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CONTENT IN A
NUTSHELL

Topic Overview

Water and antifreeze circulate in automobile cooling systems to cool the engine. If
the water level gets low, more water or antifreeze is added to allow the cooling cycle to
operate. Unlike this example, however, the relative number of atoms of the chemical
elements—upon which our lives depend—cannot be increased. The total quantity of
the elements available to living organisms on earth is constant: the same atoms must
be used repeatedly. This circulation of a fixed amount of the chemical elements between
living organisms and the physical environment is a biogeochemical cycle.

There are several important features of biogeochemical cycles. First, every element
has its own cycle, and the cycles are interrelated. This means, of course, that
anything that interferes with the biogeochemical cycle of one element will alter the
cycle of other elements. In this module, we will deal with three gaseous biogeochemical
cycles: carbon, oxygen, and nitrogen. Second, there is usually more than one pathway
available to an element or its compounds from one point to another in its cycle. If
something should block one path, another path is usually available to take over. This
is comparable to the collateral circulatory system of the heart after an infarction or
a river channelling around an obstruction. Third, external factors can alter the
natural cycles, producing adverse effects on the biota. Pollution of the environment
is a primary factor that alters biogeochemical cycles today.

Since it is impractical to take an in-depth look at entire biogeochemical cycles, we will
look at important selective parts of the cycles of carbon, oxygen, and nitrogen. As part
of this investigation, we will conduct activities, perform demonstrations, and suggest
additional assignments to look at the chemistry of specific steps in these cycles.

This module is enrichment material that could be taught with gases, acids and bases,
organic chemistry or equilibrium. It may also be used after students have been
exposed to a general first year chemistry course, since biogeochemical cycles afford
an excellent opportunity to get an overall picture of real-world chemistry in action.

1. The total quantity of carbon, oxygen, and nitrogen available to all living
organisms on earth is constant.

2. The elements circulate between living organisms and the nonliving, physical
environment via biogeochemical cycles.

3. Earth’s atmosphere is the product of an evolutionary process involving
several on-going cycles.

4. Every element has its own cycle, although the cycles for all of the elements
are interrelated.

5. Most biogeochemical cycles have several alternate pathways.

6. Coal formation is a form of geologic metamorphism.

7. Photosynthesis and respiration can be thought of as reverse reactions in
terms of stoichiometry.

8. Human interventions can interrupt normal biogeochemical cycles. These
“detours” include industrial processes, burning of fossil fuels and wood, de-
forestation, animal waste and artificial fertilizer run-off, use of pesticides, etc.

PLACE IN THE
CURRICULUM

CENTRAL
CONCEPTS
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Topic Overview

1. Nature of carbon and its reactions, producing inorganic carbon compounds.

2. Nature of oxygen and its reactions, producing compounds containing oxygen.

3. Nature of nitrogen and its reactions, producing nitrogenous compounds.

4. Stratospheric ozone and its absorption of specific solar electromagnetic
radiation (wavelength and frequency).

5. Structure and function of carbohydrates, proteins, and lipids.

6. Oxidation/reduction

7. Acid/base properties and reactions

8. Equilibrium

9. Stoichiometry

1. Be able to set up, generate, and collect gases in the laboratory.

2. Be able to use common acid/base indicators.

3. Be able to balance molecular and ionic equations.

After completing a study of biogeochemical cycles, students should be able to:

1. define biogeochemical cycle.

2. identify three major gaseous biogeochemical cycles.

3. distinguish between two major carbon “sinks”—carbon held in reserve in
ocean sediments and in fossil fuels.

4. describe generally the movement of carbon, oxygen, and nitrogen in their
respective biogeochemical cycles, between nonliving and living environments
of earth.

5. relate how human intervention such as deforestation, the burning of fossil
fuels, and industrial processes interrupt normal biogeochemical cycles.

RELATED
CONCEPTS

RELATED
SKILLS

PERFORMANCE
OBJECTIVES
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LABORATORY
ACTIVITY:
STUDENT
VERSION

Concept/Skills Development

Activity 1: Carbon Dioxide

Introduction
CO2 plays a major role in the biogeochemical carbon cycle. You will examine some
properties of CO2 and its derivatives to develop an appreciation of the many roles this
compound plays in the carbon cycle.

Purpose
To prepare carbon dioxide and study some physical and chemical properties of carbon
dioxide and carbonates.

Safety
1. Wear protective goggles throughout the laboratory activity.

2. Immediately wash off any chemical with water if it contacts your skin.

3. Follow all normal precautions associated with the use of strong acids and bases.

4. Waft gases gently toward your nose when testing for odors.

5. Insure that proper care is used when lubricating and inserting glass tubing
or thistle tubes into stoppers.

6. Make sure that the thistle tube is below the liquid level in the gas generator
to prevent possible loss of CO2 and spewing of acid.

7. Do not look directly at burning magnesium, since ultraviolet radiation, as
well as the brightness, may cause eye injury.

8. Do not discard solids in the sink. Place in container provided by your teacher.

Procedure
1. Set up four test-tubes in a rack.

Place approximately 2.5 g of
calcium, magnesium and potassium
carbonate in each of three tubes
and sodium bicarbonate, NaHCO3,
better known as “baking soda,” in
the fourth. Add 3-4 mL of water to
each and stir each mixture to effect
maximum dissolution.

2. a. Obtain 75 mL limewater, a
saturated solution of Ca(OH)2,
in a 250-mL beaker.

b. Add a drop or two of 3.0 M
hydrochloric acid, HCl, a strong
acid, to each test-tube, fit rubber
stopper into tube, and bubble
any gas evolved into the
limewater as shown in Figure 1.
This is a standard qualitative
test for carbon dioxide, CO2.

Figure 1. Bubbling CO2(g) into limewater.

Carbonate + acid

Limewater
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Concept/Skills Development

3. Set up the CO2 generator as shown
in Figure 2. Before adding any acid,
be sure to have your instructor check
your set-up.

Just cover the bottom of the gas
generator bottle with marble chips,
and carefully add enough (about
10 mL) 3.0 M  HCl through the
thistle tube to cover the marble. Be
sure the thistle tube is below the
acid level.

4. Discard the first bottle of gas
collected. Adding 10 mL portions of
3.0 M HCl as needed, collect three
bottles of CO2, and confirm that you
are indeed producing carbon dioxide
by bubbling the gas into a test-tube
of 3-4 mL limewater.

5. Continue to allow CO2 to bubble into the tube of limewater after the initial
confirmation that CO2 is being produced. What happens now? What you
observe occurs because calcium bicarbonate, Ca(HCO3)2, is much more soluble
than calcium carbonate, CaCO3. The clear solution is now “temporary” hard water.

6. Shut down your CO2 generator by unstoppering and filling the generator
bottle with water. Carefully decant this diluted acid, and rinse the marble
chips several times with water. No solids in the sinks. Place the marble chips
in the container provided by your teacher for reuse.

7. Bottle 1: Set up a 250-mL beaker containing a short burning candle inside.
Being careful not to drip excess water, “pour” (as you would water) a bottle
of CO2 into the beaker over the flame. What do you observe?

8. Bottle 2: Holding a short piece of magnesium ribbon with small forceps, ignite
in a burner flame, and immediately thrust the burning magnesium into a bottle
of CO2. Do not drop the ribbon as it might break the bottle. What do you observe?

9. Bottle 3: Into the last bottle of CO2, add 50 mL of water and, covering the
mouth tightly with a stopper, shake vigorously. What evidence of dissolving
do you observe?

10. Make a very dilute solution of NH3(aq) (one drop 3.0 M NH3(aq) in approximately
400 mL water) and add 2-3 drops of phenolphthalein. The solution should be
very pale pink. Now add your CO2(aq) solution to 25 mL of the basic solution.
What happens?

11. Test aqueous solutions of NaHCO3 and Na2CO3 with pH paper, litmus paper,
and phenolphthalein. Describe the results.

12. Thoroughly wash your hands before leaving the laboratory.

Data Analysis and Concept Development
1. Which substances in Step 1 are soluble and insoluble?

2. Is a gas evolved when HCl is added in Step 2?

Marble
chips

Water

CaCO3  +  HCl

CO2

Figure 2. Laboratory preparation of carbon dioxide.
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3. What happens when the gas in Step 2 is bubbled into limewater?

4. Bubbling CO2 into limewater is a standard qualitative test for CO2. State the
test in your own words.

5. Write an equation for the reaction of CO2 with limewater.

6. Why must the thistle tube be below the acid level in the CO2 generator?

7. Why should you discard the first bottle of CO2 collected in Step 4?

8. Write one equation for the reactions in Steps 4 and 5 using double arrows.

9. How does Le Chatelier’s Principle apply to Steps 4 and 5.

10. How is the reaction from Question 8 a contributor to the hardness of natural
water?

11. What physical and chemical properties of CO2 make it a good fire extinguisher?

12. Explain your observations in Step 7 in terms of these properties.

13. What are the white powder and the black deposits on the sides of the bottle
in Step 8?

14. How could these be formed?

15. Write a balanced equation for this oxidation-reduction reaction.

16. Describe any evidence of dissolving observed in Step 9.

17. What color change occurred in the NH3(aq) solution when you added the
CO2(aq) in Step 10?

18. What does this color change indicate about a solution of CO2?

19. Describe the results of your tests in Step 11.

20. Is the hydronium ion concentration of Na2CO3 greater or smaller than that
of water? Is the hydronium ion concentration of NaHCO3 greater or smaller
than that of water?

21. Which compound has the higher pH, Na2CO3 or NaHCO3?

22. Explain your answer to Question 21 in terms of hydrolysis and Le Chatelier’s
principle.

Implications and Applications
1. Discuss why CO2 as a fire extinguishing substance would be appropriate or

inappropriate in each of the following:

a. An alcohol fire in a chemistry laboratory.

b. A thermite reaction (burning aluminum and magnesium) gone out of
control in the laboratory.

c. An electrical fire in the roof of an elevator containing people stuck
between floors.

d. A grease fire in your kitchen.

2. Discuss the baking alternatives: baking soda and yeast. Is there any
advantage in using one or the other?
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Concept/Skills Development

3. Define hard water, distinguishing between the “permanent” and “temporary”
kinds. “Temporary” hard water, chiefly composed of calcium and magnesium
bicarbonates, can be “softened” by boiling or by the addition of sodium
carbonate. Discuss the mechanism in each method that removes the “hard”
ions. Which type would you prefer in your community and why?

4. In emergency rooms, a shout of “Bicarb!” is often heard, especially for victims
of cardiac arrest or strangulation. What reason would there be for intravenous
“bicarb” infusion?



8 Biogeochemical Cycles: Carbon, Oxygen, Nitrogen (BICY)

Activity 1: Carbon Dioxide

Major Chemical Concept
Students should develop an appreciation for the many roles CO2 plays in the biogeo-
chemical carbon cycle—acid former, important constituent in carbonate-bicarbonate
equilibria, inorganic carbon source in photosynthesis, and respiration product.
Additionally, by observing carbon dioxide’s density, nonflammability, and inability
to support combustion, they will more clearly understand its uses in fire fighting, as
well as some of its disadvantages and hazards under certain conditions (such as
metal fire). Students apply previously learned concepts in new and practical
situations: acid-base theory, hydrolysis of salts, Le Chatelier’s Principle and
equilibrium, oxidation-reduction, and writing equations.

Level
This activity is appropriate for any general first-year chemistry class.

Expected Student Background
Since this is an enrichment module, the material will probably be used late in the
school year. It presupposes a wide range of conceptual understanding. Students
should be familiar with Brønsted-Lowry acid-base theory, hydrolysis, concentration
effects in equilibrium (Le Chatelier’s Principle), oxidation-reduction, and how to
balance equations. In addition, they should have a practical knowledge of laboratory
techniques, specifically the generation and collection of gases.

