts for about
80% of the SO2 in the atmosphere. (Rachel Casiday 1998)

Figure 2.26. Sulfur in coal makes sulfuric oxide
Recall that 78% of the air used for burning coal is Nitrogen, N2. At high temperatures like those in a
coal fired furnace, the nitrogen can be oxidized to form Nitric Oxide, NO. When combined with water in the
atmosphere, nitric oxide becomes nitric acid, HNO3, as shown in Figure 2.27.
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Figure 2.27. Nitrogen in the combustion air becomes nitric acid
Power plants and factories create about 39% of the man-made NOx as shown in Figure 2.28.

Figure 2.28. Sources of NOx
The addition of sulfuric acid and nitric acid into the rainwater can lower the pH significantly. Figure
2.29 shows the pH of rainwater in the US in 1994. Notice pH values as low as 4.2 in the industrial eastern US
where most of the coal is burned.
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Figure 2.29. pH of rainfall in the US in 1999
Lower than normal pH in rainfall can harm plants and animals. It can even accelerate corrosion of
marble statues which are a type of limestone, as shown in Figure 2.30.
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Figure 2.30. Statue in Europe in 1908 and in 1969
If the lower pH rain falls in an area that has natural deposits of limestone or marble, the calcium
carbonate will act as a buffer and resist the lowering of pH in local lakes and streams. In areas like New
England where most of the stone is granite the effect of lower pH rainfall has a direct effect on the pH of
lakes.
An increase in carbon dioxide in the atmosphere can increase the amount of carbonic acid in rainfall
and at the surface of oceans. The shells of mollusks such as snails, clams, and oysters are mainly calcium
carbonate. An increase in carbonic acid can dissolve those shells making them thinner and weaker.
Smog

Fog occurs when water that is dissolved in the air condenses into small droplets that float in the air. If the air
contains fly ash, nitric acid, and sulfuric acid all three may be dissolved into the water droplets. This
combination of smoke and fog is called smog The acids can cause burning sensations of the eyes and lining
of the breathing pathways and the fine particles of ash can make breathing difficult.
Because of its northern latitude and proximity to the warm waters of the gulf stream, fog is a common
occurrence in England and London is known for its fog. England was among the first nations to industrialize
by burning coal and coal was commonly used for home heating as well. Smoke from coal fires combined
with fog make a deadly combination for people in fragile health who have difficulty breathing in normal
circumstances. London experienced several fogs that lasted for days and caused the premature deaths of
thousands of people. They did not do much about it until the smog of 1952 that lasted for five days from
December 5 through December 9. See Figure 2.31.
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Figure 2.31. Daytime London 1952
About 4,000 premature deaths are attributed to this smog. This toxic fog even killed cattle in nearby
areas. The government of the UK responded by passing the Clean Air Acts of 1956 and 1968 that required
homes and factories to reduce emissions of toxic smoke and there has not been a recurrence of a killer smog.
Mercury

Most of us have seen mercury, Hg, in an old blood pressure measuring device or thermometer. It is a shiny
liquid metal at normal temperatures and pressures. It is commonly used in fluorescent lights, light switches,
and thermostats. If mercury is inhaled, it can have harmful effects on the nervous, digestive, and immune
systems. (World Health Organization 2016) Coal contains small amounts of mercury that can be exhausted
into the air by burning the coal. If mercury falls into lakes and oceans, it can be ingested by fish. The fish can
concentrate the mercury in their flesh to a higher degree than it would exist elsewhere. When a plant or
animal collects something from the environment and increases its concentration, the process is called
bioconcentration.

Key Takeaways


Impurities in coal that do not burn such as sand turn into ash. Large particles of ash fall to the bottom
of the boiler and are called bottom ash. Smaller particles of ash are carried out of the boiler with
the hot gasses and are called fly ash.



An ion is part of a molecule that has an imbalance of charged particles. The ratio of hydrogen ions
to water molecules is the parts of hydrogen which is abbreviated pH.



In pure water about 1 in 10 million water molecules separate into hydrogen ions, H+, and hydroxide
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ions, OH-. Ten million is a one followed by seven zeros. The pH system represents this fraction
with just the number of zeros in the ratio. The pH of pure water is 7.


Acids are molecules that separate in water into a hydrogen ion and the remainder of the molecule
thereby contributing additional hydrogen ions to the water. This makes the hydrogen ions more
common and the ratio of one hydrogen ion to fewer water molecules which results in a pH lower
than 7.



Bases are molecules that separate in water into positive and negative ions where the negative ions
combine with hydrogen ions that are already in the water. This makes the hydrogen ions less
common and the ratio of one hydrogen ion to more water molecules which results in a pH higher
than 7.



The nitrogen in the atmosphere and the sulfur in the fuel can be oxidized in a high temperature fire.
The oxides of nitrogen and sulfur, commonly referred to as NOx and SOx, can combine with water
to form acids.



The acids and fine particles from burning coal in London in 1952 combined with water in fog to
create a smog that made breathing difficult. Approximately four thousand people who already had
breathing difficulties died prematurely.

