Dear Students,
I hope that you all are doing great and that you are staying healthy!! Remember to keep washing your
hands!!! Even though we cannot continue regular class it is super important that WE STILL LEARN. I
listed below a couple different assignments for you guys to work on in our time apart. These assignments
will all be posted on google classroom. The regular homework as well as the worksheets will also be
given out by Mr. Dwyer.
1. Ck-12 Readings (on google classroom and in this packet)
a. Read each article
b. Take notes
c. Define vocab words
d. Answer article questions
e. ***Watch any videos that are linked! ****
2. Khan Academy
a. I will post a new assignment each week on Khan academy. Your job is to work through
each lesson, watch videos, answer questions and take the unit assessments when they
come up. IF YOU STRUGGLE, make sure to take notes on the videos, work through his
examples. Also feel free to ask my any questions!
3. Worksheets
a. I will post the Philadelphia School District Learning Resources, please complete these at
your own pace! The packets are not intended to be done in one day or even a week, take
your time!

If you need me for anything at all please email me at amills@pfpcs.org or give me a call/text
610-551-3797!
Best,
Ms. Mills
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Teacher
Class
Due Date
Covalent Bonding in Polyatomic Ions
Notes:
➔
➔
➔
➔
➔
➔
Vocabulary:
❖ Polyatomic ion:

Review Questions:
1. What are two characteristics of polyatomic ions?

2. Which atom becomes the central atom in the structure?

3. Where is the charge on an ion placed in a lewis dot diagram?

4. Where is the charge on an ion placed in a lewis dot diagram?
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Covalent Bonding in
Polyatomic Ions

Learning Objectives

• Draw the Lewis structure of a polyatomic ion when given appropriate information.

How do we extend basic principles?
The United States Supreme Court has the unenviable task of deciding what the law is. This responsibility can
be a major challenge when there is no clear principle involved or where there is a new situation not encountered
before. Chemistry faces the same challenge in extending basic concept to fit a new situation. Drawing of Lewis
structures for polyatomic ions uses the same approach, but tweaks the process a little to fit a somewhat different set
of circumstances.

Polyatomic Ions
Recall that a polyatomic ion is a group of atoms that are covalently bonded together and which carry an overall
electrical charge. The ammonium ion, NH4 + , is formed when a hydrogen ion (H+ ) attaches to the lone pair of an
ammonia (NH3 ) molecule in a coordinate covalent bond.
When drawing the Lewis structure of a polyatomic ion, the charge of the ion is reflected in the number of total
valence electrons in the structure. In the case of the ammonium ion:
1
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FIGURE 1.1
The ammonium ion.

1 N atom = 5 valence electrons
4 H atoms = 4 ⇥ 1 = 4 valence electrons

subtract 1 electron for the 1 + charge of the ion
total of 8 valence electrons in the ion
It is customary to put the Lewis structure of a polyatomic ion into a large set of brackets, with the charge of the ion
as a superscript outside the brackets.
Sample Problem: Lewis Electron Dot Structure of a Polyatomic Ion

Draw the Lewis electron dot structure for the sulfate ion.
Step 1: List the known quantities and plan the problem.
Known

molecular formula of sulfate ion = SO4 2
1 S atom = 6 valence electrons
4 O atoms = 4 ⇥ 6 = 24 valence electrons
add 2 electrons for the 2

charge of the ion

total of 32 valence electrons
The less electronegative sulfur atom is the central atom in the structure. Place the oxygen atoms around the sulfur
atom, each with a single covalent bond. Distribute lone pairs to each oxygen atom in order to satisfy the octet
rule. Count the total number of atoms. If there are too many electrons in the structure, make multiple bonds
between the S and O.
Step 2: Solve.
Step 3: Think about your result.
2

www.ck12.org

Chapter 1. Covalent Bonding in Polyatomic Ions

FIGURE 1.2
The sulfate ion.

The Lewis structure for the sulfate ion consists of a central sulfur atom with four single bonds to oxygen atoms. This
yields the expected total of 32 electrons. Since the sulfur atom started with six valence electrons, two of the S-O
bonds are coordinate covalent.

MEDIA
Click image to the left or use the URL below.
URL: http://www.ck12.org/flx/render/embeddedobject/184771

Summary

• Lewis structures for polyatomic ions follow the same rules as those for other covalent compounds.
Review

1. What are two characteristics of polyatomic ions?
2. Which atom becomes the central atom in the structure?
3. Where is the charge on an ion placed in a lewis dot diagram?
1. Where is the charge on an ion placed in a lewis dot diagram?
Vocabulary

• polyatomic ion: A group of atoms that are covalently bonded together and which carry an overall electrical
charge.

References
1. Jan Seifert. http://www.flickr.com/photos/jan-on-tour/4126331850/ .
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Resonance
Notes:
➔
➔
➔
➔
➔
➔
Vocabulary:
❖ Resonance:

Review Questions:
1. How many electrons total are in the ozone structure?

2. What is changed in the two resonance structures of ozone?

3. How can we think of the covalent bonds in ozone?
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Resonance

Learning Objectives

• Define resonance.
• Draw resonance structures of appropriate compounds.

Is this a reflection or a doorway?
We might look at the picture above and think we are looking at the image of a room as reflected in a mirror (and
we probably are). But we can crop the picture in such a way as to give the impression we are looking at the real
room through a door. We would see the same thing and receive the same information, but it would be from a
different perspective. There are molecules that can be represented in different ways and reality becomes a matter of
interpretation.

Resonance
There are some cases in which more than one viable Lewis structure can be drawn for a molecule. An example is
the ozone (O3 ) molecule in Figure 1.1. There are a total of 18 electrons in the structure and so the following two
structures are possible.
FIGURE 1.1
Resonance forms of ozone.

1
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The structure on the left (see Figure 1.1) can be converted to the structure on the right by a shifting of electrons
without altering the positions of the atoms.
It was once thought that the structure of a molecule such as O3 consisted of one single bond and one double
bond which then shifted back and forth as shown above. However, further studies showed that the two bonds
are identical. Any double covalent bond between two given atoms is typically shorter than a single covalent
bond. Studies of the O3 and other similar molecules showed that the bonds were identical in length. Interestingly,
the length of the bond is in between the lengths expected for an O-O single bond and a double bond.
Resonance is the use of two or more Lewis structures to represent the covalent bonding in a molecule. One of the
valid structures is referred to as a resonance structure. It is now understood that the true structure of a molecule
which displays resonance is that of an average or a hybrid of all the resonance structures. In the case of the O3
molecule, each of the covalent bonds between O atoms is best thought of as being “one and a half” bonds, as
opposed to either a pure single bond or a pure double bond. This “half-bond” can be shown as a dotted line in both
the Lewis structure and the molecular model (see Figure 1.2).

FIGURE 1.2
“Half-bond” model of ozone molecule.

MEDIA
Click image to the left or use the URL below.
URL: http://www.ck12.org/flx/render/embeddedobject/184773

Many polyatomic ions also display resonance. In some cases, the true structure may be an average of three valid
resonance structures, as in the case of the nitrate ion, NO3 (see Figure 1.3).

FIGURE 1.3
Resonance structure of nitrate anion.

The bond lengths between the central N atom and each O atom are identical and the bonds can be approximated as
being equal to one and one-third bonds.

2
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MEDIA
Click image to the left or use the URL below.
URL: http://www.ck12.org/flx/render/embeddedobject/184775

Summary

• Resonance structures are averages of different Lewis structure possibilities.
• Bond lengths are intermediate between covalent single bonds and covalent double bonds.
Review

1. How many electrons total are in the ozone structure?
2. What is changed in the two resonance structures of ozone?
3. How can we think of the covalent bonds in ozone?
Vocabulary

• resonance: The use of two or more Lewis structures to represent the covalent bonding in a molecule.

References
1. User:Gouwenaar/Nl.Wikipedia. http://commons.wikimedia.org/wiki/File:Interieur_de_Bazel.jpg .
2. CK-12 Foundation - Joy Sheng. .
3. CK-12 Foundation - Joy Sheng, using 3D molecular structure by Ben Mills (Wikimedia: Benjah-bmm27).
Molecular structure: http://commons.wikimedia.org/wiki/File:Ozone-CRC-MW-3D-balls.png .
4. CK-12 Foundation - Joy Sheng. .
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Exceptions to the Octet Rule
Notes:
➔
➔
➔
➔
➔
➔
Vocabulary:
❖ Expanded octet:
❖ Incomplete octet:
❖ Odd-electron molecules:
Review Questions:
1. What is an incomplete octet?

2. What is an odd-electron molecule?

3. Why are there extra electrons in the expanded octet?
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Exceptions to the Octet
Rule

Learning Objectives

• List the exceptions to the octet rule.

Are rules always followed?
Every spring, millions of Americans file their income tax forms. The different rules determine how much tax a
person pays. There are also exceptions to the rules. You pay less tax if you are married and/or have children. There
are certain limits on how much money you can make before paying taxes. The rule is that you pay taxes, but there
are also exceptions based on your personal situation. The bonding rules for molecules are generally applicable, but
there are some exceptions allowed.
Exceptions to the Octet Rule

As the saying goes, all rules are made to be broken. When it comes to the octet rule, that is true. Exceptions
to the octet rule fall into one of three categories: (1) an incomplete octet, (2) odd-electron molecules, and (3) an
expanded octet.

Incomplete Octet
In some compounds, the number of electrons surrounding the central atom in a stable molecule is fewer than
eight. Beryllium is an alkaline earth metal and so may be expected to form ionic bonds. However, its very small
1
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size and somewhat higher ionization energy compared to other metals actually lead to beryllium forming primarily
molecular compounds. Since beryllium only has two valence electrons, it does not typically attain an octet through
sharing of electrons. The Lewis structure of gaseous beryllium hydride (BeH2 ) consists of two single covalent bonds
between Be and H (see Figure 1.1).

FIGURE 1.1
Beryllium hydride.

Boron and aluminum, with three valence electrons, also tend to form covalent compounds with an incomplete
octet. The central boron atom in boron trichloride (BCl3 ) has six valence electrons as shown in Figure 1.2.

FIGURE 1.2
Boron trichloride.

Odd-Electron Molecules
There are a number of molecules whose total number of valence electrons is an odd number. It is not possible for all
of the atoms in such a molecule to satisfy the octet rule. An example is nitrogen dioxide (NO2 ). Each oxygen atom
contributes six valence electrons and the nitrogen atom contributes five for a total of seventeen. The lewis structure
for NO2 appears in Figure 1.3.

FIGURE 1.3
The Lewis structure for nitrogen dioxide, an odd electron molecule.

Expanded Octets
Atoms of the second period cannot have more than eight valence electrons around the central atom. However, atoms
of the third period and beyond are capable of exceeding the octet rule by having more than eight electrons around the
central atom. Starting with the third period, the d sublevel becomes available, so it is possible to use these orbitals
in bonding, resulting in an expanded octet.
2
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Phosphorus and sulfur are two elements that react with halogen elements and make stable compounds with expanded
octets. In phosphorus pentachloride, the central phosphorus atom makes five single bonds to chlorine atoms and as
a result has ten electrons surrounding it (see Figure 1.4). In sulfur hexafluoride, the central sulfur atom has twelve
electrons from its six bonds to fluorine atoms (see Figure 1.5).
FIGURE 1.4
Phosphorus pentachloride.

Left image: Lewis structure Right image:

molecular model

FIGURE 1.5
Sulfur hexafluoride. Left image: Lewis structure Right image: molecular
model.

MEDIA
Click image to the left or use the URL below.
URL: http://www.ck12.org/flx/render/embeddedobject/184777

Summary

• Exceptions exist to the rules for covalent bonding.
• These exceptions apply to atoms whose electrons will not accommodate the normal octet rule.
Review

1. What is an incomplete octet?
2. What is an odd-electron molecule?
3. Why are there extra electrons in the expanded octet?
Vocabulary

• expanded octet: Use of d sublevel in bonding as well as other sublevels.
• incomplete octet: The number of electrons surrounding the central atom in a stable molecule is fewer than
eight.
• odd-electron molecules: Molecules whose total number of valence electrons is an odd number.
3

Bond Energy
Notes:
➔
➔
➔
➔
➔
➔
Vocabulary:
❖ Bond Energy:

Review Questions:
1. What does a high bond energy mean?

2. What kind of bonds do more reactive compounds have?

3. Which will react more readily: a C-H bond or a Cl-Cl bond?
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Bond Energy

Learning Objectives

• Define bond energy.
• Describe the relationship between reactivity and bond energy.

How does smog form?
We know that nitrogen makes up about 79% of the gases in the air and that this gas is chemically very inert. However,
we also know that a major contributor to the production of smog is a mixture of nitrogen compounds collectively
referred to as NOx . Due to the high combustion temperatures in modern car engines (brought about by the need for
better fuel efficiency), we make more NOx that will react with other materials to create smog. So, our inert nitrogen
gas can be converted to other compounds if enough energy is available to break the triple bonds in the N2 molecule.

Bond Energy
The formation of a chemical bond results in a decrease in potential energy. Consequently, breaking a chemical bond
requires an input of energy. Bond energy is the energy required to break a covalent bond between two atoms. A
high bond energy means that a bond is strong and the molecule that contains that bond is likely to be stable and
less reactive. More reactive compounds will contain bonds that have generally lower bond energies. Some bond
energies are listed in Table 1.1

TABLE 1.1: Bond Energies

1
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TABLE 1.1: (continued)
Bond
H-H
C-H
C-C
C=C
C⌘C
F-F
Cl-Cl
Br-Br
I-I
N⌘N

Bond Energy (kJ/mol)
436
414
347
620
812
157
243
193
151
941

The halogen elements all exist naturally as diatomic molecules (F2 , Cl2 , Br2 , and I2 ). They are generally very
reactive and thus have relatively low bond energies.
As can be seen by a comparison of the bond energies for the various carbon-carbon bonds, double bonds are
substantially stronger than single bonds. Likewise, triple bonds are even stronger. The triple bond that exists
between the nitrogen atoms in nitrogen gas (N2 ) makes it very unreactive. All plants and animals require the
element nitrogen, but it cannot be obtained from the direct absorption of nitrogen gas from the atmosphere because
of its strong, unreactive triple bond. Instead, bacteria convert the nitrogen to a more usable form such as ammonium
and nitrate ions, which is then absorbed by plants from the soil. Animals only obtain nitrogen by eating those plants.

MEDIA
Click image to the left or use the URL below.
URL: http://www.ck12.org/flx/render/embeddedobject/184779

Summary

• Bond energy is an indication of the amount of energy needed for a chemical reaction.
• The higher the bond energy, the less reactive the bond is.
Review

1. What does a high bond energy mean?
2. What kind of bonds do more reactive compounds have?
3. Which will react more readily: a C-H bond or a Cl-Cl bond?
Vocabulary

• bond energy: The energy required to break a covalent bond between two atoms.
2

UNIT 5

Reaction Rates
and Equilibrium
Lesson 1: Investigating
Reaction Rates . . . . . . . . . . . . . . . . 311
Lesson 2: Exploring
Chemical Equilibrium . . . . . . . . . . 331
Lesson 3: Analyzing
Chemical Systems . . . . . . . . . . . . . 359
Unit Connections. . . . . . . . . . . . . . 381
Thing Explainer: Power Boxes . . 382
Unit Performance Task . . . . . . . . . 386

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Ted Kinsman/Science Source

Unit Practice and Review . . . . . . . 387

YOU SOLVE IT

How Can You Increase
Ammonia Production?
How Can You Design a Battery?
To begin exploring this unit’s concepts,
go online to investigate ways to solve a
real-world problem.

The colors of this oscillating reaction
change as the amounts of products and
reactants vary back and forth over time.
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FIGURE 1: The longfin squid can use

bioluminescence from chemical reactions
in its body to distract prey.

Even on the brightest day, sunlight is absorbed before it reaches
the bottom of the deep ocean. When scientists began exploring
the deepest parts of the ocean, however, they were surprised to
find eerie lights far below the surface. The environment is not all
dark after all. Many deep ocean organisms produce their own light.
This light, called bioluminescence, comes from chemical reactions
that release energy as light. The organisms can turn the light on or
off and even change its color. The intensity of the light emitted by
the organisms depends on the rate of the chemical reaction that
produces the bioluminescence. Many organisms in the ocean and
on land use bioluminescent signals to communicate, to hunt for
prey, to attract mates, and to scare off predators.

DRIVING QUESTIONS
As you move through the unit, gather evidence to help you answer the following
questions. In your Evidence Notebook, record what you already know about these topics
and any questions you have about them.
1. How can energy be used to control chemical reactions?
2. What cause and effect mechanisms explain how a reaction proceeds?
3. What predictable patterns are observed when chemical equilibrium is disturbed?
4. How can the cycles of matter and the flows of energy in chemical equilibrium
processes be used to address ecological and economic concerns?

UNIT PROJECT

Investigating the Solvay Process
Go online to download
the Unit Project
Worksheet to help
plan your project.

308

The Solvay process produces sodium carbonate, which is used in a variety of applications,
including to soften water, as a food additive, and to make glass. Research the Solvay
process and how it is used in manufacturing. Then, prepare a presentation that explains
how controlling and optimizing equilibrium reactions are essential parts of this process.

Unit 5 Reaction Rates and Equilibrium
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PREDICT How do you think a bioluminescent organism is able to
change the rate of a chemical reaction to control the intensity of
the light it emits?

Language Development
Use the lessons in this unit to complete the chart and expand your
understanding of the science concepts.
TERM: collision theory
Definition

Similar Term

Example

Phrase

TERM: activation energy, Ea
Definition

Similar Term

Example

Phrase

TERM: reaction rate
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Definition

Similar Term

Example

Phrase

TERM: chemical equilibrium
Definition

Similar Term

Example

Phrase
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LANGUAGE DEVELOPMENT

TERM: Le Châtelier’s principle
Definition

Similar Term

Example

Phrase

TERM: acid
Definition

Similar Term

Example

Phrase

TERM: base
Definition

Similar Term

Example

Phrase

Definition

Similar Term
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Example

Phrase

© Houghton Mifflin Harcourt Publishing Company

TERM: pH

5.1

Investigating Reaction Rates

Light sticks glow brighter in warm water than they do in cold water.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Richard Megna/Fundamental
Photographs

CAN YOU EXPLAIN THE PHENOMENON?
When you bend and then shake a light stick, it begins to emit light. The light is evidence
that a chemical reaction is occurring inside the tube. This reaction is similar to the reaction
that occurs in fireflies and other bioluminescent organisms. Light sticks are common
decorations often used in festive settings. They can also serve as emergency light sources
or distress signals in both military and civilian settings. Notice the difference in the light
intensity emitted by the light sticks in the photograph. The light stick in the beaker of
warm water on the left shines more brightly than the light stick in the beaker of ice water
on the right does.
PREDICT Why do you think the light stick in the warm water glows more brightly than
the light stick in the cold water does?

Evidence Notebook As you explore the lesson, gather evidence to explain at the particle

level why changing the temperature of a light stick affects the intensity of the light it emits.