Time
This activity can be completed in two 50-min periods, but it should be done over three
periods if you use extended discussion to show applications and reinforce previously
acquired concepts.

Safety
Read the Safety Considerations in the Student Version. Marble chips can be “recycled,”
preventing the dumping of solids in the sink as well as stressing conservation of
resources and economy. Make sure the chips are rinsed well and then placed on paper
towels to dry before putting back into container. Plastic thistle tubes are recommended
instead of glass. Students should take care when lighting the short candle in the
beaker. Use a splint, and do it quickly. Warn students not to look directly at burning
magnesium, since it emits ultraviolet radiation that may harm their eyes. Also
remind them not to drop the burning ribbon since it may crack the beaker.

Materials (For 24 students working in pairs)

Nonconsumables
12 Thistle tubes
48 Wide-mouth bottles
12 Pneumatic troughs
12 Graduated cylinders, 10-mL
12 Glass bends
12 Stoppers, 2-hole (sized to fit bottle)
12 Flexible rubber tubing pieces, 45 cm
48 Test-tubes, 25- x 150-mm
12 Test-tube racks

LABORATORY
ACTIVITY:
TEACHER

NOTES
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Concept/Skills Development

12 Spatulas
12 Beakers, 250-mL
12 Beakers, 400-mL
12 Forceps, small
36 Glass plates, 3" x 3", or large enough to cover the mouths of the collecting bottles
12 Rubber stoppers, solid, for wide mouth bottles
12 Rubber stoppers, 1-hole fitted with glass bends and rubber tubing No. 2
12 Stirring rods

Consumables
Sodium bicarbonate, NaHCO3, 30.0 g
The following carbonates are suggested for Step 1. Check safety before using

other carbonates:
Potassium carbonate, K2CO3, 30.0 g
Magnesium carbonate, MgCO3, 30.0 g
Calcium carbonate, CaCO3, 30.0 g

Marble chips
12 Candles, small (short enough so they do not extend above top of 250-mL

beaker)—birthday cake candles in clay blob “candle holders” work well
12 Splints
12 Magnesium ribbons, approximately 2 cm long
Litmus paper
pH paper
Phenolphthalein solution, 100 mL (1% in ethanol, divided into several dropping

bottles)
3.0 M Hydrochloric acid, HCl, 1.0 L (250 mL 12 M  HCl per 1 L solution)
3.0 M Ammonia, NH3, 100 mL (20 mL 15 M  NH3 per 100 mL solution)
0.25 M Sodium carbonate, Na2CO3, 100 mL (2.7 g anhydrous Na2CO3 per 100 mL

solution)
0.50 M Sodium bicarbonate, NaHCO3, 100 mL (4.2 g anhydrous NaHCO3 per

100 mL solution)
Saturated solution of limewater (Place enough Ca(OH)2 powder or flakes—

approximately 25 g—in a 1 L bottle deionized water to make the saturated
stock solution. Prepare 24 hours ahead.)

Advance Preparation
1. Prepare solutions needed for the activity.

2. Check to be sure the NH3(aq)-phenolphthalein solution students will prepare
is dilute enough to be decolorized by the weak carbonic acid solution generated.
If not, dilute the stock solution of NH3 until you obtain the desired result.

Pre-Laboratory Discussion
1. You may wish to discuss CO2 in these terms prior to the laboratory activity.

CO2 plays a major role in the biogeochemical carbon cycle. On the geo side
its capture from the atmosphere accounts for most of the “sink” of insoluble
mineral carbonates in the earth’s crust and ocean floor. It also plays a major
role in the production of “hard” water and helps buffer the oceans, maintaining
a fairly constant pH for seawater through the production of bicarbonate ions.
On the bio side it is essential to plants as the source of inorganic carbon from
which organic carbohydrates can be synthesized, storing the energy of
sunlight as chemical energy. CO2 returns to the atmosphere as a by-product
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of cellular respiration of carbohydrates and the release of their energy, but
not before providing some important buffering activities in the circulatory
systems of many organisms. Finally, CO2 absorbs reflected infrared radiation
from the earth’s surface, targeting it as the major cause of global warming
and the greenhouse effect. As the product of the burning of vast quantities
of carbon-containing fossil fuels (along with water, also a greenhouse gas),
the atmospheric concentration of CO2 has steadily increased during the last
two centuries. Whether or not natural geochemical processes can adapt to
keep up with this increased atmospheric loading is debatable.

2. As part of this topic, stress concern for conservation of resources by example.
“Recycle” the marble chips by rinsing and saving. This may seem trivial, but
it does make an impact on students. Make sure the chips are rinsed well and
then placed on paper towels to dry before putting back into container.

3. Caution students not to leave the top off of the limewater container. Why?
[CO2 from the air will react.]

4. Review safety emphasizing:

a. Proper handling and disposal of acids.

b. Proper set-up for gas generation and approval policy. (It should be your
policy to inspect generators before the acid is added.)

c. Warning about eye injury from looking directly at burning magnesium strip.

d. Warning about lighting the short candle with care, using a splint.

5. To prevent gas from bubbling out through the thistle tube, emphasize that the
tube should almost touch the bottom of the generator bottle so the liquid level
completely submerges it. Sometimes an airlock prevents additional acid from
going down into the generator. Tapping the bottle on the counter top gently,
being careful not to slosh acid out, will break the airlock and allow the acid to
flow. Do not allow students to complete this procedure—only the teacher. (If tapping
does not work, briefly loosen the generator stopper; tighten immediately.)

6. Remind students to discard the first bottle of gas generated, as it will be
contaminated with air. Three bottles of CO2 can be collected easily in less
than 15 min, although a recharge of acid may be necessary.

7. Several important concepts that have been studied previously should be
reviewed here. Density (specific gravity) of gases, factors affecting equilibrium
(Le Chatelier’s Principle), Brønsted-Lowry acid-base concept (see respective
SourceBook modules) will all play a role in understanding why and how some
of the reactions to be observed work the way they do. You might also wish to
review the meaning of acid anhydride, relating this concept to CO2, the oxide
of the nitrogen cycle and acid rain.

8. Emphasize the practicality of the knowledge to be learned and the many
applications of these reactions.

Teacher-Student Interaction
First, walk around and check to be sure students understand how to set up the
limewater test in Figure 1. More importantly, monitor insertion of glass tubing and
thistle tubes into and out of stoppers. (Some teachers like to fit the rubber stoppers
with glass tubing and thistle tubes in advance. If you choose to allow the students
to prepare their own set-ups, be sure to show them the proper way of inserting glass
tubing into a rubber stopper, including lubrication of the tubing with H2O and use
of a laboratory towel for hand protection.



Biogeochemical Cycles: Carbon, Oxygen, Nitrogen (BICY) 11
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An alternative way to fit the tubing is to insert a well-lubricated—with silicone
grease— metal cork borer of larger diameter then the glass tubing into the stopper,
slip the glass tubing through the borer and remove the borer, leaving the glass tube in
place in the stopper. Although this method requires a little more advance planning,
it is much safer than the standard methods.) Advise students concerning proper
placement of the thistle tube (below liquid level), and remind them to discard the first
bottle of gas collected. The reaction, once you have approved each set-up and students
have added the acid, is rather rapid. As the rate of bubbling slows, instruct students
to add more acid in 10 mL portions. Remind students to test the gas from the
generator also, using limewater, and then stop the reaction. Walk around and make
sure they do not leave marble chips reacting in the unstoppered bottles, do not dump
solids into the sinks, or forget to rinse the marble and then put it on paper towels to dry.

As students begin to use their collected bottles of CO2, monitor their work by walking
around and asking questions: “Why did the candle go out?” “Why could you pour the
CO2?” “What does a higher pH mean?” Or make comments: “Be careful not to drop
the burning strip.” “That ammonia solution is too pink; dilute it more.”

Anticipated Student Results
Many of the observations will be given in question responses to Data Analysis and
Concept Development (see Answers to Data Analysis and Concept Development). In
Step 2, a gas is evolved. This gas is suspected to be CO2. At the end of Step 4, CO2
is bubbled through limewater to produce a cloudy suspension as confirmation that
the gas generated is CO2. However, in Step 5, the cloudiness disappears (see
Post-Laboratory Discussion for relevant equations). In Step 7, pouring CO2 over the
flame should extinguish the flame. In Step 8, a black solid (C) and a white solid (MgO)
are formed when Mg is burned in CO2. In Step 9, suction may be felt as the CO2
dissolves in water. (Pressure decreases as gas dissolves.)

Answers to Data Analysis and Concept Development
1. Soluble: Na2CO3, NaHCO3, (NH4)2CO3

Insoluble: BaCO3, CaCO3 (MgCO3 is only slightly soluble.)

2. Yes

3. Limewater turns cloudy.

4. If an unknown odorless, colorless gas is bubbled into limewater and the clear
solution becomes cloudy, the gas is CO2.

5. CO2(g) + Ca(OH)2(aq) → CaCO3(s) + H2O(l)

6. Otherwise, CO2 bubbles out through the thistle tube instead of going into the
collection bottles.

7. The first bottle is contaminated with air that was in the generator. Since it
is contaminated with air, you might get false observations.

8. Ca(OH)2(aq) + 2 CO2(g)    CaCO3(s) + CO2(g) + H2O(l)    Ca(HCO3)2(aq)

[CaCO3(s) + CO2(g) + H2O(l)    Ca(HCO3)2(aq)    Ca2+(aq) + 2 HCO3
–(aq)]

9. As the concentration of CO2 increases, it drives the reaction beyond CaCO3
formation to formation of Ca(HCO3)2, which is soluble.

10. Hard water contains Ca2+(aq), and soluble Ca(HCO3)2 adds Ca2+(aq) to water.
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11. Physical property: density; denser than air. Chemical property: does not
support combustion.

12. The denser CO2 settles in the beaker, driving air out. This “smothers” the flame.

13. The white powder is MgO; the black specks are carbon.

14. To continue burning and forming MgO, magnesium literally tears CO2 apart
to remove the oxygen, leaving the carbon behind.

15. 2Mg(s) + CO2(g) → 2MgO(s) + C(s)

16. Suction is felt on the palm.

17. The solution became colorless.

18. It has acidic properties; it neutralizes the base.

19. Litmus turns blue in both solutions, and phenolphthalein turns pink in both.
pH paper indicates a higher pH for Na2CO3 than NaHCO3.

20. The hydronium ion concentration of both Na2CO3 and NaHCO3 is smaller
than that of H2O.

21. Na2CO3 has the higher pH.

22. CO3
2– is a stronger base than HCO3

–; the equilibrium representing CO3
2–

reacting with H2O goes farther to the right. The pertinent equations are:

HCO3
2–(aq) + H2O(l) CO2(g) + H2O(l) + OH–(aq)

CO3
2–(aq) + H2O(l) HCO3

–(aq) + OH–(aq)

Answers to Implications and Applications
1. a. A CO2 fire extinguisher would be appropriate for use in a laboratory

alcohol fire because it would smother the fire by cutting off the oxygen
needed to feed combustion.

b. A CO2 fire extinguisher would not be appropriate with a thermite
reaction since burning aluminum and magnesium would be hot enough
to react with the CO2 in a reaction similar to the one observed in the
Bottle 2 (Step 8) reaction. Covering the burning mixture with sand is the
appropriate method of removing oxygen here.

c. A CO2 fire extinguisher would not be appropriate in this situation since
the density of carbon dioxide is so high. It would tend to settle to the floor
of the elevator, displacing air, and creating a suffocating pocket of CO2 that
might harm passengers. This would be similar to a common situation faced
by miners in coal mines before ventilation requirements became so strict.

d. A CO2 fire extinguisher would be appropriate in a kitchen grease fire in
order to suffocate the combustion process. Water or a soda-acid fire
extinguisher would be inappropriate, since the immiscibility of grease
and water would result more in spreading the fire than cooling it.