Reducing Pollution from Burning Coal
Learning Objectives
1.

Explain how tall smoke stacks reduce the impact of coal smoke locally but increase it
globally

2.

Describe the reductions in NOx and SOx in the US since 1985

3.

Describe the reductions in mercury emissions by DTE in Michigan since 2007

4.

Identify which atmospheric gasses contribute to a greenhouse effect

5.

Identify a method used in Canada for reducing emission of CO2

Smoke Stacks and Government Regulations

Government regulations can focus on the emissions or on their local effects. If the governing body is local
like a city, county, or state or even country, its regulations may be satisfied by reducing the pollution levels
within its boundaries. One way to meet this type of regulation is to dilute the pollution or to export it to other
areas. Local effects from coal smoke can be reduced by using very tall smoke stacks. If the stacks are tall
enough, the smoke is picked up by the wind and dispersed over hundreds of miles. (See Figure 2.32)
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Figure 2.32. Taller smoke stacks lower concentration of pollutants at ground level
According to the US Government Accountability Office:
…a total of 284 tall smokestacks were operating at 172 coal power plants in 34 states, as of December
31, 2010. Of these stacks, 207 are 500 to 699 feet tall, 63 are 700 to 999 feet tall, and the remaining 14
are 1,000 feet tall or higher. About one-third of these stacks are concentrated in 5 states along the Ohio
River Valley. (United States Government Accountability Office 2011)

Exhaust gasses from the combustion of coal are mainly water, carbon dioxide, nitrous oxide, sulfur
dioxide, with solid particles of fly ash. The fly ash and condensed water droplets are visible but the other
gasses are not. The water droplets evaporate and disappear. The visibility of smoke from a smoke stack is not
a good indicator of how much gaseous pollution is being emitted and many people confuse the water vapor
from a cooling tower with smoke. See Figure 2.33.

Water and
invisible gasses
Water

Smoke
Stack
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Figure 2.33. Water vapor visible from smoke stack and cooling tower
Government regulations in the US have greatly reduced the emissions of fly ash, NOx, and SOx from
coal fired power plants. Since 1970, the fly ash, SOx, and NOx per unit of energy produced have been
reduced by 98%, 80%, and 70% respectively. (Institute for Energy Research 2009)
Controlling mercury emissions depends on the type of coal being burned because burning bituminous
coal produces Hg2+ ions and burning sub-bituminous or lignite coals produces neutral mercury atoms, Hg0.
Some of the mercury adheres to the fly ash and is removed with it. Other compounds of mercury may be
removed by treating the exhaust gasses with other chemicals that make the mercury adhere to the
particulates. DTE Energy of Michigan has made some progress by keeping the mercury emissions the same
while using 50% more coal. (DTE Energy 2016)
Emission controls on modern coal plants can take more space than the boilers and turbines used to
generate power. See Figure 2.34.
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Figure 2.34. Pollution controls at DTE plant in Monroe, MI.
Other Concerns about Burning Coal

The coal industry has made great progress in reducing emissions from burning coal and our air is much
cleaner than it was. (DTE Energy 2016) However, a single large power plant like the DTE plant in Monroe,
MI burns coal by the trainload each day and even a small percentage of emissions is measured in tons. In
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addition to the particulates, NOx, SOx, and mercury emissions, small amounts of uranium and thorium in the
coal are concentrated in the bottom ash. As a result, coal plants add more radiation to the environment than a
normally operating nuclear plant.
Recall that one of the primary products of combustion is carbon dioxide, CO2. The amount of carbon
dioxide in the atmosphere is a very small fraction (0.038%) but it is the raw material from which plants are
made. The burning of fossil fuels releases carbon dioxide into the atmosphere that was removed from the
atmosphere millions of years ago and has resulted in a measurable increase. Gasses such as water vapor,
methane, and carbon dioxide are transparent to visible light but reflect infrared light similar to the behavior
of solid glass. This characteristic of glass is used to trap heat in a greenhouse and is called the greenhouse
effect. Increased amounts of carbon dioxide in the atmosphere may have the same effect on the earth’s
temperature.

Figure 2.35. Visible light is re-emitted as infrared light that can be blocked by water vapor,
methane, and CO2
The carbon dioxide in the exhaust gasses of a power plant are not a small fraction but are one of the
two main products of combustion. Preventing the carbon dioxide from being released into the atmosphere is a
major change to the operation of a power plant. Pilot plants are now operating that attempt to prevent carbon
dioxide from reaching the atmosphere. One use of the CO2 is to force it underground into old oil wells where
its additional pressure could help extract more oil. Such as plant has been built in Saskatchewan, Canada.
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Figure 2.36. Carbon capture power plant in Saskatchewan, Canada
Coal Resources

In the 1800s, coal was the primary energy resource of the industrial age. If a country had coal, it could build
industries based on refining metal, manufacturing, and transportation. Britain, Germany, France, and the
United States developed rapidly in the 1800s. Russia, China, Canada, and Australia also have large deposits
of coal, as shown in Figure 2.37. (World Coal Deposits 2007) Observe from the map that South America, the
Middle East, western Africa, and Japan have minimal amounts of coal.
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Figure 2.37. Coal deposits.