Lesson 1 Investigating Reaction Rates
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EXPLORATION 1

Hands-On Lab

Observing Reaction Rates
Some reactions occur very rapidly, and others occur much more slowly. When oxygen and
hydrogen are mixed in a rocket engine, they explode instantaneously. But when you leave
your bike outside in the rain, it rusts very slowly. The rates of the two reactions are quite
different. A rate is a measure of change over time. There are several factors that can affect
the rate of a reaction. Temperature, the surface area of the reactants, concentration, and
the nature of the reacting substances can all have an effect.
The usefulness of a chemical reaction often depends on controlling the reaction so
that it is not too fast or too slow for a particular application. Chemists often speed up
or slow down reactions to optimize each reaction for a variety of safety, economic, and
environmental reasons.
RESEARCH QUESTION How can scientists use knowledge of patterns in reaction rates to
control the reactions that make useful products?
MAKE A CLAIM

Review the experiments you will be conducting. How do you think the factor being tested
in each part will affect the reaction rate?

• indirectly vented chemical
splash goggles, nonlatex apron,
nitrile gloves
• beaker, 250 mL (3)
• Bunsen burner
• copper foil strip
• effervescent antacid tablet (3)

• graduated cylinder, 10 mL

• steel wool

• HCl solution, 0.1 M
• hot plate

• test tube,
16 × 150 mm (6)

• ice

• tongs

• magnesium ribbon

• vinegar

• matches

• water

• sandpaper

• zinc strip

SAFETY INFORMATION

• Wear indirectly vented chemical splash goggles, a nonlatex apron, and nitrile gloves
during the setup, hands-on, and takedown segments of the activity.
• Use caution when working with Bunsen burners because this heat source can seriously
burn skin and clothing. Secure loose clothing, wear closed-toe shoes, and tie back hair.
• Use caution when working with hot plates, which can cause skin burns or electric shock.
• Use caution when working with glassware, which can shatter and cut skin.
indirectly vented
chemical splash
goggles
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• Never pour chemicals, either used or unused, back into their original containers.
Dispose of chemicals according to your teacher’s instructions.

Unit 5 Reaction Rates and Equilibrium
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MATERIALS

PLAN THE INVESTIGATION

In your Evidence Notebook, develop procedures for the following four experiments.
Identify the independent and dependent variables for each experiment. In addition,
consider which variables should be held constant to ensure reliable results. Have your
teacher approve your procedures and safety plans before proceeding.
Part 1 Test how magnesium, zinc, and copper react when each is placed in 0.1 M HCl.
In these reactions, the metal combines with acid to produce hydrogen gas and an
aqueous solution of the metal chloride. Compare the reaction rates for these reactions
by observing hydrogen gas production. This indicates the rate of the reaction.
Part 2 Test how fast a small, tightly balled sample of steel wool burns in a flame
compared to a loosely balled sample of steel wool. The amount and size of the flame
indicate the rate of the reaction.
Part 3 Test how a strip of magnesium reacts in different concentrations of vinegar.
Vinegar contains acetic acid. You can make different concentrations of vinegar by adding
water to the vinegar solution. Compare the reaction rates for these reactions by observing
hydrogen gas production.
Part 4 Test how water temperature affects the rate at which an effervescent antacid
tablet reacts with water. The time it takes for the reaction to go to completion (when the
tablet completely disappears) indicates the rate of the reaction.
COLLECT DATA

Develop a plan for collecting and organizing data. The data you record should provide
evidence to support claims about how different factors affect reaction rate. Consider
limitations such as time and the availability of materials when developing your plan.
Draw data tables in your Evidence Notebook before carrying out your procedures.
ANALYZE

© Houghton Mifflin Harcourt Publishing Company

1. What factor that affected the reaction rate did you test in each of the four experiments?

2. In this investigation, there were limitations on the precision of the data you could
obtain. How could the procedures you used be revised to obtain more precise data?

Lesson 1 Investigating Reaction Rates
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DRAW CONCLUSIONS

Write a conclusion that addresses each of these points.
Claim For each experiment, explain how the factor you tested affected the reaction rate.
Evidence Give specific examples from your data to support your claim.
Reasoning Explain how the evidence you gave supports your claim. Describe, in detail,
the connections between the evidence you cited and the argument you are making.

EXTEND

2. What are the limitations of a two-dimensional model? What benefits would a computer
simulation have when modeling the effect of a certain factor on reaction rate?

Evidence Notebook In the light stick example, what factor was changed to cause the light

sticks to glow with different intensities?
314
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1. Choose one factor you tested. Make a drawing to show how you think changing that
factor affected the reaction rate at the scale of atoms, ions, or molecules.

EXPLORATION 2

Collision Theory
When you burn charcoal in a grill, it burns slowly, often without a noticeable flame, as
shown in the charcoal sample in Figure 1a. As it burns, the charcoal reacts with oxygen in
the air in the cylinder. Air also contains other gases, such as nitrogen, argon, and carbon
dioxide. The cylinder in Figure 1b shows charcoal burning in pure oxygen. In pure oxygen,
the reaction is much faster and burns with a bright glow.
FIGURE 1: Charcoal burns differently in air than it does in pure oxygen.

a

Charcoal in air

b

Charcoal in pure oxygen

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (all) ©Charlie Winters/HMH

PREDICT Why do you think charcoal burns more slowly in air than it does in pure
oxygen? How might this be related to interactions between the particles that make up the
charcoal samples and those that make up the gas particles around them?

If cylinders containing pure oxygen are exposed to a flame or other heat source, they can
explode and cause serious bodily harm. As a result, the use, storage, and transportation of
pure oxygen must be closely monitored. So, why does air, which is about 21% oxygen, not
react in the same way? The answer has to do with collisions between particles.

Chemical Reactions and Collisions
Chemical reactions involve the breaking of bonds in the reactants, which absorbs energy,
and the forming of new bonds in the products, which releases energy. How does this
happen at the level of individual particles? During a chemical reaction, reactant particles
are constantly colliding. In some of these collisions, products are formed, and in some
collisions, the reactant particles remain unchanged. When a collision has sufficient energy
and proper orientation, a reaction is likely to occur between the colliding particles. These
requirements are explained in collision theory.

Lesson 1 Investigating Reaction Rates
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Collision theory states that in order for a chemical reaction to occur, particles must
collide with sufficient energy and in the correct orientation for bonds in the reactants to
be broken and new bonds to form in the products. If a collision does not have enough
energy, or if the colliding particles are not correctly oriented to cause a change, a collision
will not result in a chemical reaction.
FIGURE 2: When two AB particles collide effectively, they react to form one A 2 and two B particles.
If the collision is ineffective, no reaction occurs.

before collision

AB

AB

AB

AB

AB

AB

AB

AB

AB

AB

collision
after collision

B
a

A2

B

Effective collision, favorable
orientation and energy

b

Collision with too
little energy

c

Collision with poor
orientation

ANALYZE Review the diagrams in Figure 2. Which of these collisions will result in a new
product, and which will not? Explain your thinking.

Reaction Rate Factors
changes with concentration

lower
concentration

The reaction rate of a chemical reaction is measured as the change in
concentration of reactants per unit of time as the reaction proceeds.
As the number of effective collisions per unit of time increases, reaction rate
also increases. Changing a variable such as temperature, surface area, or
concentration affects the rate of effective collisions and therefore changes the
rate of the reaction.

Concentration
Though there are exceptions, almost all reactions increase in rate when the
concentrations of the reactants are increased. Figure 3 is a simple model
showing that, as the concentrations of the reactants increase, the number of
total collisions between particles, represented by gray lines, also increases.
EXPLAIN Select the correct terms to complete the statement about why
charcoal burns more quickly in pure oxygen than it does in air.
The concentration of oxygen in a cylinder filled with air is higher | lower
than that in a cylinder filled with pure oxygen. So, the rate of collisions
between reactant particles is higher in the cylinder of pure oxygen | air.
higher
concentration

Higher concentration causes an increase in effective | ineffective | all
collisions between reactants, but an increase in effective | ineffective | all
collisions is what leads to an increase in the rate of reaction.
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FIGURE 3: Reaction rate

You can observe patterns in reaction rates when cleaning with vinegar. Because vinegar
contains acetic acid, it can remove hard water stains caused by the buildup of minerals.
The type of vinegar used for cleaning is often more concentrated than the type used in
foods. The higher the concentration of acetic acid, the more particles there are to collide
with stain-causing particles.
MODEL Draw a diagram illustrating why, in the hands-on lab, the most concentrated
vinegar solution reacted most vigorously with magnesium metal. In your diagram, include
components that describe the connections among concentration, total collisions, effective
collisions, and reaction rate.

Temperature
Temperature is a measure of the average kinetic energy of the
particles in a substance. As temperature increases, particles move
faster and have more energy. In the hands-on lab, you tested the
effect of temperature on reaction rate by placing effervescent
tablets in warm and cold water. This test is also shown in Figure 4.

FIGURE 4: Effervescent antacid tablets react
with hot water (left) and cold water (right).
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INFER Use data from the hands-on lab to complete the statement.
In the reactions between the antacid tablet and water, the
molecules in the warmer water have less | more kinetic energy
than those in the cooler water have. This energy difference
leads to a higher frequency of collisions between molecules.
Also, a greater percentage of the collisions have the energy |
orientation to be effective. So, the reaction rate is greater when
the tablets are placed in the cooler | warmer water.
Think about how you could control the temperature of an oven to manipulate the rates
of reactions that occur when baking bread. As the temperature inside the oven increases,
the kinetic energy of the particles in the ingredients increases, and they collide more
frequently. This leads to an increase in reaction rates. To decrease the rates of these
reactions, you could set the oven to a lower temperature, thereby decreasing the kinetic
energy of the reactant particles and the rate of collisions between particles.
Evidence Notebook In your Evidence Notebook, write two claims for how changes in

temperature and concentration lead to changes in reaction rate. For each claim, provide
evidence from the reactions you observed in this lesson and explain how chemical bonds,
particle collisions, and kinetic energy are related to your observations. Last, explain how the
concepts you described are related to the solutions you are evaluating as part of your unit
project on the Solvay Process.
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Surface Area
In chemical reactions involving two phases, such as a liquid and a solid reactant, collisions
can only occur where the phases come together. In this type of reaction, known as a
heterogeneous reaction, the reaction rate partly depends on surface area—the area of
contact between the two phases. In Figure 5, equal masses of crushed marble and solid
marble react with hydrochloric acid. The crushed marble has a greater surface area, so more
particle collisions occur per unit of time. In the solid marble piece,
FIGURE 5: Crushed marble (left) reacts more
only the particles on the outside surface are available to collide.
vigorously in hydrochloric acid than a solid
piece of marble (right) does.
EXPLAIN Explain why, in the hands-on lab, the loosely balled
steel wool reacted at a higher rate than the tightly balled steel
wool did. Use evidence from your data to support your claim, and
relate your observations to interactions at the particle level.

Nature of Reactants
Different substances can vary greatly in their tendencies to react. As you observed in the
lab, different metals react differently with the same acid. In this case, the reaction rate is
determined by the metal's reactivity. Reactivity in this example is the ease with which the
metal atoms give up their valence electrons to hydrogen ions in acid to form metal ions.

a. magnesium

b. zinc

c. copper

Patterns

Simulating Reaction Rate
Computer models can simulate the effects of different factors on particle collisions
and reaction rates. Many simulations report inputs and outputs in the form of data
tables and graphs that show proportions of reactants and products. They may also
allow the user to examine the effectiveness of collisions between individual particles.
Language Arts Connection Find a simulation that will allow you to alter one of the

factors that affects particle collisions and reaction rate. Using the patterns you have learned
about, predict how changing a certain variable will affect the rate of a reaction. Then use the
simulation to gather data related to your claim. Last, write an explanation that tells whether
your prediction was correct and how you might revise your prediction based on the results
you obtained.

Evidence Notebook What is happening at the particle level that causes the difference in the

amount of light produced when light sticks are submerged in cold and in warm water?
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ANALYZE Based on the results you obtained in the hands-on lab, which type of metal
most easily lost valence electrons?

EXPLORATION 3

Energy Flow in Chemical Reactions
For a chemical reaction to occur, particles must collide with enough energy to break the
bonds in the reactants. Breaking bonds always requires energy, and forming bonds always
releases it. Why, then, do some reactions release energy while others absorb it?
Collaborate Describe to a partner why you think only some reactions give off energy.

Investigating Reaction Energy
Many chemical reactions do not occur spontaneously. The magnesium in
Figure 6, for example, is quite stable when exposed to air. Adding thermal
energy from a lighted match, however, causes it to burn rapidly, releasing heat
and bright light. For a chemical reaction to occur, the kinetic energy of the
reactant particles must be great enough to break the bonds of reactants. In
Figure 6, the heat from the match provides that energy. The minimum kinetic
energy required for the collision of reactant particles to result in a reaction,
or the “hill” in Figure 7, is called the activation energy, Ea. For a collision to be
effective, two particles must collide with adequate kinetic energy to get “over
the hill.” Once started, the reaction proceeds spontaneously.

FIGURE 6: Once started, the
reaction between magnesium
and oxygen continues.

In an exothermic reaction, as shown in Figures 6 and 7, chemical potential energy in the
reactants is converted to kinetic energy. This energy may be released in the form of heat,
light, or sound. The potential energy of the products is lower than that of the reactants,
so the energy change for the reaction, or ∆E, is negative. ∆E is equal to the energy of the
products minus the energy of the reactants and represents the energy released.
FIGURE 7: In an exothermic
reaction, the reactants have
more potential energy than
the products, and energy is
released into the surrounding
system. The overall change in
energy between the reactants
and products is calculated as
the energy of the products
minus the energy of the
reactants, so the change in
energy, ∆E, is negative.

activated complex

Ea
Energy
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Exothermic Reactions

reactants
∆E

products

Course of reaction
Evidence Notebook In your Evidence Notebook, explain how energy changes form in

the light stick reaction. Cite evidence to support your claim, and explain your reasoning.
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At the peak of the graph in Figure 7, a transitional structure called the activated complex
forms as the reactant bonds are broken and the product bonds are formed. The activated
complex may go on to form products, or it may return to the original reactants. Increasing
the temperature of the reaction causes more particles to have sufficient energy to form
the activated complex on collision. This is why reaction rate increases as temperature
increases. Increasing temperature increases the opportunities for products to form.
APPLY According to what you have learned about concentration, how does increasing
the concentration of one or more reactants affect the formation of the activated complex?

Endothermic Reactions
In an endothermic reaction, kinetic energy is converted to chemical potential energy. As
shown in Figure 8, the products of an endothermic reaction have more chemical potential
energy than the reactants do. So, ∆E is positive for endothermic reactions and represents
the energy that endothermic reactions absorb from the environment. These reactions
typically feel cold to the touch because thermal energy is converted to chemical potential
energy in the form of chemical bonds in the products.
FIGURE 8: In an endothermic reaction, the products have
Reaction
Pathwayenergy
for Endothermic
Reactions
more chemical
potential
than the reactants.

EXPLAIN Select the correct terms to compare the way
energy flows in exothermic and endothermic reactions.
In exothermic reactions, potential | kinetic

activated complex

energy is converted to potential | kinetic energy,

Energy

so the products have less potential energy than the
reactants, and ∆E is negative. The energy released

Ea

reactants

may take the form of heat, light, or sound. In
∆E

products

endothermic reactions, potential | kinetic energy
is converted to potential | kinetic energy in the
form of bonds, so the products have more potential
energy than the reactants, and ∆E is positive.

Systems and System Models

Analyzing Reaction Energy
When you light a Bunsen burner or a gas stove, methane in natural gas reacts
with oxygen in the air to produce carbon dioxide and water. This is an exothermic
reaction in which energy in the form of heat and light is released.
Collaborate With a partner, illustrate how energy changes in the system described in

this scenario. First, draw a diagram that defines the boundaries of the system you would
like to use and show the general direction of energy flow. Next, draw a graph showing the
relationship between energy in the reactants and energy in the products.
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Course of reaction

Problem Solving

Calculating Energy Requirements
Figure 9 shows an energy
diagram for a hypothetical
chemical reaction. The energy
level of the reactants is shown to
the left, and that of the products
is shown to the right. The total
energy change, ∆E, is the
difference between these two
levels. Activation energy, Ea, is the
minimum energy for an effective
collision. Ea is the difference
between the reactant energy
level and the peak.

FIGURE 9: Energy diagram

Energy (kJ/mol)

SAMPLE
PROBLEM

80
70
60
50
40
30
20
10
0

products

Ea

∆E

reactants
Course of reaction

Use the graph to calculate the value of ∆E and Ea. Then, use your calculations to
determine whether this reaction is endothermic or exothermic.
SOLVE

1. To calculate 4E, subtract the energy of the reactants from that of the products.
4E = energy of products − energy of reactants
4E = 50 kJ/mol − 0 kJ/mol = 50 kJ/mol
2. To calculate Ea, subtract the energy of the reactants from that of the activated complex.
Ea = energy of activated complex − energy of reactants
Ea = 80 kJ/mol − 0 kJ/mol = 80 kJ/mol
3. To determine whether the reaction is endothermic or exothermic, analyze the
relationship between the energy of the products and the energy of the reactants. In this
case, the energy of the products is higher than the energy of the reactants, so energy was
absorbed, and the reaction is endothermic.
SOLVE Use the energy diagram
in Figure 10 to calculate each of
the following values:

FIGURE 10: This energy diagram shows how energy
changes in a hypothetical reaction.

100

1. 4E
2. Ea
3. Is this reaction endothermic or
exothermic? Use evidence to
support your claim.

Energy (kJ/mol)
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PRACTICE
PROBLEM

50
0
–50

Ea
reactants
∆E

–100
–150

products
Course of reaction
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Lowering Activation Energy
Hydrogen peroxide decomposes to form water and oxygen gas in a very slow chemical
reaction. When soap is added, the reaction causes bubbles to form. In Figure 11, a small
amount of sodium iodide, NaI, is added to the mixture, and bubbles form rapidly.
FIGURE 11: When sodium iodide is added to a hydrogen peroxide and

Explore Online

dish soap solution, the reaction occurs very quickly.

ASK What questions do you have about the role of sodium iodide in this reaction?

In this reaction, the sodium iodide acted as a catalyst. A catalyst is a substance that
increases the rate of a chemical reaction without being consumed during the reaction. As
a result, catalysts are written above the arrow in a chemical equation.
2H O NaI O + 2H O
2

⎯→

2

2

Catalysts help lower the activation energy required to form the activated complex in a
chemical reaction. So, a lower activation energy is required to start the reaction. Many
reactions inside living things are catalyzed by proteins called enzymes so they can
proceed rapidly at relatively low temperatures.
ANALYZE The energy diagram for the decomposition of hydrogen peroxide is shown.
Label the graph with the chemical formulas of the reactants and products. Then, draw a
line representing the energy of this reaction when the sodium iodide catalyst is added.

Energy (kJ/mol)

Reaction Pathways and Catalysts

Course of reaction
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2

Engineering

Catalyzing Changes
Think about all of the things you use that are made of
plastic: shopping bags, packaging materials, bottles,
plastic wrap, and many others. Plastic is convenient,
but it can also be a big problem. Plastic materials, such
as polyethylene bottles, do not break down in the
environment for a very long time. As a result, plastic
accumulates in landfills.