2. Baking soda, NaHCO3, dissociates in aqueous medium to Na+(aq) and
HCO3

–(aq). The HCO3
–(aq) reacts with H+(aq) in the mixture to produce

H2CO3(aq) that, upon heating, produces CO2(g) and H2O(l). As the CO2
diffuses through the dough, it creates bubbles that cause the dough to rise.
After the CO2 and water vapor leave the dough, the only residue is a sodium
salt, which may not be desirable for people with high blood pressure. Note,
also, that heating is necessary to cause the dough to rise.
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In the case of yeast, enzymes (see Enzymes module) accelerate the metabolism
of sugar according to the following reaction:

C6H12O6(s) + Yeast → 2C2H5OH(l) + 2CO2(g)

rendering heat unnecessary above normal temperatures. After the dough
has risen because of diffusion of CO2, baking stops the fermentation process
by killing the yeast and evaporating off the alcohol. (Have you ever eaten
rolls that tasted of alcohol? What might have caused this?) The lack of
sodium and the rising of the dough without heat can be considered advantages
of using yeast instead of baking soda. The disadvantage is the increased time
that it takes to produce the bread.

3. Hard water contains dissolved minerals, usually containing calcium,
magnesium or aluminum ions, but no bicarbonate anions. It does not lather
easily and leaves a soap scum on tile. This scum is the insoluble “salt” of the
soap. An example would be the conversion of soluble sodium laurate, a
common soap found in some shampoos, into insoluble calcium laurate, which
precipitates as a “soap film.”

In the case of “temporary” hard water, boiling decomposes the soluble
bicarbonate into the insoluble carbonate, which removes the “hard”ions,
leaving “soft” water. Replacement of bicarbonate with carbonate ions
through addition of sodium carbonate accomplishes the same result. The
fact that heating causes a precipitate to form makes temporary hard water
a nuisance since insoluble carbonates build up in such household appliances
as tea kettles, washing machine inlet pipes, and shower heads, and coffee
makers.

4. In cardiac arrest or strangulation, the cessation of breathing causes a build
up of CO2 as the living cells continue to respire. This “dumping” of CO2 into
the bloodstream causes a drop in blood pH that itself can prove fatal:

CO2(g) + 2H2O(l) H3O+(aq) + HCO3
–(aq)

At first the blood’s buffering capacity, which is due to blood bicarbonate
concentration, attempts to maintain a constant pH by removing hydronium
ions produced as CO2 concentration increases by the reverse process:

HCO3
–(aq) + H3O+(aq) CO2(g) + 2H2O(l)

As the blood’s bicarbonate concentration becomes depleted by this process,
an infusion of “bicarb” is needed to try to maintain this buffering effect in the
bloodstream.

Post-Laboratory Discussion
The discussion questions in Implications and Applications can lead to misconceptions
or problems arising from the activity. You will particularly want to go through all
reaction equations explaining what happened. (The limewater test reactions are
given in Question 8 in Answers to Data Analysis and Concept Development. Hydrolysis
reactions are in Question 23 in Answers to Data Analysis and Concept Development.)
This is particularly important since equilibrium shifts and dissociation of weak and
strong acids in the hydrolysis reactions may not be clearly understood. A possible
extension of the post-laboratory discussion can center around CO2 and its role in the
“greenhouse effect.”
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Assessing Laboratory Learning
Besides the normal laboratory report, including answers to the questions asked, the
following laboratory practical can be done.

A long candle is set up in a large beaker to
which limewater has been added. A bottle of air
is lowered quickly so that the mouth of the
bottle is below the surface of the limewater, as
shown in Figure 3. Account for the following
observations in light of the CO2 activity just
completed:

1. The candle slowly goes out. [O2, which
is needed for combustion, is the limiting
reactant. Burning ceases when it is
depleted.]

2. The limewater level rises inside the bottle. [A combination of reaction of CO2
with limewater and rapid cooling of hot gases, with the resultant decrease of
volume, reduce gas pressure inside the bottle. Atmospheric pressure is now
greater and forces limewater up into the bottle.]

3. The limewater inside the bottle becomes cloudy at the surface only. [This
observation proves the CO2 is produced by the burning of the candle, and that
some of it is being removed by the production of insoluble CaCO3. NOTE: The
small amount of CO2 in the original air could not account for the surface
“film.”]

Lime
water

Figure 3. Burning a candle over
limewater.
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Activity 2: Oxygen in the Air

Purpose
To measure the volume percentage of oxygen in moist air and calculate from it the
percentage of oxygen in dry air.

Safety
1. Wear protective goggles throughout the laboratory activity.

2. All chemicals should be treated with respect—even the most common are not
exceptions. Be sure to wash off any chemical with water as soon as it contacts
your skin.

3. Avoid breathing acetone vapors or spilling it on your skin.

4. Take care not to cut yourself while handling steel wool.

5. Washing of steel wool should be done only in the fume hood, using forceps.

6. Acetone is flammable; keep it away from flames.

Procedure
1. To each of two 20- x 150-mm test-tubes, attach lengthwise a strip of masking

tape on which to record water levels. Set up a ringstand and two utility
clamps, so that the inverted tubes can be set up in the 1000-mL beaker as
shown in Figure 4. The beaker should be 2/3
full of water.

2. Weigh two l.00 g pieces of size 00 steel wool,
taking care not to compact the material.

3. In the hood, rinse in acetone (for about 30 s)
one piece of steel wool, using small forceps.
This removes any oil from the surface. Shake
off any excess and drain on a paper towel in
the hood. Then place the steel wool in the
25.0 mL of l M acetic acid provided in the
hood and agitate for about 1 min. Shake off
and drain as before on another paper towel.

4. Again rinse the steel wool, this time using
25.0 mL of 0.1 M acetic acid. (Agitate for
30 s, shake off excess and drain again on a
fresh paper towel.)

5. Insert the cleaned steel wool into a test-tube,
pushing it to the bottom with a stirring rod
without compressing it. It should spread
over the bottom half of the tube as shown in
Figure 4. Immediately invert the test-tube
and carefully lower it into the beaker of
water. Tilt the tube and beaker so that
approximately 2.0 cm of water goes up into
the tube. Adjust the levels of water until they
are the same inside and outside the tube, and
clamp the test-tube in a vertical position.

LABORATORY
ACTIVITY:
STUDENT
VERSIONaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaSteel wool

Water

Figure 4. Apparatus for
measuring the oxygen
in air.
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6. Mark the initial water level on your tape with a waterproof
pencil or pen (A in Figure 5).

7. Repeat the entire procedure (Steps 3-6) for the other tube, taking
care not to disturb Tube 1 as you set up Tube 2. The mouth of the
tubes should be below water level throughout the activity.

8. When no further change in water level can be detected, after
about 20-30 min (it is acceptable to leave the set-up overnight at
this point), wait 5 min longer and then, by lowering the tube,
readjust the water levels inside and outside until they are the same.

9. Mark the water level carefully on your tape (B in Figure 5), take
an accurate temperature reading of the water in the beaker
without touching the sides (we will assume the gas inside the tube
and the water in the beaker are the same temperature), and a
barometric pressure reading. Construct a data table in your
laboratory notebook and record your data.

10. Drain the first test-tube, dry it, and accurately estimate the
distance between the two lines to the nearest hundredth of a
centimeter. Next, estimate the length from the initial water level
to the bottom of the tube (A-C distance in Figure 5) to the nearest
hundredth of a centimeter. Using these data calculate the percent
by volume of O2 in moist air.

11. Correct your percent value to that of dry O2 using the following equation:

where Pb is the barometric pressure, and Pw is the water vapor pressure at
the temperature recorded.

12. Thoroughly wash your hands before leaving the laboratory.

Data Analysis and Concept Development
1. Why are two test-tubes used in Step 1?

2. Why must you be careful not to pack the steel wool in Step 2?

3. Why is it necessary to rinse the steel wool in acetone and acetic acid?

4. What is the purpose of equalizing water levels in Step 5?

5. Why did water rise into the tubes in Step 8?

6. Why is it necessary to adjust water levels again in Step 8?

7. Why do you need to know gas temperature and barometric pressure?

8. What equation did you use for the calculation of percent by volume of O2 in
moist air in Step 10?

9. Why is the air moist?

10. How does your corrected percentage of dry oxygen in air calculated in Step 11
compare with the accepted value of 20.9% volume O2 for dry air at sea level?
Calculate your percentage error.

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaFinal water level, B

Initial water level, A

Top of tube, C

Steel wool

Original Amount of Gas in Tube [C-A]
Final Amount of Gas in Tube [C-B]

Masking tape

Figure 5. Water levels.

Volume % dry O2  =  Volume % moist O2  x   
Pb

Pb - Pw
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Implications and Applications
1. In geology, iron deposits can be used to hypothesize atmospheric change and

the evolution of life producing that change by the state of oxidation of the
iron. For instance, in what order would you expect to find banded layers of
FeO and Fe2O3 in deep sediments as you dig into the crust? What does this
imply?

2. Ozone (O3), an allotropic form of oxygen, plays a major role in screening
harmful ultraviolet light from sunlight in the atmosphere. What implication
is there for the change in banded iron deposits and the development of the
ozone layer around the earth?

3. If you were to test the remaining gas in each of the test-tubes used in this
activity with a burning splint, what would occur? Why? What gas would this
be if all but a very tiny fraction reacted with magnesium to form Mg3N2?

4. Based on conclusions in Question 3, what can you imply about combustion
and/or respiration in the atmosphere compared to that in a pure oxygen
environment? Is it not fortuitous (a “lucky accident”) that 78% of the
atmosphere is composed of this “remaining gas”? Give an example to
illustrate what might happen if it were not.

5. How would you design an activity to measure the percentage loss of O2 and
percentage gain of CO2 in respired air?

6. Slow oxidation (rusting) of iron is a major economic problem. A person who
found a “better way” to prevent or slow the process would probably become
a billionaire overnight. Since this is an oxidation-reduction process, what are
three methods currently used to retard the process?
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Activity 2: Oxygen in the Air

Major Chemical Concept
Earth’s atmosphere is very different from the planet’s original one composed chiefly of
methane (CH4) and ammonia (NH3), with oxygen estimated to have been only 10–12

what it is today. Although the earliest oxygen produced seems to have been used to
oxidize reduced atmospheric gases like CH4, NH3, H2S, etc. and crustal materials,
like the production of banded iron formations from iron rising from the core,
photoautotrophs gradually increased the percentage of O2 in the atmosphere over
millennia. Today, there is an approximate “reservoir” of 1015 tons of atmospheric
oxygen. Theoretically, all of the O2 produced by plants should have been used by
them in respiration. However, since some plant material produced became geologically
“encapsulated” in the crust as fossil fuels and other organic substances, a surplus of
oxygen gradually built up in the atmosphere.

The student should gain an insight into the important role O2 plays and has played
in the development of life on this planet. In addition the reactive nature of the
element should be demonstrated, while a reasonably accurate quantitative
determination of O2 in today’s atmosphere can be made using simple techniques. Also,
a related discussion of ozone and its importance can be brought in as a related topic.

Level
This activity is appropriate for any general first year chemistry class.

Expected Student Background
Students should have studied the preparation and properties of oxygen and the gas
laws. Particularly, they should know Dalton’s Law of Partial Pressures and how to
adjust for water vapor pressure. They will probably have studied the atmosphere in
earth science, but this will be an effective way to verify previously learned facts.

Time
This activity can be done in one 50-min period, but it will be most effective if several
hours are allowed for the reaction. Other strategies are to have students set up the
activity after school the day before the activity, or set up in the laboratory and come
back after school to take final readings and clean up. Set up takes about 20 min.
Discussion after the activity may require another period.

Safety
Read the Safety Considerations in the Student Version.

1. Be sure the washing of the steel wool in acetone is done in a fume hood.

2. Students should avoid breathing of acetone vapors or contact with skin, and
no burners should be in use nearby, since acetone is flammable.