Key Takeaways


Tall smoke stacks disperse the particles and gasses over a wider area, thereby reducing the
concentration near the source. Tall smoke stacks can introduce smoke into upper level winds that
can travel great distances.



Since requirements for cleaner emissions from burning coal were passed in the US, fly ash from
coal plants has been reduced by 98% and NOx and SOx reduced by 80% and 70% respectively.



DTE in Michigan has kept the mercury emissions of its power plants at about the same level while
burning 50% more coal.



A new power plant in Saskatchewan, Canada, captures the CO2 and pumps it into old oil wells to
pressurize them and recover more oil.

Key Terms
Absolute zero
the temperature at which atoms and molecules stop moving

Acidic
more hydrogen ions than neutral water with a pH less than 7

Alkali
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a type of base

Alloy
a mixture of metals and additives

Anthracite
type of coal that has the highest concentration of carbon
burning off extra carbon in pig iron with forced air to make steel

Arc furnace
burning off extra carbon in pig iron an electric current and pure oxygen

Basic
fewer hydrogen ions than neutral water with a pH greater than 7

Bioconcentration
living plants or animals can extract small amounts of an element or compound and store it in a concentrated
form

Bituminous
type of coal that has the second highest concentration of carbon

Boiler
container in which water is changed from liquid to steam

Blast furnace
type of heating device that melts together iron ore, limestone, and coke to make pig iron

Bottom ash
unburned components of coal that collect in the bottom of the boiler

British Thermal Unit (BTU)
amount of heat needed to raise one pound of water one degree Fahrenheit

Buffer
molecules that neutralize additional acids or bases to maintain a constant pH

Cast iron
mixture of iron and carbon with more than 2% carbon

Chromium
element 24, a shiny metal
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Coal
vegetable matter that has been compressed and heated for millions of years underground concentrating its
carbon content

Coal gasification
process of converting solid coal into gasses such as CO and H2 that will burn

Coke
coal that has been heated without oxygen to increase its carbon content and remove impurities

Condenser
series of tubes that separate a gas from a surrounding cooler medium intended to cool the gas enough to make
it change into its liquid form

Cooling tower
large hollow chimney that creates an updraft that can evaporate and cool water from a condenser

Deep mining
accessing a desired layer of mineral by digging deep vertical shafts or long horizontal shafts in overlying
rock layers

Fire tube boiler
tubes through which hot combustion gasses travel surrounded by water that boils

Fly ash
unburned components of coal that form particulates in the exhaust gasses

Greenhouse effect
a process that passes visible light but blocks infrared light thereby keeping in some of the heat energy of the
visible light

Hematite
an oxide of iron that is a component of iron ore, Fe2O3

High carbon steel
mixture of iron and carbon with 0.6-1% carbon

Kelvin
an absolute temperature scale that uses the same size degrees as the Celsius scale

Low carbon steel
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mixture of iron and carbon with .05-.3% carbon

Lignite
type of coal that has the lowest concentration of carbon

Liquid
one of the four phases of matter (solid, liquid, gas, plasma). Freely flowing but of constant volume

Magnetite
an oxide of iron that is a component of iron ore, Fe3O4

Mantle
small cloth bag impregnated with metal that gives off visible light when heated by a flame

Medium carbon steel
mixture of iron and carbon with 0.3%-0.6% carbon

Mercury, Hg
an element that is a liquid metal and is toxic to humans when ingested

NOx
shorthand reference to a family of nitrogen oxides such as NO2 and NO3

Open hearth method
burning off extra carbon in pig iron with preheated air to make steel

pH
abbreviation for parts of hydrogen and is the exponent of the number of neutral water molecules per
hydrogen ion

Pig iron
iron with a higher than desired percentage of carbon produced by a blast furnace

Piston
solid cylinder typically made of metal that slides inside a hollow cylinder

Rankin
an absolute temperature scale that uses the same size degrees as the Fahrenheit scale

Silicon
element 14, main ingredient of sand
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Slag
combination of limestone and impurities in iron ore

Smog
combination of smoke and fog

SOx
shorthand reference to a family of sulfur oxides such as SO2 and SO3

Stainless steel
mixture of iron, carbon, and chromium with 0.3%-0.6% carbon

Steam
water in its gaseous state

Steel
a mixture of iron and carbon, typically between 0.05% and 1%

Strip mining
method of exposing a layer of coal or other mineral by removing layers of rock and soil above the desired
layer

Sub-bituminous
type of coal that has the third highest concentration of carbon

Town gas
common name for gas produced from coal that was mostly available in cities

Turbine
fan blades attached to a shaft that converts gas pressure into rotary motion

Water tube boiler
a firebox surrounded by tubes filled with water that boils

Wrought iron
mixture of iron and carbon with less than .08% carbon
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