FIGURE 12: Mountains of plastic waste have accumulated
around the world.
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PREDICT What are some criteria and constraints
engineers might consider when developing materials
that could serve as alternatives to plastics?

Scientists are now studying a process that uses two catalysts to convert waste plastic
into diesel fuel. The conversion is a two-step process using polyethylene, the most
common plastic material in use. Polyethylene, (C2H4)n, is commonly produced from the
catalytic polymerization of ethylene, which comes from crude oil. Polyethylene is made
up of a long chain of carbon atoms, each attached to two hydrogen atoms. The first
catalyst speeds up a reaction that removes the hydrogen atoms from these long chains.
As the hydrogen is removed, double bonds form between carbon atoms of the giant
polyethylene molecules. This reaction is useful because carbon chains with double bonds
react much more readily with other compounds than do chains with only single bonds.
Although the double bonds provide sites for reactions that break apart the chain, those
reactions are not fast enough to be practical for handling large volumes of plastic. This is
where a second catalyst comes into play. This catalyst reduces the activation energy and
helps break apart the plastic at the double bonds. The result is a mixture of hydrocarbon
chains of various lengths. The reactions that are sped up by the catalysts continue to break
apart the long hydrocarbon chains until they are short enough to be recycled for other
purposes, such as fuel.
The catalyst molecules for this process are expensive to produce. They contain expensive
metals, such as iridium and rhenium. To make the process cost-effective, the catalysts
are recovered and reused. Each molecule of catalyst can promote the conversion of
polyethylene molecules over and over again.
Language Arts Connection Research this method of converting plastic into fuel, and

write a news article explaining its benefits and drawbacks. Cite specific text evidence to
support your analysis, and discuss possible unanticipated effects of using this method.

Evidence Notebook Draw an energy diagram for the light stick reaction, and label the

reactants, products, and the activation energy of the reaction. Then explain your reasoning for
drawing the energy diagram the way you did.
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EXPLORATION 4

The Rate Law
FIGURE 13: A series of controlled explosions breaks apart

rock at a quarry.

An explosion at a quarry is an impressive example
of a chemical reaction. Explosive materials such as
nitroglycerin, trinitrotoluene (TNT), and dynamite are
primarily organic substances. They contain mostly
carbon, hydrogen, oxygen, and nitrogen atoms held
together by relatively weak bonds.
These materials undergo rapid decomposition. The
released elements immediately react to form gaseous
N2, CO, CO2, and NO2. These molecules are much more
stable than those in the original explosive material, so
an enormous amount of energy is released. In addition,
the sudden formation of gaseous material causes a
tremendous increase in pressure that provides the
force to demolish an unwanted building or break apart
rock for building roads.

Relating Concentration and Reaction Rate
We can experimentally determine the rate of a reaction by measuring the rate at which
reactants are consumed or products are formed. It is often important to know and control
the rate of a chemical reaction. For example, in an industrial process, equipment must be
designed to handle a certain rate of production. If the reaction rate is too slow, then more
time is required to make a product, and the product may cost too much as a result. If the
reaction rate is too fast, gaseous products and energy may be produced too rapidly. This
can damage equipment or even cause a dangerous explosion.
The relationship between reaction rate and concentration is determined by keeping the
temperature of the system constant and varying the concentration of a single reactant at a
time. By running a series of such experiments, changing the concentration of one reactant
at a time, a chemist can determine how the concentration of each reactant affects the
reaction rate.
For example, nitrogen monoxide gas reacts with hydrogen gas to produce nitrogen gas
and water vapor as shown in the equation:
2NO(g) + 2H2(g) → N2(g) + 2H2O(g)
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PREDICT How do you think scientists determine the reaction rate of an explosive reaction?

A series of experiments was performed to measure
the rate of this reaction. First, scientists measured how
changing the H2 concentration affected the reaction
rate when the NO concentration was held constant.
Then, the scientists ran another series of experiments
to measure the effect of the NO concentration while
the H2 concentration was held constant. When
determining the rate of a reaction, it is important to
change the concentration of only one reactant at
a time. Otherwise, scientists would not be able to
determine the effect of each reactant on the rate.

Experimental Reaction Rates Data
Concentration of NO Concentration of H2

Rate

Initial

Initial

R

Initial

Doubled

2R

Initial

Tripled

3R

Doubled

Initial

4R

Tripled

Initial

9R

Math Connection

Identifying Rate Relationships
To calculate the relationship of rate to concentration for a reaction, you can analyze
patterns in data. For example, the Experimental Reaction Rates Data table shows how
the rate of this reaction changes as the concentration of each reactant changes.
ANALYZE Select the correct terms to complete the statement.
According to the data in the table, doubling the concentration of H2 causes the
reaction rate to double | triple | quadruple. So, the reaction rate is inversely |
directly proportional to the concentration of H2. Doubling the concentration of
NO causes the reaction rate to double | triple | quadruple. Thus, the reaction rate
is directly proportional to the square | cube of the concentration of NO.

A rate law is an equation that expresses the dependence of reaction rate on the
concentrations of the reactants. The general form of a rate law is
R = k[A] [B]

© Houghton Mifflin Harcourt Publishing Company

n

m

where R represents the reaction rate, k is the specific rate constant, and [A] and [B]
represent the molar concentrations of reactants A and B. The powers to which the
concentrations are raised in calculating the rate law are represented by n and m. The rate
law is applicable for a specific reaction at a given set of conditions. The value of k must be
determined experimentally after the exponents have been determined experimentally.
In the example of the hydrogen gas and nitrogen monoxide gas reaction, we can use
patterns in the concentration and reaction rate data to determine the rate law. Based
on the experiment, you can determine that the rate is directly proportional to the
concentration of hydrogen gas. So, the n in this rate law is 1, which is not written. The rate
is also directly proportional to the square of the nitrogen monoxide concentration. So, the
m in this rate law is 2. Thus, the concentration of NO is squared in the rate law equation.
R = k[H2][NO]

2

The specific rate constant does not change over the course of the reaction if conditions
other than concentration of reactants and products are constant. A change in the
temperature of the reaction mixture, however, does change the value of k.

Lesson 1 Investigating Reaction Rates

325

Problem Solving

Determining the Rate Law
SAMPLE
PROBLEM

Fluorine gas reacts with chlorine dioxide gas according to the following equation:
F2(g) + 2ClO2(g) → 2FClO2(g)
Use the following experimental data to write a rate law for this reaction.

ANALYZE

Experiment

Concentration of F2

Concentration of ClO2

Rate (mol/L•s)

1

0.10 M

0.10 M

1.1 × 10

–3

2

0.20 M

0.10 M

2.2 × 10

–3

3

0.10 M

0.20 M

2.2 × 10

–3

4

0.20 M

0.20 M

4.4 × 10

–3

To write the rate law, first examine the data to see how the rate of reaction changes as
the concentrations of the reactants change.
When [F2] doubles and [ClO2] remains constant, the rate of reaction doubles. So, the
reaction rate is directly proportional to [F2].
When [ClO2] doubles and [F2] remains constant, the rate of reaction also doubles. So, the
rate is directly proportional to [ClO2].

S O LV E

Because the reaction rate is proportional to both [F2] and [ClO2], you can write the rate
law R = k[F2][ClO2]. The data from Trial 4 help confirm the rate law because when both
−3
[F2] and [ClO2] double, the rate increases by a factor of four, from 1.1 × 10 mol/L•s to
−3
4.4 × 10 mol/L•s.

P R AC T I C E
PROBLEM

SOLVE Nitrogen monoxide forms in combustion engines and can subsequently react
with oxygen in the air to produce nitrogen dioxide, which is an air pollutant:
O2(g) + 2NO(g) → 2NO2(g)

Concentration of O2

Concentration of NO

–2

1.40 × 10 M

–2

1.40 × 10 M

–2

2.80 × 10 M

1

1.20 × 10 M

2

2.40 × 10 M

3

1.20 × 10 M

Rate (mol/L•s)

–2

3.30 × 10

–3

–2

6.60 × 10

–3

–2

1.32 × 10

–2

Use this data to briefly explain how the rate changes as the concentration of each reactant
changes. Then use your explanation to write the rate law for this reaction.

Evidence Notebook Consider the rate law for the reaction occurring in a light stick. What

information would you need in order to set up an experiment to determine the rate law?
326

Unit 5 Reaction Rates and Equilibrium

© Houghton Mifflin Harcourt Publishing Company

Experiment

TAKE IT FURTHER

Engineering
Chemical Kinetics
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Industrial explosives are used to break
apart rock, clear paths for new roads,
and even demolish buildings. During
the explosion of these materials, matter
moves very rapidly—several kilometers per
second—and with a lot of force. In order
to design explosives that are both safe
and effective, chemists must apply their
knowledge of reaction rates, also called
chemical kinetics. Because these reactions
occur at such high rates and give off so
much energy, it can be difficult to study
exactly how these chemical changes occur.

FIGURE 14: A detonation test for a mining explosive

There are many forms of explosives used in
mining, each with unique properties and
reactions. Mining explosives are designed
to be stable and safe to handle for long
periods of time, but they also need to
provide as much energy as possible when they are
used. Because they provide so much energy, engineers
must understand how they will react in order to
prevent accidental explosions.
Scientists and engineers process data from test
explosions to model exactly what is occurring during
the reaction. By calculating the rate of reaction
under different conditions and the amount of energy
released, they can determine the best design for an
explosive system that performs the task safely.
Understanding chemical kinetics also helps in the
design of safer materials. For example, a simple
mechanical impact on an explosive device can result
in localized heating. This effect can cause mechanical
deformation and possibly fracturing or fragmenting
of the material. One section may ignite, and as the
ignition spreads, the energy released could lead to
anything from slow combustion of the material to
violent detonation of the whole explosive device.
Chemists, materials scientists, and engineers work
together to predict explosive sensitivity and design
new materials that do not accidentally detonate.
CONTROLLING
REACTION RATES

REACTION
MECHANISMS

The behavior of explosives is a challenging topic
because the reactions themselves are very complex,
and they occur extremely rapidly. Modern technology
allows engineers to determine reaction rates with more
precision than in the past. This advancement allows
them to design explosive materials and direct forces in
a way that maximizes productivity and safety.
Language Arts Connection Conduct research

to learn more about how engineers use knowledge of
chemical kinetics to optimize processes in another field, such
as pharmaceutical production or food storage. Then, write a
blog post that explains your findings and addresses the
following questions. Focus on the most important aspects of
the information, and explain any inconsistencies you find.
• How do engineers use knowledge of chemical kinetics
to optimize this process?
• How are the data and results from chemical kinetics
experiments and tests used in this field?
• Why is an understanding of reaction rates important
when optimizing this process?

CLOCK REACTIONS

Go online to choose one
of these other paths.
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EVALUATE

Lesson Self-Check
CAN YOU EXPLAIN THE
IT? PHENOMENON?

Light sticks consist of two nested tubes. The tough, plastic, outer tube is filled with a
solution of a reactant and a dissolved dye. A thin, inner tube made of glass or brittle plastic
holds a solution of a second reactant. When the tube inside a light stick is broken, the two
reactants mix and start reacting. The reaction releases energy that is absorbed by the dye.
Energy released by the reaction causes the dye to glow. As the reactants are used up and
their concentration decreases, the light stick gradually becomes dimmer.
Evidence Notebook Refer to your notes in your Evidence Notebook to make a claim

about this phenomenon. Your explanation should include a discussion of the following points:
Claim Make a claim to explain at the particle level why changing the temperature of a light
stick affects the intensity of the light it emits.
Evidence Provide specific evidence to support your claim.
Reasoning How does the evidence support your claim? Explain how the breaking of bonds,
particle collisions, and kinetic energy are related to this phenomenon.
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FIGURE 15: Temperature affects the rate of the reaction in the light sticks.

Name

Date

CHECKPOINTS
Check Your Understanding

1. Select the correct terms to complete the statement
about reaction rates.
The rate of a chemical reaction depends on
a number of different factors. At a higher
concentration of reactants, the frequency of
collisions decreases | increases | is not affected,

Use the table to answer Question 5.

Energy Values of a Chemical Reaction
Chemical Species

Energy (kJ/mol)

Reactants

0

Products

–110

Activated complex

45

so the reaction rate decreases | increases |
remains the same. When temperature decreases,
the kinetic energy of the particles decreases |

5. Complete the statement.
During the reaction described in the table, the

increases | is not affected. As a result, particles

overall energy of the reaction is −110 kJ/mol |

collide less frequently and with less energy, so

110 kJ/mol, indicating that the reaction is

reaction rate decreases | increases | is not affected.

endothermic | exothermic. The energy required
to cause effective collisions between particles is

2. According to collision theory, which variables
affect the rate of a chemical reaction? Select all
correct answers.
a. concentrations of dissolved reactants
b. chemical properties of reactants
c. size of crystals of solid reactants
d. shape of the container holding reactants
3. Select the correct terms to complete the statement
about particle collisions.
In order to form a new product, reactant particles
must collide with sufficient kinetic | potential

© Houghton Mifflin Harcourt Publishing Company

energy to break | form bonds in the reactant
particles. This is why increasing temperature

45 kJ/mol | 110 kJ/mol.
Use the table to answer Questions 6 and 7.

Reaction Rates for A(aq) + B(aq) → C(aq)
Experiment

[A]

[B]

Rate (M/s)

1

0.150 M

0.300 M

0.013

2

0.150 M

0.600 M

0.052

3

0.300 M

0.300 M

0.026

6. Complete the statement. Some terms may not be
used or may be used more than once.
doubles

quadruples

remains unchanged

increases the rate of a chemical reaction.
Based on the data in the table, when the
4. Which of these are reasons that a collision
between particles might not lead to the formation
of a new product? Select all correct answers.
a. The particles did not collide with sufficient
energy to break bonds in the reactants.
b. The particles had a very high mass, which
prevents effective collisions.
c. The particles do not have the correct shape to
form new products.
d. The orientation of the particles was not
correct.

concentration of reactant A doubles, the reaction
rate

, and when the

concentration of reactant B doubles, the reaction
rate

.

7. What is the rate law for the reaction between
A and B?
2
a. R = k[A][B]
c. R = k[A][B]
2
2
2
b. R = k[A] [B]
d. R = k[A] [B]
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EVALUATE

CHECKPOINTS (continued)
8. Describe two ways to make a chemical reaction proceed faster, and explain at the
particle level why the rate increases.

9. Explain why a candle cannot start burning until a flame is brought to the wick, but
it continues burning once started.

10. When vinegar and baking soda are mixed together in an aqueous solution, the
solution becomes colder as the reaction proceeds. How does an endothermic
reaction continue without the addition of energy from outside the solution
system? What can you conclude about the activation energy of the reaction?

MAKE YOUR OWN STUDY GUIDE

The rate of a chemical reaction can be measured, and it can vary depending on the nature
of the reactants, surface area, temperature, concentration, and the presence of a catalyst.
According to collision theory, a reaction can occur when particles collide with sufficient energy
and in a favorable orientation.
The rate law of a reaction describes the correlation between the concentration of each reactant
and the reaction rate.
Remember to include the following information in your study guide:
• Use examples that model main ideas.
• Record explanations for the phenomena you investigated.
• Use evidence to support your explanations. Your support can include drawings, data, graphs,
laboratory conclusions, and other evidence recorded throughout the lesson.
Consider how patterns in data obtained from experiments and simulations can be used to support
explanations for how interactions at the particle level are related to changes in reaction rates.
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In your Evidence Notebook, design a study guide that supports the main ideas from this lesson:

5.2

Exploring Chemical
Equilibrium

The water in public pools must be clear and clean to keep swimmers safe.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Photography by Jesse Warren/
Moment/Getty Images

CAN YOU EXPLAIN THE PHENOMENON?
Public swimming pools are a great place to cool off on a hot day. Clean water in a pool
makes swimming safer and more enjoyable. Depending on the size of the pool, there
could be anywhere from thousands to millions of liters of water to keep clean. Larger
materials, such as leaves, dirt, and hair, need to be removed from the pool. There also
may be unseen microscopic contaminants, such as bacteria and algae, present in harmful
concentrations in water that appears to be clean.
PLAN Brainstorm ideas for how to treat contaminants in pool water. Could you use
the same solution for both larger debris and microscopic organisms? Which type of
contaminant do you think is more dangerous to swimmers?

Evidence Notebook As you explore the lesson, gather evidence to explain how a

chemical equilibrium system in swimming pools can be managed to provide safe water
for swimmers.
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EXPLORATION 1

Explaining Equilibrium
When wood burns in a fire, atoms in molecules such as cellulose are rearranged to form
new products, such as carbon dioxide, water vapor, and ash. Burning wood is not a
reversible process because wood cannot be remade from ash. However, some reactions
are reversible and can proceed in both forward and reverse directions.

Reversible Reactions
A chemical reaction in which the products can react to reform the reactants is called a
reversible reaction. An example of a reversible reaction is shown in Figure 1 and involves
copper sulfate pentahydrate, a common fungicide and herbicide. The hydrate means
water molecules are present in the copper sulfate crystal, and its formula is CuSO4·5H2O.
FIGURE 1: Forward and reverse reactions involving copper sulfate pentahydrate

Blue crystals of copper sulfate
pentahydrate are placed over a
hot flame.

b

Water is released from the
compound, leaving white crystals
of copper sulfate.

c

Water is added back to the copper
sulfate, and the crystals turn blue.

Stability and Change
FIGURE 2: The combustion
of candle wax is effectively a
one-way reaction.

Reversible and Irreversible Reactions
It was once believed that all chemical reactions were irreversible, and once
products formed they could not change back to reactants. For example,
when a candle burns, wax cannot be rebuilt out of compounds in the air.
But some reactions are different. Solid ammonium chloride forms small
white crystals. When ammonium chloride is placed in a test tube and held
over a flame, the gases ammonia and hydrogen chloride are produced. As
the reaction proceeds, some solid white crystals form on the cooler sides at
the top of the glass test tube.
GATHER EVIDENCE What evidence is there that the reverse reaction is
occurring in the ammonium chloride reaction?
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a. The reactants are burned
over a flame.

c. All reactants are consumed
in the reaction.

b. Crystals appear at the top
of the test tube.

d. Two different gases are
released as products.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (l, c) ©Turtle Rock Scientific/
Science Source; (r) ©Richard Megna/Fundamental Photographs; (b) ©Jon Sparks/Alamy

a

Data Analysis

Analyzing Concentrations
of Reactants and Products
What evidence might indicate that a reaction can proceed in both directions?
And, does this type of reaction ever come to a stop?
Consider nitrogen dioxide, NO2, an orange-brown gas that is a common
component of polluted air. Nitrogen dioxide interacts with oxygen, water,
and other pollutants in the atmosphere and forms acid rain. It can also cause
haze or smog that is yellowish-brown in color. Two molecules of NO2 react to
form dinitrogen tetroxide, N2O4. Dinitrogen tetroxide is a colorless gas that
can be used as a rocket propellant because it is highly reactive. The molecular
structures of NO2 and N2O4 are shown in Figure 3.