3. Beakers containing 100 mL of acetone and l.0 M acetic acid should be set up
in the hood for washing the steel wool. You should change these after use by
two or three students. A reagent bottle of 0.10 M acetic acid should be
available for students to obtain the 25.0 mL needed for their final rinse for
both pieces of steel wool. Dispose of used acetone properly.

4. Students should be warned that “tearing” pieces off of steel wool can shred
the skin painfully.

5. Acetone should be allowed to evaporate in the hood.

LABORATORY
ACTIVITY:
TEACHER

NOTES
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Materials (For 24 students working in pairs)

Nonconsumables

12 Beakers, 100-mL
12 Beakers, 1000-mL
24 Test-tubes, 20- x 150-mm [Note: Using 50-mL burets (if available) in place of

test-tubes will improve volume measurement.]
24 Utility clamps
12 Ringstands
12 Rubber stoppers, #2 (optional)
12 Waterproof pencils or pens
12 Stirring rods

Consumables

Acetone, l L
l.0 M Acetic acid, CH3COOH, 1 L (57 mL of 17.5 M [glacial] acetic acid diluted

to l.0 L). REMEMBER: Add acid to water.
0.10 M Acetic acid, CH3COOH, 1 L (5.7 mL of 17.5 M acetic acid diluted to l.0 L)
Fine steel wool (size 00), 1 pkg
Wood splints
Masking tape

Advance Preparation
Prepare needed acetic acid solutions and secure other materials for the activity.

Pre-Laboratory Discussion
Discuss safety with students. Emphasize the importance of not compressing the
steel wool and accurate marking of tape with a waterproof pencil or pen. A small
amount of water should be in the test-tube when it is set up as a starting point.
Tilting the tube in the beaker allows a few milliliters of water to replace air in the
tube. Care should be taken not to remove the test-tubes from the beaker until all
water levels have been adjusted and accurate markings made. Also mention
that the reason water levels must be equalized is that the total gas pressure
inside the tube is the same as the student reads on the barometer. Inform students
where to find a table of equilibrium water vapor pressure values. If students are to
do the optional splint test for oxygen, remind them to stopper tubes before removal
from the beaker. Finally, waste steel wool should be disposed of properly, not in
the sinks, and acetone should be evaporated in the hood. Warn students that there
may be some rust staining in their tubes, which can be removed with oxalic acid
solution.

Teacher-Student Interaction
Students should be monitored at the hood to insure proper washing of steel wool and
handling of acetone. Walk around and make sure students allow a small amount of
water into the tube before clamping. Also insure that tubes are in a vertical position
and that the starting position is marked after set up.

Anticipated Student Results
Students should be able to obtain a percent dry oxygen in air within 10% of the
accepted value (20.9%).
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Answers to Data Analysis and Concept Development
1. Duplicate set-up in case of misfortune.

2. Since O2 reacts at the surface of the steel wool, and since it is important that
all O2 in the tube react, we do not want to limit the amount of iron exposed
to the air in the tube by compressing the steel wool.

3. To insure that the steel wool is clean and free of oil and corrosion. Acetone
will dissolve oil. Acetic acid will insure a clean surface.

4. Equalization is done to insure that the gas pressure inside the tube is known
and, therefore, is the same as the barometric pressure.

5. As O2 was removed from the air, the total gas pressure in the tube decreased,
allowing the greater air pressure to force water into the tube until pressures
inside and outside equilibrated.

6. Same answer as for Question 4.

7. The temperature is necessary to obtain the equilibrium water vapor pressure
in order to adjust total pressure. The barometric pressure is equal to the total
pressure inside the tube when the water levels are the same.

8. Volume % moist O2  =  
Length water level rose

Total length of original air column   x  100%

9. The air is moist because it was over water, and some water vapor was
present.

10. Answers will vary, and they should be less than 10% error.

Answers to Implications and Applications
1. Closer to the surface you would expect to find Fe2O3, with FeO deposits buried

underneath these layers. This implies that the early atmosphere contained
less oxygen and there was only enough to oxidize the crustal iron to the 2+
state, while later sediments indicate a greater abundance of oxygen, allowing
oxidation to the higher 3+ state.

2. The increase in oxygen in the atmosphere indicated by the banded iron
deposits would imply a concurrent increase in ozone production, resulting in
the formation of a significant ozone layer around the earth:

3O2(g) 2O3(g)

Since this layer would increasingly screen harmful ultraviolet wavelengths
from sunlight, life could begin to move out from the ocean depths into the
direct sunlight on land.

3. The burning splint would immediately go out, indicating that the gas(es)
remaining after all of the oxygen has been removed do not burn or support
combustion (respiration). The formation of magnesium nitride indicates
that most of the remaining gas was nitrogen.

4. An object should burn much faster in pure oxygen than in air, since air is only
approximately 20% oxygen (see Reaction Rates module). If each lungful of
“air” were 100% oxygen, we would literally hyperventilate ourselves to
death, since the cells would probably not be able to withstand the temperatures
produced or resist being oxidized themselves by rapid reaction.
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5. For O2: Using the set-up in Activity 2, substitute a tube of respired air and
perform the experiment using the same procedures, making sure that
temperature and pressure conditions are the same as when air alone was
used. The average weight-gain difference divided by the weight-gain of the
iron in air times 100% gives the percent loss of oxygen in respired air. (The
design of an apparatus containing only respired air would require a two-hole
stopper and inlet and outlet tubes to the test-tube.)

For CO2: Invert equal volumes of air and respired air at the same temperature
and pressure conditions in a container of limewater. After standing, and the
formation of a precipitate, note any difference in water levels in the two
containers. This difference could be used to find the percent volume difference
of CO2 in the two samples by dividing the difference by the volume of CO2
removed from air and multiplying by 100%. Anything over 100% indicates
the percent increase of CO2 in respired air.

Obviously several trials to obtain averages and large enough samples to
produce measurable results must be used.

6. Three methods are: (1) lubrication, to exclude oxygen; (2) painting, also to
exclude oxygen; and (3) use of a more reactive (than iron) metal to act in a
sacrificial capacity and undergo oxidation in the redox process of corrosion.
Other methods that prevent oxidation of the iron may be mentioned.

Post-Laboratory Discussion
Use Implications and Applications as a basis for discussion. Ask students if this
reaction would have occurred without water being present. Then ask students to
balance the equation: Fe(s) + O2(g) + H2O(l) → Fe2O3 . x H2O(s). (The x moles of
water appearing on both sides of the equation indicates that iron oxide hydrate can
have a variable amount of water.) Discussion of the stoichiometry of photosynthesis
and respiration is also appropriate here: why there should be no surplus of oxygen
in the atmosphere, and what the fact that one exists implies. This fact can also be
used to illustrate the living (bio-) and nonliving (geo-) components of the oxygen
cycle, their interrelationships, and how important the living portion of the cycle (rain
forests, phytoplankton, etc.) are to it. Ozone and its depletion is another way to point out
possible consequences of human intervention in the natural cycles on earth. “Spaceship
Earth” has many backup systems to try to compensate for “system breakdowns.”
What happens when these backups fail due to human activities can seriously impact
natural systems. If time permits, possible sources of error might be discussed.

Assessing Laboratory Learning
Percentage volume of dry oxygen in air should be 20.9%. Since this activity is intended
to give an approximate percent volume, a 10% error is acceptable. Students should be
required to explain possible sources of error that might cause too high or too low readings.

CAUTION: Use appropriate safety guidelines in performing demonstrations.

Demonstration 1: Carbon as a Component of Sugar
Purpose

Carbon, oxygen, and hydrogen are combined in the presence of chlorophyll
and sunlight in the plant to produce carbohydrates. In this demonstration,
you will use sulfuric acid to dehydrate the sugar, leaving carbon.

DEMONSTRA-
TIONS
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C12H22O11(s) 
H2SO4 (conc)   12C(s)  +  11H2O(g)

Materials
Small beaker, 150-mL (It will be difficult to clean afterwards, so you might

want to use an old one.)
Beaker, 400-mL
Sucrose, C12H22O11 (granulated table sugar)
Sulfuric acid, H2SO4, concentrated, 10 mL
Beaker, 600-mL

Safety
This demonstration will generate heat, which would possibly crack the
beaker, and copious noxious fumes consisting of water mixed with sulfuric
acid. It must be done in a hood.

Handle concentrated sulfuric acid with extreme care.

Use gloves, safety goggles, and a safety shield.

Procedure
1. Fill the small beaker with “30 mL” sugar and place this beaker inside a

600-mL beaker containing about 100 mL H2O.

2. Measure the temperature of the H2O in the larger beaker.

3. Carefully pour sulfuric acid onto the sugar until there is a layer about l/8
of an inch deep (about 10 mL). Do not stir.

4. Set the beaker system aside in the hood and watch for a reaction to occur
as evidenced by a color change where the acid contacts the sugar. The
whole mixture will “puff up” dramatically.

5. After the reaction is completed, measure the temperature of the water
again. The highly exothermic reaction should increase the water
temperature. [10 mL conc H2SO4 produces about a 10 °C rise in temperature.]

Remarks
This reaction is a dehydration reaction represented by the following equation:

A secondary reaction explains why the carbon forms a solid foam in the
beaker. The escaping gases cause the foaming.

C(s) + 2H2SO4(l) → CO2(g) + 2SO2(g) + 2H2O(g)

Demonstration 2: The Solubility of Carbon Dioxide and Ammonia
Purpose

A major part of carbon and oxygen cycles involves dissolution of carbon dioxide
gas in aqueous solution. In fact, the huge amount of carbon dioxide dissolved
in the oceans provides a valuable “sink,” or reserve supply, of carbon dioxide.
Ammonia, one of the more important compounds of nitrogen is also part of the
nitrogen cycle. Two demonstrations are suggested here to show the extent of
solubility of these two gases and the effect of temperature on their solubility.

A. Carbon Dioxide
Materials

Fresh bottle of soda pop, preferably chilled (10 oz bottle is sufficient)
Empty plastic soda bottle (10 oz)
One-hole rubber stopper (size to fit soda bottle)
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Glass tubing
Rubber tubing, 60 cm
Pneumatic trough
Large beaker filled with warm water
Limewater, 25 mL (optional; see Activity 1 for preparation)

Safety
No special safety precautions are required.

Procedure
1. Prepare a one-hole rubber stopper to fit the mouth of a 10 oz plastic bottle

of soft drink, like “Sprite” or seltzer water. Put a glass tube in the stopper
hole and connect a 60-cm piece of rubber tubing to it. Prepare a water
trough to collect gas by water displacement. Fill an empty 10 oz soft drink
bottle with water, place it inverted in the water trough. Position the tube
through the mouth and into the bottle.

2. Open a fresh bottle of precooled soda pop, immediately insert the rubber
stopper, and gently shake the bottle and warm it by placing it in a large
beaker of warm water.

3. Collect the carbon dioxide by displacing the water in the inverted bottle.
(Students will be amazed at the amount of gas evolved and collected. You
will be able to completely fill the second bottle with gas.)

Extensions
To prove that this gas is indeed carbon dioxide, remove the bottle containing
the gas and immediately add about 25 mL limewater. A cloudy white
precipitate of calcium carbonate is a positive test for carbon dioxide.

CO2 (g) + Ca(OH)2 (aq) → CaCO3 (s) + H2O (l)

Remarks
At 20 °C, 0.9 L of CO2 will dissolve in 1 L of water.

B. Ammonia (The Ammonia Fountain)
Purpose

To test the solubility of ammonia gas in hot and cold water.

Materials
Aqueous ammonia, NH3, concentrated, 10 mL
1000-mL beaker of hot water
1000-mL beaker of cold water
Florence flask, 500-mL
One-hole rubber stopper to fit Florence flask
Burner
Glass tubing
Phenolphthalein solution, few drops (optional)
Vinegar, few drops (optional)

Safety
Students should avoid inhaling ammonia vapor and should not handle hot
glassware with their hands.