FIGURE 3: Molecular structures
of NO2 and N2O4

a

Nitrogen dioxide, NO2

b

Dinitrogen tetroxide, N2O4

The table shows the concentration of each compound over time as NO2 reacts
to form N2O4 in a closed system.
MODEL Graph the data shown in the table as the concentration of each
compound over time.
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Concentration of NO2 and N2O4
as Reaction Proceeds

You can see based on the table data and your graph that the concentrations
of nitrogen dioxide and dinitrogen tetroxide reach a steady state in which the
concentrations do not change. A double arrow is used to show the reaction at
a steady state, or equilibrium.
2NO2(g) ⇋ N2O4(g)
ANALYZE Select the correct terms to complete the statement.
In this reaction, NO2 molecules combine | break apart to form N2O4,
and N2O4 molecules combine | break apart to form NO2. The reaction

NO2 (mol/L)

N2O4 (mol/L)

0.0500

0.0000

0.0428

0.0036

0.0320

0.0090

0.0220

0.0140

0.0154

0.0173

0.0120

0.0190

0.0106

0.0197

0.0102

0.0199

0.0100

0.0200

0.0100

0.0200

0.0100

0.0200

reaches a stable state when the ratio of the two gases is 0.0100 | 0.0200 |
0.0500 mol/L NO2 to 0.0000 | 0.0100 | 0.0200 mol/L N2O4. At this point,
the gases are still | have stopped reacting. At a stable state, the rates of
both reactions must be equal | unequal for the concentration of both
compounds to remain steady.
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Chemical Equilibrium
The NO2/N2O4 system is an example of an equilibrium. As the reaction progresses, the
concentrations of NO2 and N2O4 present at specific conditions stabilize. At this point,
called chemical equilibrium, the forward and reverse reactions occur at the same rate. In
contrast, the concentrations of the reactants and products are often different.
Figure 4 shows changes in the concentrations of NO2 and N2O4 as the reaction progresses.
2NO2(g) ⇋ N2O4(g)

NO2 and N2O4 Concentrations over Time
FIGURE 4: As the reaction progresses, chemical equilibrium is reached.

0.060

Concentration (mol/L)

0.050
0.040
0.030
N2O4

0.020

NO2

0.010
0.000
A

B

C

D
Time

ANALYZE Which of the following statements about this reaction are true? Select all
correct answers.
a. At Time B, the reaction has not yet reached chemical equilibrium.
b. Chemical equilibrium for this reaction occurs at Time C.
d. At Time D, the reaction has reached chemical equilibrium.
e. The concentrations of NO2 and N2O4 differ when chemical equilibrium is reached.
Collaborate With a partner, discuss the limitations of models such as the Figure 4 graph in
representing what occurs at chemical equilibrium. What kind of model could be used to
represent the process more completely?

EVALUATE What is the relationship among reaction rate, effective particle collisions, and
reactant concentration? How do these factors affect chemical equilibrium?
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c. At equilibrium, the concentrations of NO2 and N2O4 are equal.

Consider this generalized reaction at equilibrium:
A+B⇋C+D
PREDICT If you start with only A and B, when will C and D be produced the
fastest? How does this relate to concentration?

Explore Online

Hands-On Lab
Modeling Chemical
Equilibrium Develop a model

of equilibrium using water and
measuring cups.
The graph in Figure 5 shows the reaction rates as the system reaches equilibrium.
FIGURE 5: Change in reaction rates as a hypothetical chemical reaction reaches equilibrium

Rate Comparison for the Reaction System

Reaction rate

A+B C+D
(forward reaction)
equilibrium
(forward rate = reverse rate)
C+D A+B
(reverse reaction)
Time

EXPLAIN Select the correct terms to complete the statement.
As the reaction proceeds, the rate of the forward reaction increases | decreases
while the rate of the reverse reaction increases | decreases. This occurs because, as
the concentrations of A and B increase | decrease, the concentrations of C and D
increase | decrease. When the chemical reaction reaches equilibrium, the rate of the

© Houghton Mifflin Harcourt Publishing Company

forward reaction is greater than | equal to | less than the rate of the reverse reaction.
This type of equilibrium is called a dynamic equilibrium because the system is in a
constant, but balanced, state of change. Forward and reverse reactions continue, but no
noticeable change in concentrations occurs because the reaction rates are the same.
Language Arts Connection Write an analogy that describes chemical equilibrium,
including the relationship between the reaction at the molecular scale and the concentrations
of the products and reactants measured at the macroscopic scale. Explain your analogy to a
partner. How did different sources of information help you build your understanding?

Evidence Notebook Hypochlorous acid, HOCl, is used to treat pools. When HOCl is added
+

–

to water, it breaks apart to form hydrogen ions, H , and hypochlorite ions, OCl . An equilibrium
is established. Write the chemical equation for this equilibrium system. Describe how the
concentration of each ion and HOCl changes when HOCl is added to water as a pool treatment.
Lesson 2 Exploring Chemical Equilibrium
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EXPLORATION 2

Concentration Influences Equilibrium
As in the example of nitrogen dioxide and dinitrogen tetroxide, many chemical systems in
nature and industrial chemistry involve chemical reactions in equilibrium. The equilibrium
states can be shifted to form an increased or decreased amount of the products.
Collaborate With a group, develop a physical model for the reaction: A + BC ⇋ BA + C.

One person should control the forward reaction and one person the reverse reaction. What
happens when a classmate adds products or reactants? What happens when products or
reactants are removed? Explain the changes in your model in terms of concentrations,
collisions between particles, and reaction rates.

Adding Reactants or Products
Now consider another equilibrium system as a model for the principles of chemical
equilibrium. The cobalt(II) chloride equilibrium system is modeled by the equation:
−

[Co(H2O)6] (aq) + 4Cl (aq) ⇋ [CoCl4] (aq) + 6H2O(l)
2+

Pink

2−

Blue
2+

When the solution has a higher concentration of [Co(H2O)6] ions, it appears pink. When
2−
the solution has a higher concentration of [CoCl4] ions, it appears blue. As with all
chemical equilibria, the ions and molecules in solution are constantly reacting in forward
and reverse reactions. Figure 6 shows the color changes when hydrochloric acid, HCl, and
then water, H2O, are added to the cobalt(II) chloride solution.

a

Initially, the solution is
pinkish-orange.

b

After HCl is added, the solution
turns blue.

c

Explore Online

After water is added, the solution
begins to turn pink again.

GATHER EVIDENCE Using evidence from Figure 6, explain what happens to the product
and reactant concentrations when hydrochloric acid or water is added to the system.
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FIGURE 6: The cobalt(II) chloride solution changes color as the chemical equilibrium shifts.

Adding HCl to the cobalt(II) chloride system effectively adds chloride ions, a reactant
when the chemical equation is read from left to right. Adding water to the cobalt(II)
chloride system adds more product. Either of these changes disrupts the equilibrium and
causes it to shift.
EXPLAIN Select the correct terms to complete the statement.
Adding more reactant increases the frequency of collisions between product |
reactant particles, which shifts the reaction to the left | right in favor of the products |
reactants. Adding more product increases the frequency of collisions between
product | reactant particles, which shifts the reaction to the left | right in favor of the
products | reactants.
−

Figure 7 shows the cobalt(II) chloride system before and after the addition of Cl ions. The
−
sharp increase in the Cl line indicates when HCl was added. Water is not shown on the
graph because the concentration of water remains approximately constant.
−

[Co(H2O)6] (aq) + 4Cl (aq) ⇋ [CoCl4] (aq) + 6H2O(l)
2+

2−

Addition of HCl to the CoCl2 System
FIGURE 7: The concentrations in the cobalt(II) chloride equilibrium system change with the
addition of hydrochloric acid.

Concentration

[Co(H2O)6]2+
Cl–
[CoCl4]2–
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Time
ANALYZE What keeps the concentrations in this reaction from reaching zero? Use
evidence from the graph and reaction rates to support your claims.

During an equilibrium reaction, adding reactants disrupts the dynamic equilibrium. As
more reactants are converted to products, the forward reaction will slow because there
are fewer reactant particles colliding. At the same time, because the concentration of
product particles increases, the rate of the reverse reaction will increase. Eventually,
the rates will equalize at a new equilibrium position. The opposite shift occurs with the
addition of a product.
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Removing Reactants or Products
We saw that adding reactants or products can shift the equilibrium of a system. Now, what
would happen if we removed a reactant or product from the cobalt(II) chloride system?
ANALYZE Complete the graph to illustrate the changes in reactant and product
concentrations when chloride ions are removed from the system.
−

[Co(H2O)6] (aq) + 4Cl (aq) ⇋ [CoCl4] (aq) + 6H2O(l)
2+

2−

Concentration

[Co(H2O)6]2+
Cl–
[CoCl4]2–

Time
When a reactant is removed from the system, the forward reaction slows but the reverse
reaction occurs at the same rate. This results in more reactants being formed. For example,
adding silver nitrate, AgNO3, to the cobalt(II) chloride solution forms silver chloride, AgCl,
−
as a precipitate. This removes Cl from the system, which slows the forward reaction
and reduces the amount of products produced. The opposite effect is observed when a
product is removed.
The disruption of an equilibrium system places stress on the system. Le Châtelier’s
principle states that when an equilibrium system is stressed, the equilibrium will shift in
a way that reduces the stress. For example, the chemical equilibrium shifted when the
concentration of a reactant or product was changed in the cobalt(II) chloride system.

Evidence Notebook Why does the concentration of HOCl in the water of public pools have to

be regularly monitored?
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+

APPLY When HOCl is added to water, it dissociates to form hydrogen ions, H , and
–
hypochlorite ions, OCl . HOCl is an effective pool treatment because the oxygen in the
HOCl molecule destroys bacteria, algae, and other substances. This uses up the HOCl.
Describe this stress at the molecular level, and explain the effect the stress has on the
HOCl equilibrium in terms of Le Châtelier’s principle.

EXPLORATION 3

Pressure and Temperature Influence Equilibrium
According to Le Châtelier’s principle, an equilibrium system will change to
reduce stress. Changing the concentration of reactants or products can add
stress and shift an equilibrium system. Pressure can also influence equilibrium.
The pressure exerted by a gas on a surface depends on the frequency with
which particles hit the surface. Increasing the pressure of a gas increases the
number of collisions particles have with the surface and with each other. The
gas molecules are in constant, random motion. The same number of moles
of any gas occupies the same volume at a given pressure and temperature.
Because volume and pressure are inversely related, decreasing the volume of a
gas or gas mixture at constant temperature increases the pressure of the system.

Explore Online

Hands-On Lab
Shifting Equilibrium Use

Le Châtelier’s principle to predict
changes in products and reactants as a
chemical equilibrium system changes.

Collaborate With a partner, discuss why pressure and volume affect a gaseous

equilibrium system but do not affect liquid or solid equilibrium systems. Use real-world
examples to support your claim.
Consider the differences between these two equilibria:
2NO2(g) ⇋ N2O4(g)

H2(g) + Cl2(g) ⇋ 2HCl(g)

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Charles D. Winters/Science
Source

EVALUATE Which chemical equilibrium system has an equal number of moles of
reactants compared to products and which has an unequal number? How might this
affect equilibrium if pressure increases?

Pressure and Equilibrium in a Gaseous System
When a molecule of NO2 collides with another NO2 molecule, a molecule of
N2O4 may form. In the equilibrium system, N2O4 continuously decomposes into
two molecules of NO2. The number of effective collisions between reactant
molecules determines the reaction rate. Increasing or decreasing the pressure
on the system puts a stress on the system. Le Châtelier’s principle predicts that
the equilibrium will shift in a way that counteracts this stress.

FIGURE 8: Two different
NO2/N2O4 equilibria

Equilibrium shifts can be observed on the macroscopic scale when the
reactants and products are different colors. For example, both tubes in
Figure 8 contain a solution of NO2/N2O4 at equilibrium. NO2 is an orange-brown
gas, and N2O4 is a colorless gas. Different concentrations of NO2 give the tubes
different colors. The tube on the left is a darker orange-brown color because
it has a higher concentration of NO2. The tube on the right is much lighter in
color because it has a lower concentration of NO2.
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NO2 and N2O4 form an equilibrium system that contains both gases. Figure 9a shows the
system sealed in a syringe at room temperature and atmospheric pressure. The color of
the gaseous solution in the syringe changes at each stage as stresses are applied to the
system and the equilibrium shifts and is then reestablished at a different point.
FIGURE 9: The color of the NO2/N2O4 gaseous equilibrium system changes as pressure changes.

a

Initial pressure

b

Compressed—initial

c

Compressed—final

d

Explore Online

Return to initial pressure

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Richard Megna/Fundamental
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MODEL Make a diagram that shows what is happening inside the syringe on a molecular
scale. For each stage, show the relative rates for the forward and reverse reactions
and whether the densities, volumes, and concentrations of the gases are increasing or
decreasing from one stage to the next.

Collaborate Present your model of the NO2/N2O4 system to a partner. Incorporate any

feedback and discuss how changes at the molecular scale in this system affect what is
observed at the macroscopic scale.
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Pressure Affects Concentration
At the instant the pressure increased in the syringe, the concentrations of the gases
also increased. The equilibrium shifted to reduce the stress by favoring the side with
fewer particles. This decreased the particle collisions with the surfaces of the syringe,
which decreased the pressure. Changing pressure affects the reactant and product
concentrations. However, there must be a difference in moles between reactants and
products for a pressure change to cause an equilibrium shift. The graph below shows the
change in concentrations after a pressure increase.
2NO2(g) ⇋ N2O4(g)
ANALYZE Label the point on the graph at which the pressure change occurs.

N2O4
Concentration

NO2

Time

APPLY What can you conclude about the changes that occur in the nitrogen dioxide/
dinitrogen tetroxide equilibrium system when the pressure on the system changes?
a. An increase in pressure results in a shift toward NO2 because the reverse reaction
increases the number of NO2 particles in the container.
b. An increase in pressure does not change the ratio of NO2 and N2O4 because the
system remains in equilibrium when the number of particles is constant.

© Houghton Mifflin Harcourt Publishing Company

c. An increase in pressure results in a shift toward N2O4 because the product side of the
forward reaction has fewer molecules and reduces the pressure.
d. An increase in pressure changes the ratio of NO2 and N2O4 because the rate of
both the forward and reverse reactions slowed down.
Nitrogen oxides, including nitrogen dioxide, are formed during any high temperature
combustion reaction in internal combustion engines and are key components of
photochemical smog. Nitrogen dioxide is responsible for the characteristic brown color of
smog. Like many systems in nature, there are dynamic equilibria in smog systems.
Language Arts Connection With a partner, use multiple sources to research

photochemical smog, a type of air pollution. Write an essay that analyzes how different
conditions, such as air pressure and temperature, affect smog and how smog affects human
health. Be sure to identify any gaps or inconsistencies in the data.
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Stability and Change

Equilibrium in the Earth System
Historical Carbon Dioxide Levels
FIGURE 10: Atmospheric carbon dioxide levels fluctuated in the past, but they
increased significantly in recent years.
2

CO2 (parts per million)

420

2017

380
340
300

highest historical CO2 level
1950

260
220
180
140
400

350

300
250
200
150
100
Thousands of years before today

50

0

Source: NOAA, Reconstruction from ice cores data, as shown by NASA, Global Climate Change,
Vital Signs of the Planet, Carbon Dioxide

Earth is a closed system.
Although the total amount
of matter on Earth does not
change, it does cycle between
various systems. Scientists
are able to measure past
levels of carbon dioxide in the
atmosphere by determining
the concentration of carbon
dioxide, CO2, in bubbles
trapped in ice cores. Figure 10
shows that, over the past
400 000 years, CO2 levels in
Earth’s atmosphere fluctuated
within a relatively stable range.
However, the amount of CO2 in
the atmosphere has increased
significantly in recent years,
outside of the historical pattern.

Some CO2 fluctuations over long periods of time could be the result of CO2 levels in
the ocean and atmosphere cycling as temperatures vary on the planet, changes in
the biosphere, or massive volcanic eruptions. In the last century, however, CO2 in the
atmosphere increased significantly. The recent increase outside the historical range is due
to human activities, including deforestation and burning fossil fuels.
EVALUATE A state of solution equilibrium exists in a closed soda bottle. Carbon dioxide
gas is dissolved in both the liquid, making the drink fizzy, and in the gas above the liquid.
CO2 constantly moves between the liquid and the gas. Compare this small-scale system to
how CO2 moves on larger scales in the Earth system.
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ARGUE Imagine the graph data went back an additional million years. What would you
expect to see if the recent CO2 increase is part of a longer CO2 cycle over time in the Earth
system? What would you expect to see if the recent CO2 increase is not part of a longer
CO2 cycle over time?

Endothermic and Exothermic Reactions
Adding or removing energy is another stress that can cause an equilibrium to shift. For
example, the temperature on one side of the U-tube filled with cobalt(II) chloride solution
in Figure 11 was increased using a Bunsen burner. The addition of energy caused the
solution on that side to turn blue.
FIGURE 11: Energy in the form of heat is applied to the cobalt(II) chloride solution.

Explore Online

Collaborate With a partner, discuss what is happening on a molecular scale to cause the

color on one side of the U-tube to change when the temperature increased.
ANALYZE Using the information in Figure 12, add the word
energy to each equation as a product or reactant.
[Co(H2O)6] (aq) + 4Cl (aq) ⇋ [CoCl4] (aq) + 6H2O(l)
2+

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©HMH; (b) ©Charles D. Winters/
Science Source

−

FIGURE 12: Equilibrium systems in an ice
bath on the left and a warm temperature on
the right

2−

2NO2(g) ⇋ N2O4(g)
APPLY Select the correct terms to describe how equilibrium shifts
when energy is added.
For an endothermic reaction, adding energy in the form of
heat shifts the reaction toward the products | reactants. In
the cobalt(II) chloride system, adding energy formed more

a

Cobalt(II) chloride system—pink on the
left and blue on the right

b

Nitrogen dioxide/dinitrogen tetroxide
system—light brown on the left and
dark brown on the right

[CoCl4]2− | [Co(H2O)6]2+, causing the solution to turn blue. For an
exothermic reaction, adding energy shifts the reaction toward
the products | reactants. In the NO2/N2O4 system, adding
energy formed more NO2 | N2O4.
The effect of adding or removing energy as heat from an
equilibrium system can be predicted by considering energy as
a product or reactant. For an endothermic reaction, energy can
be modeled as a reactant. Adding energy has the same effect
as increasing the concentration of a reactant, which shifts the
equilibrium in favor of the products. Removing energy, like
removing a reactant, shifts the reaction in favor of the reactants.
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For an exothermic reaction, energy can be modeled as a product. Adding energy has the
same effect as increasing the concentration of a product. The equilibrium shifts in favor of
the reactants. Removing energy shifts the equilibrium in favor of the products.

Temperature and Equilibrium
Modifying the temperature of a system changes the average kinetic energy of the
particles, which changes the number of effective collisions between molecules. For
example, adding energy to the cobalt(II) chloride system increase the average kinetic
energy of the particles and results in more effective collisions between reactants. This has
the same effect as increasing the concentration of a reactant. The equilibrium will shift
toward the products to relieve the stress. The reverse happens if energy is removed from
the system. The equilibrium will shift toward the reactants.
−

energy + [Co(H2O)6] (aq) + 4Cl (aq) ⇋ [CoCl4] (aq) + 6H2O(l)
2+

2−

Changing the Temperature of a CoCl2 Solution
FIGURE 13: The cobalt(II) chloride solution is initially at room temperature. Changing the
temperature of the solution causes a change in the equilibrium concentrations.

Changing the Temperature of CoCl2

Concentration

[Co(H2O)6]2+
[CoCl4]2–

heat applied

heat no longer applied
Time

ANALYZE Based on Figure 13, which of the following statements are true? Select all
correct answers.
a. While heat is applied, a new equilibrium position is established.
2–

b. Increasing the temperature shifts the equilibrium toward [CoCl4] .
c. When heat is no longer applied, the equilibrium returns to its original state.
2–

Adding energy increases the concentration of [CoCl4] in the solution, which changes the
solution from pink to blue. This new equilibrium position can be maintained only as long
as energy is added to the solution. When the solution is no longer heated, it changes from
blue back to pink as the added energy dissipates and the equilibrium system shifts back to
its original position.
Evidence Notebook What factors are used to control equilibrium in the Solvay process

you are researching for your unit project?
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Influence of Engineering, Technology, and Science on Society and the Natural World

Temperature and Changing Oceans
Corals are marine invertebrates that mostly live in
colonies consisting of many individual polyps. Coral
reefs are formed from calcium carbonate, CaCO3,
that corals secrete in the process of forming their
hard skeletons. Most corals display a range of colors,
including brown, orange, red, yellow, and occasionally
blue or green. The color comes not from the coral
polyps, but from algae that live in the reef community.
The corals provide habitat for the algae and, in
exchange, corals receive food from the algae.

FIGURE 14: Bleached coral

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Thomas Kline/NewsCom

Water temperatures in coral habitats are increasing
due to climate change caused by human actions,
most significantly the production of CO2 through the
burning of fossil fuels. As water temperatures increase,
the corals become stressed and expel the algae. This is
known as coral bleaching because the coral structure
without the algae has a stark white color, shown in Figure 14. Bleached coral are still
alive, but the bleaching increases the stress on the community even more. If they do not
reincorporate the algae, the corals eventually die.
In 2005, the United States lost half of its coral reefs in the Caribbean in one year due to a
massive bleaching event. And, coral bleaching is not the only consequence of rising ocean
temperatures. Increasing temperatures also affect the amount of carbon dioxide that
dissolves in the oceans. Concentration, pressure, and temperature have been discussed as
stresses in a chemical system that can shift equilibria. In reality, all systems can be affected
by stresses that change inputs, outputs, boundaries, and how parts interact.
EXPLAIN Discuss the relationship that exists among corals, algae, and water
temperatures. Is this a chemical equilibrium? How does a stress on one component affect
the rest of the system?

Evidence Notebook Warm temperatures allow bacteria in water to multiply quickly.

Direct sunlight, which is common in warm climates, speeds up the release of chlorine gas from
–
the water into the air because the OCl ions break down rapidly in sunlight. How would chlorine
pool treatment need to change in a warmer climate?
Lesson 2 Exploring Chemical Equilibrium
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EXPLORATION 4

Exploring Acids and Bases
Many substances can be classified as an acid or a base. When scientists first started using
these terms, acids were described as things that tasted sour, such as vinegar or lime
juice, and bases were things that tasted bitter or felt slippery, such as soap. As scientists
learned more about the properties of acids and bases, they developed more exact
definitions. Scientists now use these terms to describe substances based on how they
chemically react with water and with other substances.
Collaborate Work with a partner or group to brainstorm questions you would like to

investigate about acids and bases using the questions journalists ask: Who? What? Where?
When? Why? How? Then share your questions with the class.

FIGURE 15: Many items that you use every

day are acidic or basic.

a

acidic

b

basic

Citric acid in limes and grapefruits gives these fruits their sour
taste. Milk, yogurt, and sour cream contain lactic acid. Vinegar
is dilute acetic acid. Acids react with bases and with some
metals. Acid molecules generally contain one or more hydrogen
atoms. When they are added to water, most acids form ions. If a
substance does not exist as ions but forms ions in solution, the
substance is said to ionize. If a substance exists as ions and these
ions separate in solution, the substance is said to dissociate. The
+
ionization of most acids leads to the release of hydrogen ions, H ,
into a solution. For example, nitric acid, HNO3, forms the following
ions in water:
H 2O +
HNO3(l) ⎯→ H (aq) + NO 3 (aq)

When acids ionize, the solution has the capacity to conduct electric current. Therefore, an
acid such as HNO3 is an electrolyte. Strong acids ionize or dissociate completely in solution
and are therefore strong electrolytes. Weak acids do not ionize or dissociate completely
in solution and are therefore weak electrolytes. The strength of an acid is not related to
its concentration. A strong acid can be dilute, and a weak acid can be concentrated. The
strength of an acid is a measure of the degree to which it ionizes or dissociates.
Common bases include baking soda and sodium hydroxide, which is used in drain cleaner.
Bases taste bitter and feel slick—the slick feel of some soaps is the result of the presence of
a base. Bases react with acids, but usually not with metals. Some bases contain a hydroxide
−
ion, OH . When added to water, these bases dissociate, releasing hydroxide ions into the
solution. For example, sodium hydroxide, NaOH, dissociates in water to form sodium ions
and hydroxide ions:
H 2O
+
−
NaOH(s) ⎯→ Na (aq) + OH (aq)
Similar to acids, bases can conduct electric current and may be described as strong or
weak based on the degree to which they dissociate or ionize. The strength of an aqueous
base depends on the number of hydroxide ions it produces in solution, not on the
number of hydroxide ions in the base.
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Properties of Acids and Bases

Acids Donate Protons
Hydrogen chloride, HCl, is a corrosive gas at room temperature. HCl is used
for cleaning, pickling, and tanning, among other industrial applications.
+
–
HCl initially ionizes in water to form H and Cl ions in an aqueous solution.
Almost immediately, the hydrogen ions released from the ionization of the
HCl are attracted to negatively charged areas on water molecules, and form
+
hydronium ions, H3O .
+

−

+

FIGURE 16: Hydrochloric acid,
sometimes called muriatic
acid, is used to treat the water
in swimming pools.

−

H (aq) + Cl (aq) + H2O(l) → H3O (aq) + Cl (aq)
Because a hydrogen atom is made up of one electron and one proton, a
positive hydrogen ion is simply a proton. When HCl is in water, we say that a
proton is transferred from the acid to the water, as shown in Figure 17. Thus,
one way to define an acid is a substance that donates protons in solution.
FIGURE 17: This molecular model shows that when hydrochloric acid is added to water,
hydronium ions and chloride ions are formed.

H

+

Cl

H
H O

→

H

O
H

+

-

H +

Cl

EXPLAIN Select the correct terms to complete the statement.
Sulfuric acid has the chemical formula H2SO4. When sulfuric acid interacts with water,
protons are transferred to | from sulfuric acid to | from water, which produces

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (t) ©Peter Van Steen/Houghton
Mifflin Harcourt; (b) ©HMH

hydroxide | hydronium ions.

Bases Accept Protons
The base ammonia, NH3, is often found in household cleaners and is used in the
production of fertilizer. Ammonia interacts with water to form ammonium ions and
hydroxide ions:
−

NH3(g) + H2O(l) → NH +4 (aq) + OH (aq)
A base can be described as a substance that produces hydroxide ions in solution and
accepts protons. Many bases, therefore, are metal hydroxides, such as sodium hydroxide,
potassium hydroxide, and aluminum hydroxide. Ammonia is an example of a base that is a
proton acceptor, as shown in Figure 18.
FIGURE 18: This molecular model shows that when ammonia is added to water, ammonium
ions and hydroxide ions are formed.

H

N
H

H +

H
H

O

→

H

H
N
H

+
H

+

H

O

EXPLAIN Select the correct terms to complete the statement.
When ammonia is mixed with water, a proton is transferred to | from ammonia
to | from water, which produces hydroxide | hydronium ions.
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Engineering

The pH Scale
Acids form aqueous solutions with extra hydronium ions, and bases form solutions with
extra hydroxide ions. A neutral solution contains equal amounts of both ions. Scientists
can determine how acidic or basic a solution is by measuring the concentration of
hydronium ions. Scientists use the pH scale for this measurement. The letters pH stand for
the French pouvoir hydrogène, meaning “hydrogen power.” pH is defined by the equation:
+

pH = −log[H3O ]
The equation for pH is an example of a logarithmic function. The common logarithm,
log, of a number is the power to which 10 must be raised to equal the number. When
calculating pH, you take the negative of the log. So, if the hydronium ion concentration of
−4
a solution is 10 M, the log is −4. The pH is then −(−4), or 4. The pH scale allows scientists
to model these large changes in concentration without the need for scientific notation.
FIGURE 19: The logarithmic pH scale
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In treated pool water, an equilibrium exists between HOCl and H and OCl ions. The
pH scale is particularly useful for pool managers who have to decide how to adjust the
14 13
10The9ideal8pH of7a swimming
6
5 pool
4 is 7.5.
3 Above
2
0 7.8, the
pOHchemicals
in the12pool11
water.
a1 pH of
–
–
concentration of OCl ions in the water is too high. The OCl ions break down rapidly in
sunlight and the chlorine is released as gas into the atmosphere. Therefore, having a high
–
concentration of OCl ions at any given time can lead to losing too much chlorine from
the system. Below a pH of 7.2, the concentration of HOCl becomes irritating to swimmers.
Algae also flourish in this pH range. Pool managers test pool water using an acid-base
indicator that changes color depending on the solution pH and the indicator being used.
IDENTIFY CONSTRAINTS What constraints guide the chemical treatment of a pool that
an entire community uses? Think about the number one necessity for public pools, then
consider other common constraints that may limit solutions. What happens to the water if
the pool has to be drained?
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[OH-]

Hands-On Lab

Analyzing Acids and Bases
Have you ever heard the term acid referenced in a movie or television show? If so, the acid
was probably very strong and highly corrosive. It could have been powerful enough to
eat through metal or dissolve evidence of a crime. Although these extreme applications
of acids may be common storylines for entertainment, acids and bases are actually used in
everyday household items. In this lab, you will design a procedure to determine whether
several household substances are acidic or basic in solution based on the pH scale. Then,
you will analyze what happens when you combine a strong acid and a strong base.
RESEARCH QUESTION Are there patterns to the way we use acids and bases in
household products? Are acids better suited to certain tasks, and bases to other tasks?
MAKE A CLAIM

Predict whether each household substance will be acidic or basic. What do you think will
happen when you combine a strong acid and a strong base?

MATERIALS
• indirectly vented chemical
• droppers
splash goggles, nonlatex apron, • HCl solution, 0.1 M, in
nitrile gloves
dropper bottle
• chalk (contains calcium
• NaOH solution, 0.1 M, in
carbonate, CaCO3)
dropper bottle

• conductivity probe
• deionized water in wash bottle

• pH paper and pH probe

• well plate
• household substances
in solution: baking soda,
coffee, glass cleaner,
lemon juice, milk of
magnesia, seltzer water,
soapy water, vinegar
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SAFETY INFORMATION

• Wear indirectly vented chemical splash goggles, a nonlatex apron, and nitrile gloves
during the setup, hands-on, and takedown segments of the activity.
• Never taste any substance or chemical in the lab. Tell your teacher immediately if you
spill chemicals on yourself, the work surface, or floor.
PLAN THE INVESTIGATION

In your Evidence Notebook, develop procedures and safety plans for the following
experiments. Have your teacher approve your plans before proceeding. If you need
additional materials, discuss these with your teacher.
Part 1 Determine whether each household substance is acidic or basic. Consider
properties such as pH, reactivity, and electrolytic behavior. Discuss the order in which you
should make observations and how to best conserve time and materials. For example, if
you placed 10 drops of lemon juice in a well plate, how could you most effectively perform
multiple tests on the same 10 drops of this solution?

indirectly vented
chemical splash
goggles
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Part 2 Determine the pH of HCl, NaOH, and the solution produced when they are
combined in equal parts. With your group, discuss appropriate procedures for safely
making a solution composed of equal parts 0.1 M hydrochloric acid and 0.1 M sodium
hydroxide. How will you make the solution, and how will you safely measure its pH?
COLLECT DATA

Make a data table in your Evidence Notebook in which to record your observations for
both experiments. Decide on what you will measure, how many times you will take
measurements, and the accuracy of measurements needed to produce quality data.
CONSTRUCT AN EXPLANATION

Answer the following questions in your Evidence Notebook.
1. What does the pH value tell you about each solution? What do the conductivity and
reactivity tests tell you about each solution?
2. What did you notice about the pH of the solution made up of equal parts acid and base?
What types of molecular-scale interactions might account for your observations?
3. What are the limitations of the data you collected during this lab? Describe how you
could refine your procedure to improve the accuracy and precision of your data.
DRAW CONCLUSIONS

Claim Which solutions that you tested are acidic and which are basic? What happened
when you combined a strong acid and a strong base?
Evidence Cite evidence from your data to support your claim. Include a chemical
equation for the reaction in Part 2.

EXTEND

In Part 2, you combined a strong acid and a strong base. What would happen if HCl was
instead combined with a weak base and NaOH was instead combined with a weak acid?
Evidence Notebook Explain why the concentration of HOCl in pool water would change if the

pool pH was increased or decreased.
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Reasoning Explain how the data you cited support your claim. What is the connection
between the properties you observed and the acid-base reaction?

EXPLORATION 5

Analyzing Acid-Base Equilibrium Systems
When an acid and a base are combined, the products are water and a salt. A salt is formed
from the cation of a base and the anion of an acid. The HCl and NaOH reaction you
performed as part of your lab was an example of this type of acid-base reaction. The salt
solution produced in an acid-base reaction may be acidic, basic, or neutral, depending on
the strength of the reactants.
Collaborate With a partner, identify the salts that will form when nitric acid, HNO3, and

potassium hydroxide, KOH, are combined and when nitric acid and calcium hydroxide,
Ca(OH)2, are combined. What combinations of strong and weak acids and bases will produce
an acidic, basic, or neutral solution? Which of these solutions will form an equilibrium?

Acids and Bases in Solution
Because not all acids and bases are the same, the equilibrium point of an acid-base
reaction is determined by the properties of both the acid and the base. Figure 20 shows
+
how strong acids, such as HCl, ionize in water. All of the HCl ionizes to form H3O ions and
−
Cl ions. In weak acids, such as acetic acid, HC2H3O2, hydrogen atoms are bound more
tightly, so only some of the HC2H3O2 molecules ionize.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Turtle Rock Scientific/
Science Source

FIGURE 20: Strong acids form more hydronium ions in solution than weak acids do.

hydronium
ion (1+)

chloride
ion (1–)

HCl
a

hydronium
ion (1

Hydrochloric acid, a strong acid

hydronium
ion (1+)

water
molecule

hydronium
ion (1+) HC 2H3 O2
b

acetic acid
molecule

acetate
ion (1–)

Acetic acid, a weak acid

EVALUATE Figure 21 shows solid calcium carbonate, CaCO3, in hydrochloric
acid in the left beaker, and in acetic acid, HC2H3O2, in the right beaker. Make a
claim for whether CaCO3 reacts more vigorously with HCl than with HC2H3O2.
Use evidence from Figures 20 and 21 to support your claim, and explain
your reasoning.

FIGURE 21: Reactions of CaCO3
with HCl and HC2H3O2 solutions
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Strong acids ionize completely in water and no reactant molecules remain. Weak acids
do not ionize completely. Thus, when a weak acid is combined with water, some amount
of reactant is still present, and an equilibrium forms. The behavior of a weak acid can be
written in the form of a chemical equilibrium equation. In this equation, HA represents a
−
weak acid, such as acetic acid. The negative ion (A ) formed in solution is known as that
acid’s conjugate base. In the reverse reaction, the conjugate base can accept a proton,
like bases would.
+

−

HA(aq) + H2O(l) ⇋ H3O (aq) + A (aq)
ANALYZE How could you make more conjugate base in this equilibrium system? Select
all correct answers.
a. add more acid
b. increase the pressure
c. remove hydronium ions
d. remove water molecules
Figure 22 shows how a strong base, such as sodium hydroxide, NaOH, dissociates
completely in water, producing many hydroxide ions. A weak base, such as ammonia, NH3,
produces few hydroxide ions in solution.
FIGURE 22: Strong bases produce more hydroxide ions in solution than do weak bases do.

a

ammonia
ammonia
sodium
water
molecule
+)
ion (1molecule
molecule
NaOH NH3
NaOH

Sodium hydroxide, a strong base

b

NH3

water
molecule

Ammonia, a weak base

For a weak base in solution, the proton-transfer reaction of some molecules can be written
as a chemical equation showing the reactants and products at equilibrium:
+

−

B(aq) + H2O(l) ⇋ BH (aq) + OH (aq)
+

The positive ion, BH , is known as the weak base’s conjugate acid. In the reverse reaction,
the conjugate acid can donate a proton. Each pair of related molecules or ions forms a
−
−
conjugate acid-base pair. Thus, HA, an acid, forms A , its conjugate base, and HA and A
+
are a conjugate pair. Likewise, B, a base, forms BH , its conjugate acid, and together B and
+
BH are a conjugate pair.
Strong acids and strong bases are highly reactive, but their conjugates are only slightly
reactive. In contrast, weak acids and weak bases are only slightly reactive, but their
conjugates are more reactive.
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ion molecule
(1–)
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Neutralization Reactions and Buffers
You have probably heard different forms of the term neutralization used in everyday life,
such as neutralizing an odor or a country remaining neutral during a war. In chemistry,
a neutralization reaction is one in which an acid and a base react to form a salt and water
with a neutral pH. The individual properties of the acid and base are neutralized by the
reaction between the two solutions.
EXPLAIN Select the correct terms to complete the statement.
HCl forms many | few hydronium ions in solution, and NH3 produces many | few
hydroxide ions in solution. When equal amounts of HCl and NH3 are combined,
there will be an excess of hydronium | hydroxide ions. The solution will be slightly
acidic | basic. NaOH produces many | few hydroxide ions in solution, and HC2H3O2
produces many | few hydronium ions. When equal amounts of NaOH and HC2H3O2 are
combined, there will be an excess of hydronium | hydroxide ions. The solution will be
slightly acidic | basic.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Sergio Purtell/Houghton Mifflin
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A buffer is a solution of a weak acid and one of its salts, or a weak base and one of its salts.
Buffers resist changes in pH. For example, a buffered solution can be made by combining
equal concentrations of acetic acid and sodium acetate. If a strong base is added, the
acetic acid neutralizes it. The equilibrium with the salt shifts, so there is little or no change
in pH. If a strong acid is added, the conjugate base neutralizes it, and the equilibrium
shifts, again maintaining the pH. Eventually, enough base may be added to completely
neutralize the acid, and a large pH change occurs.
MODEL With a group, construct a mathematical model or graph that shows
how the acid-base equilibrium changes and the hydronium ion concentration
changes in a buffered solution as a strong acid or base is added

FIGURE 23: Aspirin is acidic and
is buffered to prevent large
changes in pH within the body.