Procedure
1. Prepare a one-hole rubber stopper with 20-cm piece of glass tubing to fit

a large (500-mL) Florence flask.
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2. Place about 10 mL concentrated aqueous ammonia in the flask and
insert the stopper. Have a large beaker of hot water and a large beaker
of cold water nearby (Figure 6).

3. Gently heat the flask with a burner for 10-15 s and immediately invert
it and place the stoppered mouth into the beaker of hot water. (Students
will observe that no water from the beaker enters the flask.)

Figure 6. Ammonia fountain demonstration.

Remove the flask, heat it again for a few seconds, and invert it in the
beaker of cold water. (The water in the beaker will enter and fill the flask.)

Extensions
You might want to add a few drops of phenolphthalein indicator to the water
in the beakers and a few drops of vinegar. When the dilute acid containing
phenolphthalein enters the flask, it will turn pink.

Remarks
Ammonia readily dissolves in cold water, but its solubility in warm water is
less. Ammonia in solution is called “aqueous ammonia.” It is incorrect to call
this solution “ammonium hydroxide,” since such a molecule has never been
shown to exist (see Acids and Bases module).

Demonstration 3: Formation of NO2 and N2O4 Gases
Description

This demonstration illustrates the NO2 – N2O4 equilibrium.

Flask with
heated NH3

Beaker of
hot water

Beaker of
cold water
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Materials
Nitric acid, HNO3, concentrated, 10 mL
Copper penny, pre-1982 or 1-2 g Cu wire
Side-arm flask, small
Rubber tubing
Two test-tubes
Rubber stoppers, 3 (one to fit the side arm flask, two for the test-tubes)
Beaker of boiling water
Beaker with ice bath
Strapping tape

Safety
Concentrated nitric acid is corrosive. You must wear gloves and a face shield
when using this acid. NO2 is a very toxic gas. It must be generated in a hood.
The tubes should be stoppered tightly and sealed with tape. It has been
estimated that as few as five pennies could generate enough NO2 to reach a
toxic level in a school laboratory.

Procedure
A. Preparing the Equilibrium Tubes

1. Prepare a gas generator by attaching a rubber tube to a small side-arm flask.

2. Working in a hood, add about 10 mL concentrated nitric acid to the flask.
Drop in a pre-1982 penny. A reddish-brown gas, NO2, will form immediately.
Allow enough of this gas to be formed to displace the air in the flask and
stopper the flask.

3. Fill two test-tubes with gas from the generator and immediately stopper
the tubes tightly. Color intensity should be the same in both tubes initially.

4. Stop the reaction in the flask by filling it with water. (Note the blue color
of the solution formed.)

B. Using the Equilibrium Tubes
1. Place one of the tubes in a beaker of boiling water. Notice the change in

color of the gas in the tube.

2. Place the second test-tube in an ice bath. Notice the change in color of the
gas in this tube.

Remarks
1. When copper reacts with concentrated nitric acid, reddish-brown, toxic

NO2(g) is formed.

Cu(s) + 4H+(aq) + 2NO3
–(aq) → Cu2+(aq) + 2NO2(g) + 2H2O(l)

The equilibrium mixture in the tubes consists of NO2 and N2O4 gases,
often referred to an NOx. They react according to the equation:

2NO2 (reddish-brown) N2O4 (colorless) + Heat

When the mixture is heated, the equilibrium shifts toward the formation
of brown NO2. When it is cooled, equilibrium shifts toward the formation
of colorless N2O4.

2. When dry NO2 is collected, as in this demonstration, oxygen in the air
maintains the nitrogen in the N(IV) state. When NO2 is collected over
water, a different set of reactions occurs (see Industrial Inorganic
Chemistry, Demonstration 2).
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Other Demonstration Ideas
Refer to the Simple Chemical Reactions module for additional demonstrations.

Key Questions
1. What is the difference between a dynamic equilibrium and a steady state

equilibrium? [A dynamic equilibrium occurs within a closed system only. It
involves changes in which the same atoms move back and forth, and is
affected as Le Chatelier’s Principle predicts. A steady state equilibrium
occurs in an open system only. It involves different atoms that enter and leave
at the same rate with no net change, and does not usually behave as
Le Chatelier’s Principle would predict.]

2. We have all heard of “nitrogen-fixation.” Is it possible to “fix” or “convert to
a more useful condensed state” other gases? [Certain bacteria “fix” atmospheric
nitrogen as more useful solid nitrates (usually in solution) in the roots of
legumes. Photosynthesis, on the other hand, takes atmospheric carbon dioxide
and “fixes” it as carbohydrates (usually in solution).]

3. What source produces the greatest amount of carbon dioxide released to the
atmosphere? [Contrary to popular belief, respiration or combustion processes
do not release the largest amount of CO2 to the atmosphere. Aerobic fungal
and bacterial decomposition of dead organic matter is the major source of
atmospheric CO2 .]

4. Compare the geologic processes that change limestone into marble with
those that change peat into anthracite coal. [Heat and pressure, created by
deep burial or volcanic upheaval, literally melt sedimentary limestone to
allow it to become metamorphic marble. Individual particles become fused
into one mass. In coal formation, the same events create pressure and heat
that, coupled with the initial action of aerobic and anaerobic bacteria,
volatilize impurities and fuse the carbon particles together more and more
over time. Bituminous, or soft coal, is “dirty” and rubs off easily on a white
glove. Anthracite, or hard coal, that has been exposed to the greatest amount
of metamorphism, is shiny and “clean,” not producing much coal dust since
the carbon particles have been melted and fused. That is why its carbon will not
easily rub off on a white glove. Removal of volatile impurities gradually allows
the coal to become purer carbon, forming a more perfect graphite ring structure.]

5. Even if there were no industrial pollution, rainwater would still be weak
“acid rain.” Why? [As rainwater falls through the atmosphere, CO2 dissolves
into it. Since CO2 is an acid anhydride, it reacts with water to form weak
carbonic acid, H2CO3. Small amounts of the stronger nitric acid, HNO3, may
be produced during lightning storms as N2 is changed to NO and then to NO2,
that reacts with water to form nitric acid.] (See Industrial Inorganic Chemistry,
Demonstration 2.)

6. What role has photosynthesis played in creating the reservoir of oxygen in
the earth’s present atmosphere? [O2 is released by plants as they undergo
photosynthesis. This oxygen, in turn, should be used during respiration to
oxidize carbohydrates back to CO2, which is then taken in by plants for
photosynthesis (with a release of more O2), completing the cycle. If carbon is
trapped in an oxygen-poor environment, as it was in coal and petroleum
formation, the oxygen released originally is not used in respiration, causing
the reservoir (surplus) of O2 to build up in the atmosphere.]

GROUP AND
DISCUSSION
ACTIVITIES
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7. Why is the “greenhouse effect” somewhat inaccurate in describing atmospheric
warming as certain gases build up in the atmosphere? [In a true greenhouse
the heating effect is caused by the fact that a barrier (glass) will not allow the
heat to be transferred by convection. In the atmosphere, there is absorption of
certain infrared frequencies, which heat the atmosphere. There is no physical
barrier preventing convection of the “heated atmosphere.”]

8. What role does CO2 play in the transfer of insoluble limestone (CaCO3) under-
ground in order to form stalactites and stalagmites?

A. CO2(g, excess) + H2O(l) → H2CO3(aq)

B. H2CO3(aq) + CaCO3(s) → Ca(HCO3)2(aq)

C. Ca(HCO3)2(aq) → CaCO3(s) + H2O(l) + CO2(aq)

[In Equation A, an excess of CO2 dissolves in rainwater forming carbonic
acid. This weak acid reacts with insoluble limestone above or in the
ground to form soluble calcium bicarbonate or “temporary” hard water,
shown in Equation B. The Ca(HCO3)2(aq) moves through the soil in
various ways, sometimes as droplets hanging from the ceiling of a cave.
As conditions favor drying, the droplet evaporates, shifting the equilibrium
and leaving behind a layer of limestone (CaCO3) on the cave ceiling or
floor and releasing carbon dioxide and water as shown in Equation C.]

9. “The nitrogen cycle is dependent at each step upon microorganisms and
could not proceed without them.” Support or refute this statement. [Bacteria
are necessary in each of the four steps in the nitrogen cycle. N2 is initially “fixed”
in the form of ammonia (NH3) or ammonium compounds by soil bacteria,
such as Rhizobium japonicum, or certain blue green algae. In Step 2 of the
cycle, nitrification occurs, where chemosynthetic bacteria oxidize these
ammonia based compounds into nitrites and nitrates. Plants use the latter to
produce amino acids, which are used by animals to produce animal protein.
At death, both plants and animals are decomposed by bacteria, releasing
ammonia (ammonium compounds) to the soil. In the final step of the cycle,
anaerobic bacteria break down nitrates and ammonium compounds to free
nitrogen and the cycle begins again.]

Counterintuitive Examples
1. The solubility of ammonia decreases (rather than increases) as the

temperature of the water increases. Unlike solids dissolved in liquids, gases
normally become more soluble in water as the temperature drops.

2. When burning a candle over limewater, the rise of limewater into the bottle
is mistakenly attributed to the removal of O2 from the air inside the bottle
by the burning candle. In fact, limewater enters the bottle because of the
removal of some CO2 produced by the burning candle as it reacts with
limewater and the contraction of CO2 as it cools. This volume decrease
creates less pressure inside the bottle, allowing atmospheric pressure to
force additional limewater into the bottle.

Metaphors and Analogies
1. “Spaceship Earth.” Like a spaceship, the earth is finite in size and capacity,

has limited oxygen, water, and food supply aboard, and does not possess
inexhaustible energy supply.
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2. “Greenhouse Effect.” In a greenhouse, glass transmits visible light and absorbs
infrared radiation from the sun. This is changed to heat and prevented from
leaving the greenhouse because it cannot penetrate the glass. Thus, the
inside temperature of the greenhouse increases. (The same thing happens on
a hot day when the windows of an automobile are up.) In the “atmospheric”
greenhouse, there is no glass to absorb infrared rays, but there is a layer of
several gases (primarily CO2 and H2O) that serve the same purpose. These
gases trap heat and warm the earth without a physical barrier present.

3. Propose a familiar cycle (water in an automobile cooling system, etc.). Ask
students to suggest things that might interfere with this cycle. Extend this
analogy to cycles of carbon, oxygen, and nitrogen.

4. Consider the human circulatory system as similar to a biogeochemical cycle.
What happens when an artery that serves a certain organ (heart, for
example) is blocked? [Some damage to the heart may result, and an alternate
pathway develops due to collateral circulation.] Compare this to events that
might interfere with normal cycles of oxygen, carbon, and nitrogen.

Background Notes
Introduction

Before discussing specific examples of biogeochemical cycles, viz., the carbon, oxygen,
and nitrogen cycles some terms must be defined: cycle, biogeochemical cycles,
dynamic equilibrium, and steady state equilibrium.

Many agree with the dictionary definition of cycle as “a single complete execution of a
periodically repeated phenomenon.” Biogeochemical cycles, then, involve movement
of elements back and forth between the physical (nonliving or abiotic) and living
(biotic) components of the earth, considered to be a closed system (nothing enters
or leaves the system) in most cases. Parts of the cycle function as a dynamic
equilibrium, where reversible changes occur within a closed system as predicted by
Le Chatelier’s Principle (see Chemical Equilibrium). For example, the carbonate-
bicarbonate interaction in the oceans serves to maintain seawater at a relatively
constant pH. There is some movement of the same atoms back and forth within the
balanced system. On the other hand, portions of the cycle function as a steady state
equilibrium, not always functioning according to Le Chatelier’s Principle, because
there is only movement in one direction (irreversible change), and the system is
considered to be open. A burning candle illustrates this definition. Since the number
of carbon atoms from the wax (or oxygen atoms from the air) is the same as the
number leaving in the CO2 gas produced, we have a steady state equilibrium. The
number of atoms of carbon (or oxygen) input equals the same number being output,
so an equilibrium exists, though here they can never be the same atoms, since all CO2
is lost to the atmosphere (an open system here). An understanding of the difference
between dynamic and steady state equilibria is essential to understand the differing
effects each input (or output) flux or change may have on a reservoir of an element.