Buffer action has many important applications in chemistry and physiology. Human blood
is naturally buffered to maintain a pH of between 7.3 and 7.5. This is essential because
large changes in pH would lead to serious disturbances of normal body functions. Figure
23 shows an example of one of the many medicines that are buffered to prevent large and
potentially damaging changes in pH when medication is taken orally or intravenously.

Evidence Notebook The ideal equilibrium for pool water is equal concentrations of HOCl and
–

OCl ions. This occurs at a pH of 7.5. Explain how you would treat a pool that has a pH of 6.5 and a
pool that has a pH of 8.5 in order to restore the ideal equilibrium.
Lesson 2 Exploring Chemical Equilibrium
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TAKE IT FURTHER

Language Arts
Carbon Monoxide Poisoning

Carbon monoxide is a product of the incomplete
combustion of carbon-containing fuels, including coal,
petroleum products, and natural gas. When these fuels
burn in pure oxygen, most carbon atoms are converted
to CO2. However, when O2 is a limiting factor, CO may
form as one of the combustion products.
The majority of CO in the atmosphere comes from
automobile emissions. Atmospheric CO reacts with
hydroxyl radicals, OH, to form CO2, a greenhouse
gas. This reaction also affects climate change by
reducing the concentration of hydroxyl radicals in the
atmosphere. These radicals are able to break down
methane and other pollutants in the atmosphere.
The negative effects of carbon monoxide extend from
the environment to human health. For example, inside
homes, fuel-burning furnaces are designed to vent the
CO-containing exhaust gases into the atmosphere.
During power outages, some people use portable fuelfired heaters and generators that are not vented. When
used incorrectly, these devices can release exhaust into
the home, leading to CO poisoning.
FIGURE 24: A hyperbaric
oxygen chamber can be
used to treat carbon
monoxide poisoning.
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APPLY How can you minimize exposure to carbon
monoxide when burning carbon-containing fuel?
a. Burn fuel in areas with low oxygen.
b. Burn fuel in enclosed spaces with ventilation.
c. Burn fuel in enclosed spaces without ventilation.
In addition to ensuring that fuel-burning devices are
operated properly, carbon monoxide detectors may
be used in the home to alert people when CO levels
become dangerous. Incidents of CO poisoning increase
during events that cause disruption of electrical or
natural gas service, such as natural disasters.
What is the mechanism of CO poisoning? In the human
body, O2 is absorbed by blood as it passes through
the lungs. The O2 moves through the body bound to
hemoglobin molecules in the blood. Each hemoglobin
molecule can bind up to four O2 molecules in a
reversible reaction, forming oxyhemoglobin Hb(O2)4.
Hb represents hemoglobin.
Hb(aq) + 4O2(g) ⇋ Hb(O2)4(aq)
When carbon monoxide is inhaled, CO molecules
bind to hemoglobin in place of O2 and form
carboxyhemoglobin. CO binds to hemoglobin more
tightly than O2 does, and so the product is favored.
Hb(aq) + 4CO(g) ⇋ Hb(CO)4(aq)

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©F. Astier/Centre Hospitalier
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Every year, more than 400 people in the U.S. die from
carbon monoxide, CO, poisoning, and approximately
50 000 more people require hospital treatment for CO
exposure. What causes carbon monoxide’s harmful
effects on human health and the environment?

Because of the binding power of CO, some of the
hemoglobin in a person who has been breathing CO
cannot bind with oxygen. O2 is blocked from reaching
the cells, and cells cannot carry out vital processes.
The most effective way of treating CO poisoning is to
replace the CO with O2 using this equilibrium reaction:
Hb(CO)4(aq) + 4O2(g) ⇌ Hb(O2)4(aq) + 4CO(g)
ANALYZE In which direction would you force this
equilibrium to make a person with CO poisoning better
sooner? What conditions would you change to shift the
equilibrium? Use evidence to support your claim.

In mild cases of carbon monoxide poisoning, breathing
pure oxygen is sufficient treatment to remove CO
from the hemoglobin. Periodically, CO is exhaled and
leaves the equilibrium system, allowing oxygen to be
bound by hemoglobin. In more severe cases, it may
be preferable to use a hyperbaric chamber, shown
in Figure 24, for treatment. The patient is placed in
a chamber where the air pressure is increased by
two or three times that of normal air pressure. These
conditions increase the concentration of O2 present in
the blood as well as the rate of the reaction in which
CO is replaced by O2, so the patient recovers faster.
Language Arts Connection Create a

pamphlet that helps people recognize the risks of
carbon monoxide emissions and poisoning. Explain why CO
is dangerous in terms that someone who has not studied
chemistry could understand. Use multiple sources to
research devices that release CO, how the levels of released
CO are measured, and how these devices have changed over
time to be safer. How could these devices be improved to
reduce the amount of CO released? What are the costs and
benefits associated with improving these devices?
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MODEL Diagram at the molecular level the equilibrium shift that occurs in the
hemoglobin, oxygen gas, and carbon monoxide gas equilibrium system in a person
recovering from carbon monoxide poisoning.

SHIFTING
EQUILIBRIUM

EQUILIBRIUM IN
THE HUMAN BODY

PRACTICE WITH THE
EQUILIBRIUM CONSTANT

Go online to choose one
of these other paths.
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EVALUATE

Lesson Self-Check
CAN YOU EXPLAIN THE PHENOMENON?

Keeping swimming pool water clean and free of harmful bacteria is important for the
health of the people swimming in the pool. Large debris is removed from pools by
physical filters. Smaller pollutants are commonly treated with chemicals. Hypochlorous
acid, HOCl, is used to treat pools because it destroys harmful bacteria and other
microscopic contaminants.
Evidence Notebook Refer to your notes in your Evidence Notebook to make a claim

about how a chemical equilibrium system is used to treat pool water. Your explanation should
include a discussion of the following points:
Claim How can an equilibrium system in swimming pools be managed to provide safe water
for swimmers?
Evidence What evidence supports the idea that reactions at equilibrium produce
chemicals that are harmful to bacteria? How does the pH of the swimming pool water
affect the equilibrium?
Reasoning How does the evidence you provided support your claim about the chemical
equilibrium used to treat pool water?
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FIGURE 25: Swimming pool water is treated to protect the health of the swimmers.

Name

Date

CHECKPOINTS
Check Your Understanding

1. Select the correct terms to complete the statement
about the pH scale.
The pH of a solution is a measure of the
concentration of the hydroxide | hydronium ions
it contains. The pH can be calculated by finding
+

−

+

log[H3O ] | log[OH ] | −log[H3O ] | −log[OH ]. The
–

pH of milk is about 6.6, so milk is acidic | basic |
neutral. The pH of soapy water is about 12, so
soapy water is acidic | basic | neutral.
2. Which of the following are true of a chemical
reaction at equilibrium? Select all correct answers.
a. The forward and reverse reactions proceed at
the same rate.
b. The concentrations of the reactants and the
products are the same.
c. The rate of the forward reaction is greater
than the rate of the reverse reaction.
d. The concentrations of the reactants may
differ from those of the products.
3. Which of these shows an acid followed by its
conjugate base?
−

a. HSO 4 , H2SO4
b. HCl, NaCl
−

2−

c. HCO 3 , CO 3
+
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d. H2O, H3O

4. Increasing the concentration of a reactant in an
equilibrium system
a. shifts the equilibrium toward the products.
b. shifts the equilibrium toward the reactants.
c. does not shift the equilibrium.
5. Decreasing the temperature of an endothermic
equilibrium system
a. shifts the equilibrium toward the products.
b. shifts the equilibrium toward the reactants.
c. does not shift the equilibrium.

Use the following information to answer
Question 6.

Historically, sulfur dioxide, SO2, generated from the
burning of coal has been a major precursor to acid
precipitation by way of its conversion to sulfur trioxide,
SO3, and its subsequent reaction with water.
Imagine you have a sealed vessel containing the
following equilibrium system:
2SO3(g) ⇋ 2SO2(g) + O2(g)

6. Select the correct terms to complete the statement
about how the equilibrium will shift under the
following conditions.
Decreasing the pressure of the container will
produce more SO3 | SO2 | O2 | SO2 and O2.
Decreasing the volume of the container will
produce more SO3 | SO2.
7. Under what conditions will increasing the
pressure on a gaseous equilibrium system shift the
equilibrium? Select all correct answers.
a. A shift will further increase the pressure on a
system.
b. A shift will decrease the pressure on a system.
c. A shift will increase the number of molecules
in the system.
d. A shift will decrease the number of molecules
in the system.
e. There are an unequal number of moles in the
reactants and the products.
f. There are an equal number of moles in the
reactants and the products.
8. Which of the following examples involve an
acid-base equilibrium system? Select all correct
answers.
a. a weak base reacting with water
b. a strong acid reacting with water
c. a strong acid reacting with a weak base
dissolved in water
d. a strong base reacting with a strong acid
dissolved in water
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EVALUATE

CHECKPOINTS (continued)
9. Consider the generic reaction: A + B ⇋ C + D. If you start with only A and B,
how do the rates of the forward and reverse reactions change as the reaction
progresses? What can be predicted about the concentrations once the reaction
reaches equilibrium? Does the reaction ever stop completely?

10. According to Le Châtelier’s principle, how will changes in temperature and
changes in pressure affect the equilibrium of the following reaction?
CO(g) + 3H2(g) ⇋ CH4(g) + H2O(g) + energy

11. Phosphoric acid, H3PO4, is a weak acid and is found in many soft drinks.
Hydrochloric acid, HCl, is a strong acid that is toxic if ingested. Explain how the
degree of ionization differs for these two acids and how this difference affects
their properties at the larger scale.

In your Evidence Notebook, design a study guide that supports the main ideas from this lesson:
Reversible reaction systems form a state of equilibrium when the forward and reverse
reactions occur at the same rate.
Le Châtelier’s principle states that an equilibrium system responds to a stress, such as changing
pressure, temperature, or concentration of reactants or products, by shifting the equilibrium in
order to relieve that stress.
Remember to include the following information in your study guide:
• Use examples that model main ideas.
• Record explanations for the phenomena you investigated.
• Use evidence to support your explanations. Your support can include drawings, data, graphs,
laboratory conclusions, and other evidence recorded throughout the lesson.
Consider how the microscale models for macroscale equilibrium you have developed in this lesson can
be used to analyze the stability and change of many different types of systems.
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MAKE YOUR OWN STUDY GUIDE

5.3

Analyzing Chemical
Systems

Pteropod shells degrade when ocean carbon dioxide levels increase.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (t) ©DAVID LIITTSCHWAGER/
National Geographic Stock

CAN YOU EXPLAIN THE PHENOMENON?
Scientists and engineers must find ways to understand complex questions and problems
in order to reach conclusions and develop solutions. In this lesson, you will investigate
ways to explain the complex relationship between carbon dioxide, which is a product
of respiration and of fossil fuel combustion, and the ability of some marine organisms to
grow shells. These seemingly unrelated processes are linked by a series of equilibrium
reactions, which in turn are linked to the cycling of matter and energy in the Earth system.
Some pteropods, also known as sea snails, and other marine organisms have shells and
skeletons made of calcium carbonate, CaCO3. These structures are built from calcium and
carbonate ions in ocean water. The concentration of carbonate ions in the water depends
on the amount of carbon dioxide, CO2, dissolved in the ocean. Human activity has
dramatically increased the concentration of atmospheric CO2 over the past 50–100 years.
This means that the amount of CO2 dissolved in the ocean has also increased. The calcium
carbonate structures of some marine organisms are degrading in response to this shift.
ANALYZE How might Le Châtelier’s principle be related to the degradation of calcium
carbonate structures in marine animals?

Evidence Notebook As you explore the lesson, gather evidence to help you explain the

link between carbon dioxide emissions and shell degradation. How can you develop and use
models to explain shell degradation at the atomic scale and at the macroscopic scale?
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EXPLORATION 1

Defining Chemical Systems
As you have seen, chemistry involves the study of matter and its interactions at many
different scales. Whether studying a nuclear reaction or optimizing a heat pack, chemists
and engineers must first identify the scope and relevant components of the question or
problem they are addressing. Often, they do this by defining the system or set of systems
involved in the question or problem. How can chemical systems be defined, modeled, and
refined to help study phenomena or solve problems?
Collaborate Discuss with a partner how a chemical reaction can be viewed as a system.

What parts of the system are described when the reaction is modeled with a chemical
equation? Are there parts of the system that are not included in this type of model?

A Chemical System in the Natural World
The Earth system is a dynamic, complex set of interacting chemical, physical, and
biological components, processes, and cycles, all involving a variety of systems and
subsystems. The carbon cycle, shown in Figure 1, is one of the ways Earth’s subsystems are
interconnected. Some of the most pressing problems facing scientists and engineers—
such as energy production and climate change—involve the carbon cycle. Plants, algae,
and other photosynthetic organisms require carbon dioxide to produce glucose for
energy and release carbon dioxide as a product of respiration. Humans also release large
amounts of carbon dioxide into the atmosphere by extracting and burning fossil fuels.
FIGURE 1: The carbon cycle involves interactions among all of Earth’s subsystems.
atmospheric CO2
photosynthesis
respiration
combustion
producers
© Houghton Mifflin Harcourt Publishing Company

exchange
consumers
decomposers

dissolved CO2
producers
burial

extraction
decomposers
consumers
fossil fuels
sedimentary rock

360

Unit 5 Reaction Rates and Equilibrium

sedimentation

APPLY How might a global decrease in use of fossil fuels, such as coal to generate
electrical energy, affect the system shown in Figure 1? Select all correct answers.
a. Photosynthesis would happen more often.
b. Atmospheric carbon dioxide concentrations would decrease.
c. Cellular respiration would increase.
d. Less carbon dioxide would dissolve in the oceans.
As Figure 1 shows, the matter in fossil fuels does not disappear when extracted and
burned for energy. Rather, like all matter in a closed system, the carbon released during
the combustion of fossil fuels moves to another part of the system in a different form.

A Chemical System in the Designed World
Reactions and processes occurring in natural systems can be difficult, and sometimes
impossible, to control. For example, solar energy may produce an excess of electrical
energy on a sunny day, but very little electrical energy on a rainy day. Scientists and
engineers use their understanding of chemical systems and of Earth’s systems to find ways
to capture and store this energy, including by recharging electrochemical batteries.
DEFINE What are three criteria for a designed system that stores electrical energy?

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©HMH

Most batteries work by converting chemical energy into electrical energy. This
Explore Online
is done via an oxidation-reduction reaction, in which electrons are transferred
YOU SOLVE IT
from one substance to another. In some oxidation-reduction reactions,
energy is released as heat. But batteries use this reaction in a system called an
How Can You Design a
electrochemical cell, which generates electrical energy instead of energy as heat. Battery? Optimize the voltage and

energy storage in an electric vehicle
Consider a strip of zinc metal in a copper(II) sulfate solution. In this reaction,
battery by changing the composition
zinc loses electrons and has been oxidized. Copper(II) gains electrons and is
of the electrodes.
said to have been reduced, because its charge has been reduced. When the
copper(II) ions are reduced, they fall out of solution as copper atoms. This can
be seen as a layer of copper on the zinc bar in the beaker on the right in Figure 2.
FIGURE 2: The blue color of
the copper sulfate solution
is due to the presence of the
copper(II) ions. The solution
becomes lighter in color as
copper ions in the solution
are replaced by zinc ions. The
copper atoms replace zinc
atoms on the zinc bar.

We can model the changes in the zinc and copper species as:
Zn(s) + Cu (aq) → Cu(s) + Zn (aq)
2+

2+
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If the substance that is being oxidized is separated from the substance that is being
reduced, as shown in Figure 3, the electron transfer is accompanied by a transfer of
electrical energy instead of energy as heat. This is how an electrochemical cell operates.
This name comes from the transformation from chemical energy to electrical energy that
occurs in the cell. Inside an electrochemical cell are two electrodes—the negative anode
and the positive cathode. Each electrode is in contact with an electrolyte, in what is called
a half-cell.
One means of separating oxidation and reduction reactions is by separating them with a
porous barrier, or salt bridge. The salt bridge permits the flow of ions, but not metal atoms,
between the solutions. Ions in the two solutions can move across the salt bridge, which
keeps a precipitate from building up on the electrodes, as you saw in Figure 2. Electrons
can be transferred from the anode to the cathode through an external connecting wire.
In the electrochemical cell shown in Figure 3, the half-cell on the left is composed of
a zinc anode submerged in a solution of zinc sulfate, ZnSO4. The half-cell on the right is
composed of a copper cathode submerged in a solution of copper sulfate, CuSO4.
electrons

FIGURE 3: The reactions in this

electrochemical cell cause
electrons to build up on the
zinc electrode (left). When the
circuit is completed, electrons
flow through the circuit to
the copper electrode (right).

zinc ions

zinc
electrode

sulfate ions

copper
electrode

salt bridge

zinc
sulfate solution

copper(ll)
sulfate solution
(–)
anode oxidation

(+)
cathode reduction

EXPLAIN Select the correct terms to complete the statement explaining how electrons
and ions move in an electrochemical cell.
the cathode. The anode loses | gains electrons, and the cathode loses | gains electrons.
Electrons | Ions in the solution move across the salt bridge. If the half-cells were not
separated, current would continue to flow | stop flowing.
The electrochemical cell in Figure 3 is called a wet cell battery, because the electrolyte
solutions are liquid. However, everyday electronics are usually powered by dry
cell batteries, which use a paste electrolyte. Batteries may also have one or more
electrochemical cells. The batteries in a flashlight contain only one cell. Other batteries,
such as small 9-volt batteries and most 12-volt car batteries, contain several cells in series.

2+

Evidence Notebook The chemical equation for the Zn and Cu reaction and the diagram of

an electrochemical cell are both models of electrochemical reactions. How could you use these two
types of models to explain the link between carbon dioxide emissions and shell degradation?
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Electrons | Ions spontaneously flow through the connecting wire from the anode to

EXPLORATION 2
Engineering Lab

Storing a Charge
You are probably familiar with the batteries used to power devices such as calculators,
watches, and toys. These batteries are most likely zinc-carbon batteries, alkaline batteries,
or lithium ion batteries. All of these batteries convert chemical energy to electrical energy.
Electrical energy is converted into chemical energy when rechargeable batteries are
in a recharge cycle. In this investigation, you will design a system that uses common
household items to generate electrical energy to power a small LED bulb. With your
classmates, you will investigate how different combinations of these materials affect the
design’s performance.
The items that you will use for this investigation act as an electrochemical cell. Recall
that in an electrochemical cell, electrons are lost during a chemical reaction at the anode.
Electrons are gained in a chemical reaction at the cathode. The flow of electrons from the
anode to the cathode makes up the electrical current.
DESIGN CHALLENGE The class has been tasked with figuring out which combination
of food item and metals will produce the highest voltage and current. Groups will test
either lemons or potatoes with different combinations of metal electrodes. All possible
combinations should be tested, no materials other than those listed may be used, and
groups must complete their work within the available time frame. Groups will combine
their data to determine which design performs best.
POSSIBLE MATERIALS

• indirectly vented chemical
splash goggles, nonlatex
apron, nonlatex gloves
• aluminum foil
• copper strip,
1 mm × 1 cm × 5 cm

• copper wire

• multimeter

• LED bulb

• potato

• lemon

• scalpel

• magnesium strip,
1 mm × 1 cm × 5 cm

• zinc strip,
1 mm × 1 cm × 5 cm

© Houghton Mifflin Harcourt Publishing Company

SAFETY INFORMATION

• Wear indirectly vented chemical splash goggles, a nonlatex apron, and nonlatex gloves
during the setup, hands-on, and takedown segments of the activity.
• Never taste any substance or chemical in the lab.
• Use caution when using sharp tools, which can cut or puncture skin.
• Wash your hands with soap and water immediately after completing this activity.
DEFINE THE PROBLEM

How will you determine which design is best? List at least three criteria and two
constraints for the battery system design. Rank the criteria from most to least important.

indirectly vented
chemical splash
goggles

Lesson 3 Analyzing Chemical Systems

363

DESIGN SOLUTIONS

1. With your group, write a procedure in your Evidence Notebook to safely determine
which combination of materials best meets the criteria and constraints for the design.
As you plan the procedure, consider the following questions:
• How will you conduct tests on each combination?
• What variables will you measure in each test?
• What will your control be?
• How can you divide the work in your group so that it is completed within the allotted
time frame?
2. Make a data table in your Evidence Notebook in which to record your measurements.
3. Make sure your teacher approves your procedure and safety plan before proceeding. If
necessary, adjust your plans based on your teacher’s suggestions.
TEST

1. Obtain your materials and set up any equipment you will need. Take appropriate safety
precautions.
2. Perform your tests and record your measurements.
3. Organize the data into tables and graphs. Make sure the tables and graphs are logically
constructed and clearly labeled.
4. Compare each design’s performance to the criteria you listed and choose the one that
best meets the criteria.
5. Make a labeled diagram of the best design, including any measurements and the flow
of electric current.
6. Clean all equipment and your lab station. Return equipment to its proper place. Follow
your teacher’s instructions for discarding materials. Wash your hands thoroughly after
all work is finished and before you leave the lab.
ANALYZE

2. Combine all the data gathered by the class into a table. Which system had the highest
voltage overall? Which system had the highest current overall? Were any patterns
evident in the data? Describe the results.
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1. Which combination of materials performed best, and which performed the worst? Do
you notice any patterns in your data? Explain.

OPTIMIZE

Answer the following questions in your Evidence Notebook.
1. Based on the data and observations your class made, what changes might you make to
increase the maximum current obtained? What changes might you make to increase
the maximum voltage?
2. What additional data or research would be helpful if you were to repeat your
experiment?
DRAW CONCLUSIONS

Write a conclusion that addresses each of the points below.
Claim Which combination of materials resulted in the best battery?
Evidence Cite evidence from the results of your group and your classmates to support
your claim.

© Houghton Mifflin Harcourt Publishing Company

Reasoning Explain how the evidence you gave supports your claim. Describe, in detail,
the connections between the evidence you cited and the argument you are making.

EXTEND

Imagine you are asked to test which design in this experiment has the longest battery
life, but you have only one sample of each food with which to conduct your test. In your
Evidence Notebook, describe how you would approach the problem.

Evidence Notebook Think about the diagram you made for your battery investigation. Were the

scale and type of model useful for your investigation? Why or why not? How can your answer help you
construct your models of the effect of carbon dioxide on marine shell degradation?
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EXPLORATION 3

Case Study: Optimizing an Industrial Reaction
Nitrogen compounds are an essential part of fertilizer for agriculture because nitrogen
atoms are a key component of plant DNA, proteins, and chlorophyll molecules. Nitrogen is
abundant in the atmosphere in the form of nitrogen gas, N2, but few organisms are able to
metabolize it in this form. Nitrogen fixation, the conversion of atmospheric nitrogen into a
form that is usable for plants, is therefore crucial for agriculture and plant health.
In the early 1900s, scientists and engineers began looking for ways to fix nitrogen
industrially. One process used an electric arc to convert atmospheric nitrogen into nitric
oxide. Because of the large amount of electrical energy needed for this process, it was
abandoned in favor of a second process. This second method used calcium carbide, CaC2,
which reacts with N2 at 1000 °C to form calcium cyanamide, CaCN2, and carbon. But this
process also required high inputs of electrical energy to produce calcium carbide.
PREDICT Which criteria or constraints would a new nitrogen-fixation process have to
meet in order to be considered an improvement over the two methods discussed above?
Select all correct answers.
a. a higher amount of product per unit of energy put into the system
b. a process that uses lower reaction temperature
c. a process that does not cause air pollution

Harnessing an Equilibrium Reaction
Around 1905, German chemist Fritz Haber began work on a nitrogen-fixation method
based on the equilibrium reaction between atmospheric nitrogen and hydrogen:
N2(g) + 3H2(g) ⇋ 2NH3(g)
Under normal conditions, this reaction proceeds so slowly that the amount of ammonia
it produces is too small to be useful in agriculture. Haber needed to refine the process to
maximize the amount of ammonia produced.
FIGURE 4: Chemical plants worldwide produce over

140 million metric tons of ammonia per year.
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ANALYZE What stresses could engineers apply to
increase the amount of ammonia obtained from this
equilibrium reaction?

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©saoirse_2010/Getty Images

d. a process that uses more electrical energy

The mechanism of a reaction can also be altered by adding a catalyst, a substance that
changes the rate of the reaction without being consumed or changed significantly. The
addition of a catalyst speeds up the overall rate of a reaction for both the forward and
the reverse reactions in an equilibrium system.
MODEL Draw two additional lines showing how the equilibrium reaction will proceed
when a more efficient catalyst is present.

Concentration

No catalyst present
Catalyst present

Time
Haber developed a method to produce ammonia from nitrogen and hydrogen
using a combination of high temperature, high pressure, and a catalyst. In
1909, another German chemist named Carl Bosch began developing a way
to use Haber’s method to produce ammonia at an industrial scale. By 1929,
the Haber-Bosch process had become the world’s main source of nitrogen
for synthetic fertilizers.

Explore Online

YOU SOLVE IT
How Can You Increase
Ammonia Production?

Adjust reaction conditions to increase
the amount of ammonia produced.

© Houghton Mifflin Harcourt Publishing Company

Collaborate With a partner, find a simulation that will allow you to test the
effects of temperature and the presence of a catalyst on a chemical equilibrium
system. Make a claim about how you can change the conditions of the system to
produce more product at equilibrium. Run several tests with the simulation and
collect data that either support or refute your claim.

EXPLAIN Removal of ammonia from the system as the reaction proceeds is
another important component of the Haber-Bosch process. How does removing
ammonia affect the equilibrium reaction?

Evidence Notebook In your unit project, you are investigating the Solvay process.

Similarly to the Haber-Bosch process, the Solvay process involves manipulating the inputs and
outputs of an equilibrium reaction to maximize the amount of product obtained. How is
equilibrium controlled in the Haber-Bosch process? How is it controlled in the Solvay process?
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Influence of Engineering, Technology, and Science on the Natural World

The Green Revolution
Beginning around 1945, many areas of the world saw rapid increases
in agricultural production. Developing countries such as Mexico,
India, and Pakistan underwent massive increases in farm productivity
and land use in what is now called the Green Revolution.

FIGURE 5: Ammonia is used to make

fertilizer for crops.

The Green Revolution was due to the development of high-yield crop
varieties, improved pesticides, and a large increase in the availability
of nitrogen fertilizers, driven in large part by the Haber-Bosch process.
Figure 6 shows the changes in world population and the changes in
the amount of fertilizer used (in kilograms of nitrogen per hectare per
year) in the latter half of the 20th century.

Impacts of the Haber-Bosch Process on Population and Fertilizer Use
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nitrogen)
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10
5
0
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Credit: Adapted from “How a century of ammonia synthesis changed the world” by Jan Willem
Erisman et al., from Nature Geoscience, September 28, 2008. Copyright © 2008 by Springer Nature.
Used with permission of Copyright Clearance Center.

ANALYZE What conclusion can you draw from Figure 6 about the relationship between
nitrogen fertilizer use and population growth?

Language Arts Connection Fritz Haber received a Nobel Prize in Chemistry for his
work on the Haber-Bosch process. The award was controversial because of Haber’s role in the
development of chemical weapons in World War I. Using multiple sources, including scientific
texts, develop an argument for or against awarding the Nobel Prize in Chemistry to Haber.
Write a letter to the prize committee explaining your position. Support your argument with
data from your research and include a list of sources.
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7

Average fertilizer input
(kg N/ha/yr)

World population (billions)

FIGURE 6: These graphs show world population and estimated population growth without the
influence of the Haber-Bosch process (left), and use of nitrogen fertilizers since 1900 (right).

New technologies, such as the Haber-Bosch process, involve tradeoffs. Societies need
to weigh the immediate benefits against longer-term ecological and economic costs.
For example, the increased use of fertilizer as a result of the Haber-Bosch process led to
increased chemical runoff from farms. Excess nitrogen in oceans leads to overgrowth of
algae, which leads to oxygen depletion as the algae die and decompose. Figure 7 shows
how runoff from farms along the Mississippi River watershed affects the Gulf of Mexico.

Effects of Industrial Fertilizer Use on the Environment
FIGURE 7: The Gulf of Mexico dead zone is an area of about 15 000 square kilometers that is
polluted by agricultural runoff. The concentration of oxygen in this area is too low for many fish
and marine species to survive there.
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ARGUE Do you think the development of industrial fertilizers was an overall positive or
negative development? Use evidence from the text to support your argument.

Predicting the impacts of new technologies is difficult, which is one reason the engineering
design process includes iterative steps of evaluating and refining solutions. Problems caused
by the new technology may be corrected, or other solutions may be developed.
Collaborate Work with a partner to think of potential solutions to fertilizer pollution in

water systems. List and prioritize criteria and constraints, brainstorm solutions, and choose
which ideas seem most likely to meet the criteria and constraints.

Evidence Notebook You have seen several ways to model an equilibrium reaction and the

effects of that reaction on the Earth system. What types of graphs or other models could you
use to model the series of equilibrium reactions that affect shell degradation? What additional
information would you need to develop these models?
Lesson 3 Analyzing Chemical Systems
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EXPLORATION 4

Hands-On Lab

Exploring the Effects of
Carbon Dioxide and pH
The production of industrial fertilizer addressed an important need by helping to boost
agricultural production, but its use had unanticipated impacts on the health of aquatic
ecosystems. In this lab, you will investigate potential impacts of another technological
solution—the burning of fossil fuels to obtain energy. Carbon dioxide, CO2, is released
into the atmosphere when fossil fuels are burned. CO2 dissolves in ocean water and is
part of a system of equilibrium reactions that take place in the ocean. At the macroscopic
level, this system appears stable, but the forward and reverse reactions taking place occur
constantly and adjust in response when stress, such as an increased input, is added. In this
investigation, you will model two parts of this process at the macroscopic scale.
RESEARCH QUESTION What is the relationship between carbon dioxide in water and the
integrity of marine animals' shells?
MAKE A CLAIM

Why do you think structures made of calcium carbonate, CaCO3, deteriorate with
increased levels of atmospheric carbon dioxide? What is the role of pH?

As cells oxidize glucose to release energy, they produce carbon dioxide, which is removed
from the body mainly through the circulatory and respiratory systems. So, when you
breathe out, you emit carbon dioxide. In Part I of this investigation, you will use your
breath and a pH indicator called bromothymol blue to investigate the relationship
between carbon dioxide and the pH of water. Bromothymol blue looks blue at pH values
higher than 7. When the pH is acidic, the color changes.
MATERIALS
• indirectly vented chemical
splash goggles, nonlatex apron,
nitrile gloves

• beaker, 200 mL

• drinking straw

• bromothymol blue indicator
solution (100 mL)

SAFETY INFORMATION

• Wear indirectly vented chemical splash goggles, a nonlatex apron, and nitrile gloves
during the setup, hands-on, and takedown segments of the activity.

indirectly vented
chemical splash
goggles
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• Only exhale through the straw in this investigation. Do not inhale or ingest the
bromothymol blue solution. Do not share your straw with anyone else.
• Wash your hands with soap and water when you are finished handling chemicals.
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Part I: Modeling the Effects of Carbon Dioxide on Water pH

CARRY OUT THE INVESTIGATION

1. Pour 50 mL of indicator solution into a beaker. Observe and record the color of the
indicator in your Evidence Notebook.
2. Place the end of the straw in the indicator solution and start a timer. Exhale gently
through the straw for 8–10 seconds. You should see bubbles. Observe and record the
color of the solution as you exhale, and the time it took for the color to change.
3. After the color has changed, stop exhaling into the solution.
4. If you have time, exercise in place for 1 minute, then repeat steps 1–3.
ANALYZE

Answer the following questions in your Evidence Notebook.
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Carbon Dioxide and pH

400

8.18
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FIGURE 8: Data collected
between1999 and 2017 show
a correlation between carbon
dioxide concentrations in the
atmosphere and the pH of
ocean water.
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Source: NOAA, Hawaiian Ocean Time-Series Data and Graphical System
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2. Based on your results, how would the graph in Figure 8 look if carbon dioxide
concentrations in the atmosphere began to decrease? Explain your answer using
evidence from the investigation.

Part II: Modeling the Effects of pH Changes
In Part II, you will model how the pH of water affects structures made of calcium
carbonate, such as chalk and seashells. Because this change is relatively slow, you will use
vinegar, which is much more acidic than seawater.
POSSIBLE MATERIALS

• indirectly vented chemical
splash goggles, nonlatex apron,
nitrile gloves
• beaker, 250 mL (2)

• chalk

• pH indicator or probe

• distilled vinegar

• seashells

• hand lens

• water
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SAFETY INFORMATION

• Wear indirectly vented chemical splash goggles, a nonlatex apron, and nitrile gloves
during the setup, hands-on, and takedown segments of the activity.
• Immediately wipe up spilled water on the floor so it does not become a slip/fall hazard.
PLAN THE INVESTIGATION

indirectly vented
chemical splash
goggles

Design your own investigation that safely models the effects of pH change on the shells
of marine organisms. Think about what would indicate a change in calcium carbonate. In
your Evidence Notebook, write a procedure, develop a data collection plan, write a safety
plan, and list the materials you will need. Identify your control, variables, and how you will
measure change in your investigation. Make sure your teacher approves your procedure
and safety plan before proceeding. Once you have approval, carry out the investigation.
ANALYZE

In your Evidence Notebook, summarize your results. Do you think your investigation
accurately modeled the effects of pH on calcium carbonate? Explain why or why not,
citing evidence from your investigation.
CONSTRUCT AN EXPLANATION

Using evidence from your investigation, explain how atmospheric carbon dioxide, pH, and
calcium carbonate are related.

DRAW CONCLUSIONS

Write a conclusion that addresses each of the points below.
Claim Make a claim explaining why the calcium carbonate shells and skeletons of marine
organisms deteriorate with increased levels of atmospheric carbon dioxide.

Reasoning Describe how the evidence you gave supports your claim.

Evidence Notebook What data from this lab would be helpful in constructing your models of

how atmospheric carbon dioxide is related to marine organisms' shells?
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Evidence Use evidence from the two parts of this investigation to support your claim.

EXPLORATION 5

Case Study: Ocean Acidification
Since the Industrial Revolution, the increase in the release of sequestered carbon
by burning fossil fuels has changed the equilibrium between carbon dioxide in the
atmosphere and carbon dioxide in the ocean, as shown in Figure 9. This change in
+
equilibrium results in an increase in H ions, which corresponds to a decrease in pH, in the
world’s oceans. This decrease in pH is known as ocean acidification.
Ocean systems cover approximately 71% of Earth’s surface and are Earth’s single largest
reservoir for human-generated carbon dioxide. When carbon dioxide dissolves, it reacts
+
with water to form carbonic acid, H2CO3, which ionizes to form hydrogen, H , and
−
bicarbonate, HCO 3 , ions, as shown in the equilibrium equation:
+

−

CO2 + H2O ⇋ H2CO3 ⇋ H + HCO 3

Bicarbonate ions then ionize to form hydrogen and carbonate ions:
−
+
HCO 3 ⇋ H + CO 2−
3
EXPLAIN Recall that when a stress is applied to an equilibrium reaction, the rate of the
reaction shifts. What shift would you expect to see in the above equilibrium reactions if
carbon dioxide concentration increases? What would you expect if it decreases?
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FIGURE 9: The equilibrium system of carbon dioxide, water, carbonic acid, bicarbonate ions,
hydrogen ions, and carbonate ions is affected by changes in the concentration of atmospheric
carbon dioxide.

CO2
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carbon dioxide
H+
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ions

+
CO2
H 2O
dissolved
water
carbon dioxide

H2CO3
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-

HCO3
bicarbonate
ion

2-

CO3
carbonate
ion

deformed shells

When the CO2 concentration increases, the first equilibrium reaction shifts in favor of
+
+
producing more H . These these additional H ions shift the second reaction towards
producing more bicarbonate ions. This means there are fewer carbonate ions in the water
for pteropods and other marine organisms to use to build shells.
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Mitigating Ocean Acidification
Ocean acidification occurs because of the increase in atmospheric carbon dioxide,
primarily released by the burning of fossil fuels. Acidification does not mean that the
world’s oceans are acidic. Recall that 7 is neutral on the pH scale. Numbers higher than 7
are basic, and numbers lower than 7 are acidic. Until a few hundred years ago, the pH of
the oceans was about 8.2. Today the ocean pH is about 8.1, but because the pH scale is
logarithmic rather than linear, that 0.1 difference represents a 25% increase in acidity. This
change in pH can have devastating effects on aquatic ecosystems by harming populations
of shelled organisms.
EXPLAIN What negative impacts might the loss of shelled marine animal populations
have on other parts of the marine ecosystems they live in?

using carbon dioxide for photosynthesis.

Local Approaches
Solutions to ocean acidification have been proposed on different
scales. At the local scale, such as in coastal communities, some
proposed solutions rely on technologies. Others rely on organisms,
like the kelp shown in Figure 10, that remove carbon dioxide from
water and convert it into oxygen and glucose via photosynthesis.
Growing new or reestablishing beds of kelp or eelgrass can have
relatively quick, positive effects on ocean acidification and marine
ecology. Even though this solution has benefits, it has some
limitations, and even risks. Aquatic organisms must be carefully
selected to enhance, and not disrupt, the local ecosystems.
Other communities have proposed adding limestone, or calcium
carbonate, to ocean water to increase its pH. CaCO3 is a base, and it
2+
dissociates in water to form calcium ions, Ca , and carbonate ions,
+
2−
CO 3 . The carbonate ions react with H in the water, raising its pH.
Limestone can be mined from underground quarries, but a huge
amount would be needed to significantly alter the pH of the more
than one billion cubic kilometers of water in the ocean.