Carbon Cycle

Carbon is one of few elements found in all three “spheres” of the earth’s crust:
lithosphere (solid), hydrosphere (liquid), and atmosphere (gas). In the lithosphere it
can be found as coal, petroleum, limestone, and other carbonate rocks; in the
hydrosphere in shells, coral reefs, and hydrogen carbonate ions dissolved in water;
in the atmosphere primarily as CO2.

TIPS
FOR THE

TEACHER
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The carbon cycle is the most important of the biogeochemical cycles; it plays the
major role in energy transfer within the biosphere. Photosynthesis, primarily an
energy storage mechanism for green plants, traps carbon dioxide from the atmosphere
and stores energy from the sun in the form of carbohydrates. In essence, CO2
becomes fixed, or transformed into a more useful, solid form (carbohydrates) by the
action of living things:

6CO2(g) + 6H2O(g) → C6H12O6(s) + 6O2(g)

Carbohydrates can be converted into proteins, fats, and other complex organic
compounds.

Animals, unable to perform photosynthesis, must depend on green plants to provide
their food, incorporating the carbon components from food into many different
carbon compounds in the animal body. In the same way, carbon is transferred and
reused by carnivores who eat herbivores or omnivores.

Life would cease if all carbon remained locked in the cells and tissues of plants and
animals. However, carbon is returned to the atmosphere as CO2 through several
pathways. First, and most direct, is cellular respiration, in which living plants and
animals break down (oxidize) complex carbon compounds to release chemical
potential energy for life processes and smaller carbon compounds, mostly CO2:

C6H12O6(s) + 6O2(g) → 6CO2(g) + 6H2O(g)

The CO2 released is then available to plants for photosynthesis and the cycle
continues.

Photosynthesis and respiration are generally closely balanced, reverse reactions.
However, these processes have seen changes in steady state equilibria over millennia,
resulting in vast “sinks” of oxygen (in the atmosphere) and carbon (in the lithosphere)
from the cycle.

The second and most abundant release of CO2 into the atmosphere is the aerobic
decomposition of waste products and dead plants and animals by bacteria and
certain fungi that obtain energy from the process. Note that oxygen is needed for this
process, although anaerobic bacterial decomposition under suitable conditions can
“recycle” carbon as methane, CH4.

Finally, CO2 is released into the atmosphere by combustion of organic matter, such
as wood, grass, and paper (made from wood), which may have removed carbon from
the cycle as organic compounds for a short time, as well as fossil fuels, whose carbon
has been removed from the cycle a relatively longer time.

The carbon cycle is a two component cycle: between the atmosphere and lithosphere
and between the atmosphere and hydrosphere, with the atmosphere functioning as
the common reservoir. One study, using C-14, has estimated that a CO2 molecule’s
residence time in the atmosphere is 10-15 years on average. It is important to note
that vast amounts of carbon in the oceans are removed from biological processing as
relatively unusable sediments, one of the major “carbon sinks.” Although it has been
estimated that 2.5 x 1012 tons of CO2 cycle through the oceans and atmosphere about
once every 300 years, carbon is locked up as insoluble carbonates, either as
calcareous sediments or in the form of calcite, CaCO3, or dolomite, CaMg(CO3)2, a
much longer time within the ocean. A second long-range carbon sink consists of the
fossil fuels, primarily found in the lithosphere.
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Approximately one part in 10,000 of all organic substances have been removed from the
carbon cycle over the ages, primarily as deep ocean sediments. These ocean sediments
become buried in clay and sand and are thus removed from the oxygen needed for decay.
Methane (CH4, natural gas) is produced when the appropriate anaerobic bacteria are
present. Otherwise the solid carbonaceous material is buried deeper, with proportionate
increases in pressure and temperature, until disproportionation reactions begin,
producing more methane and longer chain hydrocarbons (petroleum).

On land, woody plants from the Carboniferous Era—a warm, moist period occurring
approximately 250-350 million years ago—underwent a somewhat similar metamorphosis.
This woody material was composed of approximately 0-16% protein, 20-55% cellulose,
10-35% lignin, and approximately 10% inorganic salts by mass. Much of the protein was
incorporated into body structures of aerobic and anaerobic microorganisms initially
converting the material to peat, the first step in coal formation. Likewise, cellulose, a
complex carbohydrate composed of long glucose strands, was converted to CO2 and H2O
by similar metabolic processes. Most of what remained was lignin, a complex, three
dimensional polymer more resistant to bacterial degradation than cellulose. Lignin
accumulated in stagnant swamps under water, eventually compacting to form peat.

Further sedimentation and crustal upheavals gradually caused geologic
metamorphism as peat was subjected to varying amounts of heat and
pressure, driving off additional CO2 and H2O. As a result, deposits
composed largely of carbon, with small quantities of hydrogen, oxygen,
nitrogen, iron, and sulfur, were left behind as the substance we know as
coal. The rank of a coal indicates how nearly it approaches both the
composition and structure of graphite (Figure 7).

Figure 7. Structure of Graphite.

For example, under extreme conditions of temperature and pressure, anthracite coal
forms when peat deposits become extensively aromatized, eventually condensing into
polycyclic systems with very high carbon content, often as much as 95%, and with about
3% H and 2% O. The aromatic ring systems in anthracite may contain in excess of 30
condensed rings, developing structures that become more and more like graphite. The
structures in Figures 7 and 8 illustrate the relationship between graphite and anthracite
coal. Figure 9 shows that the structure of bituminous coal, a more open structure
produced by less heat and pressure, contains fewer polyaromatic systems, indicating
that bituminous coal is not as far along in the coalification process as anthracite coal.
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Fuel Rank

State
of

origin Moisture
Volatile
matter Carbon Ash

Heat
content
(MJ/kg)

Anthracite High PA 4.4 4.8 81.8 9.0 30.5

Bituminous

Low volatile MD 2.3 19.6 65.8 12.3 30.7

Medium volatile AL 3.1 23.4 63.6 9.9 31.4

High volatile OH 5.9 43.8 46.5 3.8 30.6

Subbituminous WA 13.9 34.2 41.0 10.9 24.0

CO 25.8 31.1 34.8 4.7 19.9

Lignite (brown coal) ND 36.8 27.8 30.2 5.2 16.2

Peat MS — — — — 13.0

Wood Low — — — — — 10.4 - 14.1

Diamond, the hardest natural substance, is a product of this coal-forming
process under the most extreme conditions. This tetrahedral, almost pure
allotropic form of carbon, is produced from coal material at extremely high
temperature and pressure deep within the earth. In fact, diamonds are usually
found near areas of igneous intrusion near tectonic plate boundaries. Variation
in color in diamonds is associated with mineral impurities.

There is much concern today about the increasing amounts of CO2 released to
the atmosphere by the use of fossil fuels and the “greenhouse effect” this use may
be producing.

As shown in Figure 11, the major source of atmospheric CO2 is not respiration
by terrestrial plants and animals or the burning of fossil fuels, as might be
expected, but fungal and microbial decomposition of dead organic matter.
Extrapolating back from known data, scientists have found that CO2 levels in
the atmosphere seem to have maintained a fairly constant average at about
265 ppmv ± 30 ppmv (parts per million by volume) since life appeared on earth,
with the exception of approximately the last 150 years. This relatively constant
level over time seems to have been due to a CO2/HCO3

– equilibrium established
between the atmosphere and the ocean surface. It should be noted, however, that

Figure 9. Proposed structure of bituminous coal.

Figure 10. Rank, composition, and fuel values of various United States coals.
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there seems to have been some large natural fluctuations of CO2 levels associated
with climate changes in the past. Air samples trapped in northern hemispheric
glaciers show that CO2 levels dropped as low as 200 ppmv during the last Ice Age
(15,000-30,000 yrs ago). This raises the question: was the CO2 level low because of
the cold climate (and hence the reduction of biotic respiration levels) or did a low CO2
concentration level (cause unknown) lead to colder temperatures worldwide? There
is disagreement among the experts, but most see some correlation between CO2
concentrations and worldwide temperature.

Figure 11. Fundamental features of the global carbon cycle. (Values shown X
1015 g carbon.)

As noted above, CO2 levels since life began on earth have remained relatively
constant until the last 150 years. This increase corresponds roughly to increased
burning of fossil fuels during the Industrial Revolution. According to the U.S. EPA
the concentration of CO2 in the atmosphere has increased approximately 25% since
the Industrial Revolution, and is currently increasing at an annual rate of 0.4%.
Many hypothesize this increase should produce a gradual atmospheric warming
called the “greenhouse effect,” resulting in drastic climatic changes on earth.

In a true greenhouse, solar energy (visible light) is transmitted through the glass into
the enclosure. Plants and other materials inside absorb this visible radiation and re-
emit it in the form of lower energy infrared radiation (thermal energy). The glass, which
transmits visible light, absorbs this infrared radiation and prevents its escape from the
greenhouse (or automobile when the windows are up on a sunny day). As a result, the
air becomes warm and is prevented from rising out of the greenhouse by the glass.

The atmospheric “greenhouse effect” is a partial misnomer, since there is no barrier
in the atmosphere (like the glass) to prevent heat convection or wind cooling.
However, several gases, the most important of which are H2O and CO2, absorb much
of the long wavelength infrared radiation re-emitted from the earth’s surface,
causing the atmosphere to be warmer than it would be if all infrared radiation were re-
radiated into space. Without the natural “greenhouse effect” the average temperature
of earth would be around the freezing point of H2O. As Figure 12 illustrates, an
“atmospheric window” of infrared wavelengths around 10,000 nm are not absorbed,
which allows some re-radiation into space and prevents the planet from overheating.
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Figure 12. “Atmospheric window.”

A good illustration of this effect (primarily caused by the “greenhouse” gas, H2O) can
be easily seen when comparing day/night temperature fluctuations in arid and humid
areas of the planet. In arid locations, thermal energy (infrared radiation) emitted by the
warmed surface, is rapidly lost to space since there is no water vapor to
absorb it, and nighttime temperatures compared to daytime temperatures
are very cold. In humid areas, water vapor absorbs some of the emitted
thermal energy (infrared radiation), moderating the nighttime heat loss
and producing less fluctuation in day/night temperatures (Figure 13).

It seems plausible to theorize that the steady increase of CO2 in the
atmosphere since the Industrial Revolution began to gradually cause
greater absorption of re-emitted infrared radiation from the surface of the
planet, with a resulting increase in global temperature. The effects of this
increase could be disastrous. Many are aware that global warming, more
rapid at the poles than equator, might result in a catastrophic rise in sea
level as polar ice caps melt. However, few realize the possible effects on
food production. Continuing increases in average worldwide temperature
will shift wheat-growing zones towards the poles, away from areas of
fertile to poorer land. Rates of desertification should increase in certain
areas of the earth as a result of shifting rainfall patterns. Deep ocean
upwelling of nutrients will be reduced as surface waters warm, producing
widespread climatic changes that will decrease biological productivity.

Although increased concentrations of CO2 should enhance photosynthetic
rates in plants, there appears to be no evidence that there is increasing
storage of carbon in the biota or detritus of the earth. Temperature data
from two separate studies have shown that, during a sizeable part of the
period since 1950, worldwide temperatures have actually decreased. In
addition, there appears to be certain periods during each year when CO2
levels are highest and lowest. As Figure 14 illustrates, peaks correspond to
periods of low CO2 demand (fall/winter) and troughs correspond to periods
of high photosynthetic demand (spring/summer). It seems safe, therefore,
to conclude that CO2 levels do play a role in world climate, but that there are
undoubtedly other factors that seem to be mitigating the effect, primary
among them the interactions of the atmosphere-hydrosphere interface. Figure 13. “The Greenhouse effect.”
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Figure 14. Buildup of carbon dioxide in the atmosphere.

Oxygen Cycle

The oxygen available to plants and animals has been produced over the past two
billion years by photosynthesis in plants, primarily phytoplankton in the oceans. The
oxygen produced by the earliest atmospheric organisms is locked away from the
atmosphere in the banded iron formations deposited 2-3 x 109 years ago as Fe2+ was
oxidized to Fe3+. Oxygen was also used up in the oxidation of reduced atmospheric
gases, like NH3, CH4, and H2S. However, only with the evolution of protein molecules
needed for oxygen transport did aerobic photosynthetic organisms spread through
the hydrosphere, precipitating the remaining Fe3+ in seawater as iron(III) oxide,
Fe2O3, and releasing oxygen as O2 to the atmosphere. As an ozone layer developed,
photoautotrophs (organisms capable of photosynthesis) began to range onto the
land, producing larger and more varied populations, increasing the O2 levels further.

Oxygen atoms (in CO2) from the atmosphere become internalized as part of living
organisms in carbohydrates or other organic substances. These are returned, along with
additional oxygen atoms (O2) from the atmosphere, as CO2 during the respiration process.
This cycle from photosynthesis to respiration and back to photosynthesis is continuous.

Oxygen is needed in respiration to break down carbohydrates in which carbon has been
stored within the biota, either directly from photosynthesis (plants) or by acquisition from
other organisms (animals). In this way oxygen is depleted from the atmosphere as carbon
is released back to it. In certain cases where carbon was trapped away from oxygen (coal
and petroleum formations), the oxygen released originally is not used in respiration,
causing a surplus of O2 to build up in the atmosphere. This build-up is believed to be the
source of the present reservoir of approximately 1015 tons of oxygen in the atmosphere.

There is some concern today about depleting available oxygen by the burning of fossil
fuels or the destruction of the tropical rain forests. However, J. Calvin Giddings (see
References) proposes that only 1 part in 60 of the O2 in the atmosphere would be
consumed if all of the worldwide reserves of recoverable fossil fuels were burned.
Likewise, he says that catastrophic destruction of the ocean’s phytoplankton and
land plants would produce “no serious dent in the O2 supply, but it would terminate
the ultimate source of all food and lead to rapid extinction of life.”
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It is important to note that the 1015 tons of oxygen in the atmosphere today represents
only 1/21 of the oxygen evolved over geologic time. The rest has been used to oxidize
H2S, SO2, NH3, and CO emitted by volcanoes over the ages and solid iron and sulfur
in the crust. Since this process continues today, the slow erosion of the global oxygen
content must continue to be met by photosynthesis and organic sediment formation.
This is one reason why students should be concerned about pollution of the oceans
and rapid deforestation occurring worldwide. Though not immediately threatening,
these processes cannot but impact the “oxygen reservoir” in time.

Nitrogen Cycle

In this cycle, free atmospheric nitrogen (N2), is converted into soluble nitrogen
compounds, then incorporated into plants and animals, and then returned to the
atmosphere through organic decomposition.

Because the triple bond of molecular nitrogen, (N≡N), is so strong, most living things
cannot use it directly. Atmospheric nitrogen must first be converted into a usable
form by a process called fixation. Actually the term “fixation” applies to any gaseous
substance that is condensed into a more usable form. (Thus atmospheric carbon
dioxide is “fixed” by photosynthesis into the more usable form glucose.) The fixation
of nitrogen can occur in three ways: biologically, atmospherically, and industrially.

Most natural nitrogen fixation occurs when nitrogen from the atmosphere is
introduced into the soil where it is converted to ammonia compounds by soil bacteria
such as Rhizobium japonicum. This process occurs on the roots of leguminous plants
such as alfalfa, beans, and clover. (In Asia, nitrogen fixation occurs in rice paddies
as a result of certain blue-green algae.)

The next step in nitrogen fixation is called “nitrification” and occurs when
chemosynthetic bacteria oxidize ammonia compounds into nitrites (NO2

–) and nitrates
(NO3

–), enriching the soil for plants, which use soluble nitrates to form plant
proteins. When these plant proteins are eaten by animals, the nitrogen is removed
as amino acids and used to build animal protein. When plant and animal matter
decay, other bacteria break down amino acids from these organisms or their waste
products and release ammonia compounds.

The nitrogen cycle is completed when anaerobic bacteria break down nitrates and
other nitrogen compounds in the soil to release free nitrogen back into the atmosphere.
Thus, the nitrogen cycle is dependent at each step upon microorganisms and could
not proceed without them.

Nitrogen fixation occurs atmospherically when lightning and fires cause temperatures
high enough to form oxides of nitrogen. These oxides are washed to earth by rain as
nitrous (HNO2) and nitric acids (HNO3), adding the nitrate ion to both the soil and
the waters of the earth.

Nitrogen fixation occurs industrially using the Haber process that combines nitrogen
and hydrogen to form ammonia.

N2(g) + 3H2(g) 2NH3(g)

Ammonia is one of the top industrial chemicals produced in this country each year.
A large amount of manufactured ammonia is converted to nitric acid in the Ostwald
process and is then made into inorganic nitrates, such as NH4NO3, and used for
fertilizer (see Industrial Inorganic Chemistry).
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The various nitrogen cycles are illustrated in Figure 15.

Figure 15. Nitrogen cycles.

Nitrogen Oxides of Interest

Dinitrogen oxide (N2O), a relatively unreactive oxide of nitrogen is produced by certain
microbes. It was commonly used as an anesthetic known as “laughing gas.” This
compound reacts in the stratosphere to produce nitrogen gas and atomic oxygen.

N2O(g) + hν → N2(g) + O(g)

Atomic oxygen can react with more N2O to produce nitrogen and oxygen gas.

N2O(g) + O(g) → N2(g) + O2(g)

Nitrogen monoxide (NO), and nitrogen dioxide (NO2) usually appear together in the
atmosphere and are often expressed as NOx. NO enters the atmosphere from natural
sources, including biological processes and lightning. Large amounts enter the air
from pollutants, especially as the products of fossil fuel combustion. Until recently,
over half of NOx in the atmosphere was produced by the automobile.

High temperatures, such as those associated with lightning, are required to form NO.

N2(g) + O2(g) → 2NO(g)

Further reaction of NO with oxygen produces NO2.

2NO(g) + O2(g) → 2NO2(g)

Nitrogen dioxide can undergo many reactions that involve oxygen atoms, oxygen gas,
and ozone. NO2 is ultimately removed from the air as organic nitrogen, nitrates, or
nitric acid. These compounds form major sources of nitrogen for biological nitrogen
cycles. The equation below shows how rain converts nitrogen dioxide to nitric acid,
a component of acid rain.

3NO2(g) + H2O(l) → 2HNO3(aq) + NO(g)
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NO and NO2 differ in their properties and reactivity. NO is a colorless, odorless gas; NO2
is a reddish-brown, toxic gas that causes severe respiratory problems in animals
(including humans) and even death in high concentration. NO2 is one of the major
components of “photochemical smog.” Photochemical smog occurs when ultraviolet
light fuels the reaction of nitrogen dioxide with unburned hydrocarbons from exhaust
of automobiles to produce ozone and other irritating chemicals causing health hazards
in urban areas. NO2 can also damage some metals and fade fabric dyes. (For additional
information refer to the Photochemistry and Industrial Inorganic Chemistry modules.)

Since nitrogen oxide and nitrogen dioxide can also react with ozone, there is concern
that adding more NO to the atmosphere might deplete the ozone layer.

NO(g) + O3(g) → NO2(g) + O2(g)

The ozone layer protects us from damaging ultraviolet radiation by absorbing certain
wavelengths of light (240-300 nm) and preventing it from reaching earth. Supersonic
planes, which travel in the stratosphere, emit considerable amounts of NOx during
flight. As the number of supersonic flights increase, there is concern that the amount
of ozone in the stratosphere might be significantly diminished.

Language of Chemistry
atmosphere layer of air that surrounds the earth’s surface. (The innermost

layer of the atmosphere is the troposphere. It extends about 20 km [12 mi]
above the earth and contains 95% of the air mass of the atmosphere.)

autotroph  organism utilizing inorganic materials as food.

biogeochemical cycle mechanism by which elements, such as carbon, oxygen,
and nitrogen are continuously reused by plants and animals.

biota all living organisms of the earth.

chlorophyll green pigment in plants that absorbs energy from the sun and
catalyzes the reactions that produce carbohydrates.

deforestation excessive removal of trees from an area without adequate
replanting.

detritus dead organic matter; excreted wastes and body remains of plants and
animals.

fixation conversion of nitrogen into soluble nitrogen compounds, largely by
certain bacteria in the soil but also by lightning.

nitrification oxidation of nitrites to nitrates by certain bacteria in the soil.

photochemical smog smog is a term originally coined from the words smoke
and fog. It is currently used to describe a photochemical haze produced by the
reaction of sun and atmosphere on certain compounds of nitrogen, sulfur,
and carbon produced primarily by automobile exhaust.

photosynthesis  series of reactions that takes place in plant chloroplasts to
convert carbon dioxide and water in the presence of sunlight into
carbohydrates and oxygen.

respiration series of cellular reactions in plants and animals that convert
sugars and oxygen into carbon dioxide, water, and energy.

stratosphere part of the atmosphere extending from 20-50 km (12-30 mi) above
the surface of the earth. It contains the ozone layer.
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Common Student Misconceptions
1. “The world’s supply of oxygen is in danger of being used up.”

In fact, if all of the recoverable fossil fuels were burned at one time, the
oxygen supply would be reduced only by about 0.05%.

2. “Nitrogen gas and oxygen gas readily react with each other.”

The fact that these two gases stay separated in the atmosphere indicates
that they are generally unreactive toward each other. In fact, nitrogen reacts
with oxygen only at very high temperatures. Lightning is one of the few
natural conditions that can generate enough energy for this reaction. The
required temperature is also reached in boilers of fossil-fuel plants, automobile
engines, jet engines, and large incinerators.

3. “Photosynthesis requires a green plant.”

Photosynthesis requires the presence of photosynthetic pigment, chlorophyll,
found in green plants, but there are other pigments found in brown plants,
red plants, and certain seaweeds that trap wavelengths of light that cannot
be absorbed by chlorophyll alone.

4. “Photosynthesis is a simple process.”

Although we often show it as a series of 3 or 4 reactions, photosynthesis
actually consists of 80-100 different, but interconnected, chemical reactions.
Cellular respiration, essentially the reverse of photosynthesis, also consists
of around 100 chemical reactions.

5. “Carbon dioxide is the chief absorber of infrared radiation and is
mainly responsible for the ‘Greenhouse effect.’”

Water vapor absorbs infrared radiation over a broader range than CO2 (see
Figure 12), making it the atmospheric constituent most responsible for the
“Greenhouse effect.”

An interesting historical note: Professor Joseph Black, a noted and very popular
lecturer in Edinburgh in the 1770s, appears to be one of the first to have used this
test for what he called “fixed air.” In one of his lectures, he demonstrated that
respiration produces the same “fixed air” that burning charcoal does:

“Into this Glass syphon, I shall pour a quantity of Limewater… I now
apply my mouth to the pipe, and suck in the common air through it;
The fluid bubbles a little, but it is not altered in its transparency…
But I now blow through it, and it becomes instantly muddy, the fixed
air from the Lungs being attracted by the Lime, it loses its solubility
and is precipitated.”

Leonardo da Vinci (1452-1519) said, “Where flame cannot live, no animal that
draws breath can live.” [A flame will be extinguished in CO2.]

Robert Boyle (1635-1691) conducted experiments to show that air has weight, and
proposed that air contains a “vital quintessence” essential to animal life. [This is oxygen!]

Johann Becher (1635-1682) and Georg Ernst Stahl (1660-1734) proposed the
“phlogiston theory” to account for burning. Things that burned readily contained
more “phlogiston.”

John Clayton (1657-1725) discovered “coal gas” by heating and distilling coal and wood.

HISTORY: ON
THE HUMAN

SIDE
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Concept/Skills Development

Carl Wilhelm Scheele (1742-1786) and Joseph Priestley (1733-1804) independently
prepared and described oxygen gas. Priestley discovered nitrous oxide (N2O, dinitrogen
oxide) in 1772.

Antoine Lavoisier (1743-1794) showed that a component of air was consumed when
a substance burned in air. After observing the same effect with a mouse confined in air,
he proposed that the reaction with air occurred in the lung of the animal as well.
These ideas about burning brought about the downfall of the phlogiston theory.

Daniel Rutherford (1749-1819) discovered nitrogen in 1772. He named the substance
“noxious air” because it did not support life. The French word for nitrogen is “azote,”
meaning “without life.”

Jan Ingenhousz (1730-1799) showed that plants, with the aid of sunlight, restored
air to its “normal state,” that is, provided oxygen, and proposed that plants receive
their carbon dioxide from the air.

Nicolas Theodore de Saussure (1767-1845) explained the carbon cycle. He
performed quantitative experiments in photosynthesis to show that plants extracted
carbon dioxide from the atmosphere, that all the carbon in plants came from this gas,
and that water was essential for photosynthesis.

1. Word Search (see Appendix for master copy)

A W T S D S H Z E J K P R F I N H
D E Y Z C N O I T A R I P S E R M
W I Z A U H R Y N L B K E U S E J
J Q L G F C L S I W S V D L U K D
C J Z O E R Q O T V E N O Z O Y N
H G W M S T J B R F X U I I H X U
Q L G M J Y W S A O X Y G E N G T
T W D L Z D A J T R P F P T E X H
H W E R E B A H E L U H Z S E P K
S S N X A A G Y S T O U Y I R I U
X L I C V H P Y F I W W T L G H A
X F T E T H Z L V G G K B K L W V
U O G P W G S X K B J K Q U S R N

Words about the concepts in this module can be obtained from the clues
given. Find these words in the block of letters:

1. A green plant’s pigment.

2. Soil bacteria can oxidize ammonia to this substance.

3. This gas is a product of photosynthesis.

4. ______ effect, warming trend possibly due to trapping of infrared radiation
by atmospheric gases.

5. The more usable form of a gaseous substance, e.g., nitrogen.

6. This process combines N2 and H2 to form ammonia.

7. Adjective describing water that contains appreciable amounts of dissolved
calcium and magnesium salts.

HUMOR: ON
THE FUN SIDE
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8. Cellular reaction involving conversion of sugar and oxygen into carbon
dioxide and water.

9. The lithosphere is this part of our planet.

10. This allotrope of oxygen protects us from harmful ultraviolet radiation.

Answers: 1. CHLOROPHYLL 2. NITRATE 3. OXYGEN 4. GREENHOUSE
5. FIXED 6. HABER 7. HARD 8. RESPIRATION 9. SOLID 10. OZONE

2. See cartoons at end of module.

1.  “The Fragile Planet” Videotape Series is published by Films for the Humanities and
Sciences, P.O. Box 2053, Princeton, NJ 08543; (800) 257-5126.

a. Alterations in the Atmosphere

b. The Heat Is On (Global Warming)

c. The Ecology of the Forest

d. Green Energy

2.  “Chemistry in Action” Videotape Series is published by Films for the Humanities
and Sciences, P.O. Box 2053, Princeton, NJ 08543; (800) 257-5126.

a. Air Pollution Outdoor/Indoor

b. Ways with Coal

c.  Out of the Air (1 and 2)

3. The World of Chemistry videotapes “No. 17: The Precious Envelope,” “No. 18: The
Chemistry of the Earth,” “No. 21: Carbon,” and “No. 25: Chemistry and the
Environment” are particularly appropriate for this module.  World of Chemistry
Videocassettes. Annenberg/CPB Project, P.O. Box 1922, Santa Barbara, CA 93116-
1922; (800) 532-7637; World of Chemistry Series, Atlantic Video, 150 South Gordon
Street, Alexandria, VA 22304; (703) 823-2800 or QUEUE Educational Video, 338
Commerce Drive, Fairfield, CT 06430; (800) 232-2224.

4. “Future Quest” series available from Hawkhill Associates, Inc., 125 E. Gilman,
Madison, WI 53703; (608) 251-3934; (800) 422-4295; (608) 251-3924 (FAX).

5. Film/Filmstrip series available from Educational Images, Inc., Elmira, NY 14902;
(607) 732-1090: “The Carbon Cycle,” “The Nitrogen Cycle,” “Carbon,” and “Nitrogen.”

6. Apple II computer diskettes available from Learning Arts, Wichita, KS 67201; (316)
636-9274: “Air Pollution,” “Hothouse Planet” and “Photosynthesis.”

7. Videodisc published by JCE: Software, a publication of the Journal of Chemical
Education, Department of Chemistry, University of Wisconsin-Madison, 1101
University Avenue. Madison, Wl 53706-1396: (608) 262-5153 (voice) or (608) 262-
0381 (FAX).

 “Earth’s Atmosphere,” “Depletion of Ozone,” “The Hydrologic Cycle” and “The
Carbon Dioxide Cycle,” four chapters on The World of Chemistry: Selected
Demonstrations and Animations: Disc II (double sided, 60 min.), Special Issue 4.

8. Written materials available from ICE – Institute for Chemical Education, Department
of Chemistry, University of Wisconsin-Madison, 1101 University Avenue. Madison,
Wl 53706-1396: (608) 262-3033 (voice) or (608) 262-0381 (FAX).

a. Topics in Chemistry: Acid Rain.

b. Topics in Chemistry: Ozone–Chlorofluorocarbons and the Hole in the Ozone Layer.

9. Pamphlets and brochures are available from the American Coal Foundation, 1130
17th St., N.W., Washington, DC 20036; (202) 466-8630.

MEDIA
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Links/Connections

WITHIN
CHEMISTRY

1. Elements and compounds
2. Properties of gases (solubility, etc.)
3. Acid-base reactions
4. Chemical reactions
5. Equilibrium
6. Oxidation-reduction
7. Organic and biochemistry

1. Biology: Photosynthesis, cellular respiration, microbiology, plant physiology

2. Geology/geochemistry: Agriculture, plant, and animal wastes

3. Ecology/environmental science: Pollution, global warming, deforestation, nitrogen
oxide emission/photochemical smog control, combustion

4. Business, economics, and politics: Urban planning/development; cleanup of
chemical dumping sites, oil spills; fossil fuel conservation; acid rain

Personal
1. Careers:  Analytical chemist, biochemist, environmental chemist, field biologist,

forester, geochemist, medicine, petroleum engineering, recycling engineer, research
chemist, soil analyst, soil conservationist, teacher/professor, water chemist

Community
1. Field trips: Environmental testing laboratory, coal mine, petroleum refinery,

limestone cavern, local weather station, botanical garden, local water works laboratory

2. Knowledgeable individuals: Agronomists, environmental scientists, recycling
engineers, research chemists, water chemists, soil analysts, art conservators, airline
pilots

3. Virtually every part of this module has a link to community issues, concerns, and
problems. A discussion session with students highlighting these issues might be
fruitful.

Other
1. The successful aquarist wishing to raise tropical fish must understand how nitrifying

bacteria detoxify nitrogenous waste in a closed system. The biological “filter” afforded
by the gravel bed changes NH3 to NO2

– and NO2
– to NO3

– through bacterial action.
Also, circulation provided by a mechanical filter insures that CO2 will evaporate from
the surface of the water. (Idea contributed by Angie Matamoros.)

2. Secondary wastewater treatment relies on bacterial action - another chemical cycle.
(Idea contributed by Angie Matamoros.)

3. The “biological pump” of ocean bacteria transports carbon from the surface to the
deep ocean, thus enhancing the mixing of atmospheric carbon dioxide. The ocean
chemistry of carbon dioxide is unusual and has links to thermodynamics, kinetics,
equilibrium studies, irreversible processes, solubility of gases. See Sarmiento (1993)
in References.

4. The “Biosphere 2” two-year closed system “experiment” in Arizona was an attempt
to simulate a mini-set of biogeochemical cycles. What factors, both unintentional and
eventually necessary, made this “experiment” a limited open system? See Time
(September 30, 1991, pp. 65-66; September 24, 1990, pp. 72-73).

BETWEEN
CHEMISTRY
AND OTHER
DISCIPLINES

TO THE
CONTEMPORARY
WORLD
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Extensions and Projects

1. Several very important scientists have contributed to the biogeochemical
cycle, including the following:

a. Ernest Solvay. His process for manufacturing washing soda
(Na2CO3

.10H2O) and baking soda (NaHCO3) uses carbon dioxide (see
Alkali Metals module).

b. Fritz Haber. He devised a way to produce ammonia by directly combining
nitrogen and hydrogen gases (see Industrial Inorganic Chemistry module).

c. Friedrich Wilhelm Ostwald. He devised a three-step process to prepare
nitric acid from ammonia (see Industrial Inorganic Chemistry module).

d. Melvin Calvin. His research gave a clearer picture of photosynthesis.
He discovered the “dark reaction” of photosynthesis, which is called the
“Calvin Cycle.”

Research the lives and work of these famous scientists in your school library.
Which ones received the Nobel Prize for their research? Add others to the list.

2. Carbon shares some properties with silicon. A possible “silicon-based” life
form has often been considered, similar in many respects to the “carbon-
based” life form as we know it. Have students speculate on the possibility of
such a role for silicon. (Silicon chemistry is discussed in the modules
Chemistry of Rocks, Minerals and Gems and Materials Science.)

3. In the 1950s, the famous Miller-Urey experiments proved that nitrogen-
containing amino acids, the building blocks of protein molecules, could have
been synthesized from electrical discharges in a primitive atmosphere. Have
students do a library research project on the work and prepare a report. [See
Miller, S. L., and Urey, H. C. (1959). Organic compound synthesis on the
primitive earth. Science, 130, 245.]

4. Nitrous oxide, N2O, is sometimes called “laughing gas.” It is used now as an
anesthetic for some surgery and is a favorite among children’s dentists.
When it was first discovered, it was considered quite a novelty. Chemists
carried bladders filled with this gas to parties, and it was made in school
laboratories and passed around so that everyone could experience the
pleasing and unpredictable effect of this gas. Have students do library
research and prepare reports on the discovery and use of “laughing gas.”
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Appendix

• Transparency Masters
1. Greenhouse Warming (A Simplified Model; Chissus, 1989)

2. The Carbon Cycle (Gymer, 1977)

3. Word Search

• Humor
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GREENHOUSE WARMING
(A Simplified Model)

Solar
Radiation

Stratosphere

Troposphere

Earth’s Surface

Greenhouse Gases
CO2, H2O, CH4, N2O, CFC’s*

Infrared
Radiation

•    Solar radiation (short wavelength) strikes the earth.
•   Blanket of gases traps infrared energy (long wavelength) in the atmosphere.
•   Without the greenhouse effect, the average temperature of the earth would be about freezing.

*Chlorofluorocarbons
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Appendix

The Carbon Cycle
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CHEMTECH, November 1973, p. 686.  American Chemical Society.
Reprinted with permission.

ÒGood morning, all of you out there in the ecosystem!Ó

Cartoon by Shelly Fischman. Reprinted with permission.
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Appendix

Cartoon by Shelly Fischman. Reprinted with permission.

By permission of Johnny Hart and Creators Syndicate, Inc.
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CHEM 13 NEWS, January 1980, p. 1. Reprinted with permission.

By permission of Johnny Hart and Creators Syndicate, Inc.