EVALUATE What are some potential drawbacks to the solution of mining limestone and
adding it to the ocean to increase the ocean’s pH? Select all correct answers.
a. It would take a lot of limestone and a long time to cause a major change in pH.
b. Mining limestone would require the use of fossil fuel energy and would add large
amounts of carbon dioxide to the atmosphere.
c. The constant movement of the ocean’s currents means that chemicals added in one
location to change pH would quickly disperse over a very large area.
d. As limestone reacted to remove carbon dioxide from the water, the change
would cause surface water to take in more carbon dioxide from the air.
2–

Evidence Notebook How would the addition of CO3 from limestone affect the

equilibrium reactions in the system in Figure 9?
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FIGURE 10: Kelp can reduce acidification by

Global Considerations
Ocean acidification is a global, system-level problem that involves the interaction of
Earth’s systems and human activities. Ocean water around the world is affected because it
interacts with the atmosphere and circulates. Although local solutions to acidification play
an important role in protecting or restoring specific ecosystems, engineers must consider
the greater problem of pH in the entire ocean in order to design a truly effective solution.
FIGURE 11: This model shows current oceanic pH levels and predicted pH levels if people reduce or

Explore Online

do not reduce atmospheric CO2 levels.
Present day

more acidic pH

7.3

2100, with CO2 reduction

2100, with no CO2 reduction

7.6

8.4

7.9

8.1

more basic pH

Source: NOAA Climate.gov, 2010, “Ocean Acidification, Today and in the Future”

Scientists use known and expected levels of carbon dioxide in the atmosphere to make
computer models that project these changes over time. From these and other data, they
can determine the pH levels of the ocean. Figure 11 shows a projection of how pH in
the ocean might change if humans reduce carbon dioxide emissions significantly, and if
emissions continue at the current rate. Because the pH scale is logarithmic, the third map
indicates a change in acidity to a level that is three times the current level.

© Houghton Mifflin Harcourt Publishing Company

INFER Based on Figure 11, what are some likely constraints on any global solution to
ocean acidification?

Reducing carbon dioxide emissions is an important part of mitigating ocean acidification.
Societies can greatly reduce carbon dioxide production by conserving energy and relying
more on alternative energies such as wind, solar, and geothermal energy. Even so, we
will continue to use some fossil fuels for many years. Thus, one method engineers have
developed to lower carbon dioxide emissions is through carbon capture and storage
(CCS). In this process, carbon dioxide emitted during fossil fuel combustion is captured
and moved through a pipeline into rock several kilometers below the ground.
Good locations for carbon dioxide storage include oil and gas fields, where underground
pipes already exist; saline formations, where the gas can be absorbed by saltwater; and
porous rock formations, such as basalt. Basalt is volcanic rock that includes a number of
different minerals. Over time, the carbon dioxide reacts with other molecules in the basalt,
forming calcite, dolomite, and other materials. These reactions keep carbon “stored”
underground and out of the atmosphere. However, they have only been tested on
relatively small scales and short time frames. We do not yet know the long-term economic
and ecological costs and benefits of geoengineering solutions such as this one.
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CCS is one potentially effective way to keep carbon dioxide from being emitted into
the atmosphere, and it is already in use in a small number of power plants. There are,
however, disadvantages to using CCS. Carbon dioxide is just one of the harmful products
of combustion of fossil fuels. Sulfur and nitrogen oxides, heavy metals, and other
contaminants are also released into the environment. CCS can be very expensive, which
limits its application. Another concern is that carbon dioxide stored underground might
cause earthquakes, releasing the stored carbon dioxide.
ARGUE Based on your list of constraints on a global solution to ocean acidification, do
you think that CCS technology might be a feasible solution to problems related to ocean
acidification? Why or why not?

Reaching Global Agreements on Climate Change
governments to find solutions.

One of the most difficult parts of addressing global challenges,
such as climate change or ocean acidification, is reconciling the
interests, resources, and cultural values of different countries.
Solutions to these problems require nations to work together.

The Kyoto Protocol is an international agreement that sets
internationally binding emission reduction targets. During the first
commitment period, 2008–2012, a total of 37 countries and what
was then called the European Community committed to reduce
greenhouse gas emissions by an average of 5% compared to 1990
levels. During the second period, 2013–2020, parties committed
to reduce emissions to at least 18% below 1990 levels. The Protocol established a credit
trading system that allows countries that exceed these goals to sell credits to countries
that do not. The Kyoto Protocol is seen as an important first step towards emission
reduction. However, some of the countries responsible for the most greenhouse gas
emissions, including the United States, have not agreed to the treaty.
The Paris Agreement is another example of an international agreement that aims to
reduce greenhouse gas emissions as a way of strengthening the global response to
climate change. The central aim of the treaty is to limit the amount of greenhouse gases
emitted by human activity to levels that trees, soil, and oceans can absorb, beginning at
some point between 2050 and 2100. The agreement went into effect in 2016. By 2019,
184 parties had ratified the agreement.
Language Arts Connection Research the Kyoto Protocol and the Paris Agreement.
Prepare a report that explains what they are trying to do, and how countries are trying to
achieve the goals. How are countries held accountable and how are emission levels monitored? What
is the history of the participation of the United States in these treaties?

Evidence Notebook As you have seen, ocean acidification is a global problem that stems from

atomic-level interactions. Now that you have learned more about the process at the macroscopic and
atomic scales, define the system boundaries, inputs, outputs, and scale you will use for each model.

376

Unit 5 Reaction Rates and Equilibrium

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (tl) ©Green Stock Media/Alamy

FIGURE 12: Involved citizens can urge

TAKE IT FURTHER

Careers in Science
Environmental Chemist
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Human activities and resource use are
causing changes in Earth’s systems.
Environmental chemists study the causes
and effects of these changes at both
the molecular and societal scales, and
recommend solutions when those changes
are detrimental. They study the effects of
human pollution on systems as small as
the area around a manufacturing plant and
as large as the atmosphere and oceans.
Environmental chemists work with other
scientists and engineers to identify and solve
environmental problems.

FIGURE 13: Environmental chemists help clean up oil spills.

Environmental chemists study the impact
of pollution on plants, animals, and
ecosystems. They are often called upon
during environmental emergencies to test water, air, or
soil samples and determine the extent of the damage.
This information helps contain emergencies such as
a ship leaking oil in the ocean or a spill of industrial or
agricultural chemicals. Environmental chemists also help
determine the procedure for containing an emergency
and neutralizing or minimizing the damage.

While some environmental chemists may spend a lot
of time in the field or at sea collecting samples, they
also work in laboratories analyzing data and drawing
conclusions from their findings. For a given project,
problem, or even large-scale environmental disaster,
environmental chemists use a scientific approach to
find an explanation.

Projects involving environmental chemistry extend
beyond the response to a single event. Over the last few
decades, the air quality in many large cities in the United
States has improved significantly. An understanding of
the chemistry of the atmosphere and of the interactions
between the atmosphere and contaminants from
burning fossil fuels led to many laws and technologies
that reduced pollution. Environmental chemists played a
large role in developing that understanding.

Environmental chemistry focuses not only on
responding to existing environmental pollution, but
also on preventing future problems. Environmental
chemists seek to develop sustainable methods to
reduce, reuse, and recycle matter, conserve energy,
and reduce pollution by aligning human-engineered
systems with natural systems.

Chemists play a key role in marine environmental studies
as well. The complex chemical interactions within and
between the atmosphere and the hydrosphere are only
partially understood, and there is still much more to
learn. Environmental chemists work to understand the
natural processes within these environmental systems
and they try to determine how to mitigate the effect of
human activities on Earth’s systems.

environmental chemist who studies issues that affect
your community. If possible, conduct a personal interview with
the chemist. Learn about the chemist’s background and what
experiences influenced his or her decision to work in
environmental chemistry. Make a video or podcast about the
chemist and their work.

CARBON RESERVOIRS

USING SHELLS TO
TREAT WATER

Chemistry in Your Community Research an

MEASURING
OCEAN pH

Go online to choose one
of these other paths.
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EVALUATE

Lesson Self-Check
CAN YOU EXPLAIN THE PHENOMENON?

Dramatic changes can occur to marine organisms when they are not able to build
or maintain their calcium carbonate shells or skeletons. This phenomenon has been
observed in many species of marine organisms around the world. The deterioration
of shells has increased dramatically as the concentration of carbon dioxide in the
atmosphere has increased over time, and it appears to be accelerating.
There is a strong correlation between the increase in atmospheric carbon dioxide and
the damage to coral colonies. Coral reefs are made from thin layers of calcium carbonate,
and scientists have established that there is a clear cause-and-effect relationship between
the human production of carbon dioxide and the decline of coral reefs around the world.
When carbon dioxide levels increase, marine organisms are not able to add to their
carbonate shells. These organisms are also losing the carbonate ions that are in their
shells, causing the deterioration shown in Figure 14. Such changes have effects that ripple
through entire ocean ecosystems.
Evidence Notebook Refer to the notes in your Evidence Notebook to help you explain

the link between carbon dioxide emissions and shell degradation and model the process at
the atomic scale and at the macroscopic scale. Be sure to address the following points:
Claim How do your models show the relationship between carbon dioxide in the atmosphere
and marine organism shell degradation?
Evidence What evidence supports this claim?
Reasoning How does this evidence support your claim?
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FIGURE 14: The shells of some pteropods and other marine organisms deteriorate with
increasing atmospheric carbon dioxide levels.

Name

Date

CHECKPOINTS
Check Your Understanding

1. Why does adding a catalyst to an equilibrium
system not change the concentration of reactants
or products? Select all correct answers.
a. The forward and reverse reaction rates stay
the same.
b. The forward reaction rate increases.
c. The reverse reaction rate increases.
d. The forward reaction rate decreases.
e. The reverse reaction rate decreases.
2. Which factors made the Haber-Bosch process a
good solution for producing synthetic nitrogen
fertilizers more efficiently than previous methods?
Select all correct answers.
a. the use of a catalyst
b. the use of high pressure
c. the use of electrical energy
d. the use of an equilibrium reaction
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3. Adding limestone to ocean water has been
proposed as a solution to ocean acidification.
Which constraint below is not met by this solution?
a. The solution should be safe.
b. The solution should have global effects.
c. The solution should have local effects.
4. What are some possible outcomes of ongoing
ocean acidification? Select all correct answers.
a. decreases in coral or pteropod populations
b. increase in ocean pH
c. changes in coral reef ecosystems
d. loss of carbon dioxide from the atmosphere
5. Why is the development of a battery system
essential for the effective use of wind power?
a. Windmills require batteries to turn them.
b. Batteries supply power for transporting
electricity from one place to another.
c. Batteries store excess power for use when the
wind does not blow.

6. The reaction between hemoglobin, Hb, and
oxygen, O2, in red blood cells is responsible for
transporting O2 to body tissues. This process can
be represented by the equilibrium reaction
Hb(aq) + O2(g) ⇋ HbO2(aq)

Many people experience shortness of breath at
high altitudes, where the pressure of O2 is lower
than it is at sea level. What would help increase a
person’s blood oxygen levels at high altitudes?
a. increasing the concentration of O2 in the air
the person inhales
b. increasing the person’s blood pressure
c. removing CO2 from the air the person exhales
7. Match each step in designing a battery to the
corresponding step in the engineering design
process.

evaluating battery designs
against established criteria

optimizing

listing the features of a
successful design

modeling

adjusting design based on
test results

defining
the problem

making a sketch that shows the
flow of current in the design

testing

8. Reducing carbon emissions could help mitigate
ocean acidification. What are some possible
barriers to implementing such a solution? Select all
correct answers.
a. Governments may be reluctant to spend
money on a solution if other countries do not
also agree to do so.
b. Scientists and engineers do not know how
carbon emissions affect oceans.
c. Updating facilities to reduce carbon
emissions could be costly.
d. Employees of fossil-fuel companies might fear
that they will lose their jobs.
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EVALUATE

CHECKPOINTS (continued)
9. What are the strengths and weaknesses of current approaches to using industrial
fertilizer? Give examples to support your answer.

10. An industrial facility uses the equilibrium reaction A + B ⇋ C + D to produce C,
an important chemical in manufacturing processes. The facility wants to increase
production of C without increasing energy use or adding to the production time.
What would you recommend, and why?

11. What is the chemical basis of the idea to add calcium carbonate to the ocean to
reverse ocean acidification? Why is this approach unlikely to solve the issue?

MAKE YOUR OWN STUDY GUIDE

Scientists and engineers define systems to help study phenomena or solve problems.
Chemical systems can be designed or harnessed to meet various needs, including storing
electrical energy.
Technologies and innovations, such as the use of fossil fuels for energy and the Haber-Bosch
process for nitrogen fixation, can address needs while having unforeseen economic, social, and
environmental impacts.
Remember to include the following information in your study guide:
• Use examples that model main ideas.
• Record explanations for the phenomena you investigated.
• Use evidence to support your explanations. Your support can include drawings, data, graphs,
laboratory conclusions, and other evidence recorded throughout the lesson.
Consider how the models for equilibrium you developed in this lesson can be used to analyze the
stability and change in the systems you modeled.
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In your Evidence Notebook, design a study guide that supports the main ideas from this lesson:

UNIT CONNECTIONS

Life Science Connection
Enzymes An enzyme is a biological catalyst that increases the
rate of a chemical reaction. Enzymes are critical for maintaining
cellular functions in the body. The enzyme glucose oxidase is
used in biosensors to monitor blood glucose levels of people with
diabetes. Glucose is a reactant in the reaction catalyzed by glucose
oxidase and hydrogen peroxide is a product. Although glucose is
difficult to measure, hydrogen peroxide is not. A higher glucose
level in the blood causes more hydrogen peroxide to be produced,
and the hydrogen peroxide can be measured in biosensors.

Explore Online

FIGURE 1: Glucose oxidase is used in
biosensors to monitor blood glucose levels.

Make a multimedia presentation that explains how enzymes work
and describe the function of several enzymes in the human body.
Integrate and evaluate multiple sources in your presentation.

Health Connection

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (t) ©Laguna Design/Science
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Time Release Pharmacokinetics is the study of interactions
between medications and chemicals inside the human body.
Understanding how a medication affects a person is important for
determining correct dosages. Given the many differences between
individuals, scientists are developing medications that are more
individualized. Researchers can decide whether to allow a slow,
steady release, or immediate exposure to the full dose.

FIGURE 2: Pharmacokinetics helps scientists
develop medications that interact with the
body at different rates.

Write a medical pamphlet that explains why different timed
releases are important for medical treatment. Also discuss how
differences between individuals can affect how medication interacts with
body processes. Cite specific text evidence to support your claim.

Social Studies Connection

FIGURE 3: Changes in human populations
lead to changes in the need for resources.

Human Population The human population of an area may change
at a predictable rate, or it may be stable for a long time. Many
factors can affect this equilibrium state, such as changes in birth or
death rates, a large employer moving in or away, or many people
moving in or out. These factors may cause shortages or oversupply
of some resources. Over time, a new equilibrium is reached.

Build a timeline of the history of your community and label
significant events that affected the population. What events
caused sudden or long-term changes to its size or makeup? Include text
and media comparing the changes to the concept of dynamic chemical
equilibrium. How is this a good or poor analogy for chemical equilibrium?
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You’ve learned that batteries generate
power through electrochemical reactions.
Here’s a look at their insides.
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IDEAS FOR THINKING
ABOUT POWER BOXES
A power box has two sides,
one holding a carrier wanter
and the other holding a
carrier maker. Between them
is a wall that lets carriers
through. The carrier maker
would make carriers that
cover the carrier wanter.
But eating carriers puts
pieces of power in the
carrier wanter, and you can’t
have too many pieces of
power together, because they
push each other away. This
stops the carrier wanter from
eating too many carriers.

Water
Metal full of
carriers
Carrier
maker

Wall

Metal

CARRIER MAKER
This metal wants to get rid of carriers.
If it gets a piece of power inside it, it
will send it away in a
carrier made from
its surface.

PIECE OF POWER
POWER CARRIER
POWER
(in power carrier)

CARRIER WANTER
This metal wants to be covered in
carriers. It will grab them if they come
near and stick them
to its surface, and the
power from the carrier
will go inside them.

Metal

Power
spinner
or light

Carrier
wanter
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Too many
pieces of
power

FULL
The two sides of a power box
have a wall between them. This
wall lets carriers through, but not
pieces of power. It also stops the
carrier wanter and carrier maker
from touching, which would
make the carriers all move to the
carrier wanter without sending
any power anywhere.
Extra pieces of power gather in
the carrier wanter, but they can’t
go anywhere at first.

RUNNING
When you join the two sides with
a stick of metal, the pieces of
power can get from the carrier
wanter to the carrier maker.
If you put a machine in their
way—like a light or a power
spinner—they can push on it
and make it run, just like water
pushing on a water wheel.
When the pieces of power get to
the carrier maker, it uses them to
make new carriers.

EMPTY
After a while, the carrier wanter
gets covered in empty carriers,
and the carrier maker gets
used up. There’s nothing left
to push the power pieces
through the metal path; the
power box is dead.
With some power boxes, you can
turn the wheel and push power
back into the power box. This
fills the power box back up.

Unit 5 Thing Explainer
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Carrier maker

Metal for
power to go
out from

Plastic thing
to keep
water in

Power
Power
comes in goes out

Carrier wanter

If something goes wrong,
the power box can start
making a kind of air.
There’s a hole here to let
that air out so the box
doesn’t pop.

Wall

Metal for
power to
go into

CAR POWER BOX
These power boxes are used
in cars. They use two kinds
of heavy metal as the carrier
wanter and the carrier maker,
which is why they’re so heavy.

SMALL POWER BOX
This kind of power box
is used in a lot of places.
It powers hand lights,
face hair cutters, and
things kids play with.
In this kind of power box,
the carrier wanter and
carrier maker are made
from different kinds of
metal. The stuff in between
is water with a kind of white
stuff in it which lets the
carriers move across. If the
power box breaks, that stuff
can come out. Don’t worry,
it’s safe to clean up; it won’t
hurt your skin.
All power boxes run out of
power after a while. With
some kinds, you can put
power back in and use them
again and again, but you can’t
really do that with the kind
shown here.
YOU CAN DROP THESE TO
SEE IF THEY’RE DEAD
The carrier wanter in these
boxes is made from metal
dust. When it gets covered in
carriers, it becomes stronger
and sticks together, so the
dust can’t move around. This
makes dead power boxes
fly back up when you drop
them, but full ones just hit the
ground and stop.

The power carrier water in
between the two sides can
burn your skin.

The carrier maker and the
carrier wanter are two different
kinds of metal, but there’s
something strange about this
power box: When the carrier
wanter gets covered in carriers,
and the carrier maker makes
them, they both turn into the
same kind of metal.
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POWER BOXES

Go online for more
about Thing Explainer.

HAND COMPUTER POWER BOX
These power boxes hold more power for
their size than any other. We first made them to
power helper machines in people’s chests. Those
machines need to hold a lot of power, since people
don’t like it if you take them out too often.
When we started making lots of hand computers,
we got better at making these power boxes, since
lots of people wanted their computers to work all
day without having to get power from the wall.
Of course, people also wanted their hearts to
work, but more people have hand computers than
heart boxes.
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If you cut one of these
open, it would look like
this—but never cut these
open. They can blow up.

LIGHT METAL
In these power boxes, the carrier
wanter and carrier maker are both
made of very light metals. To make
this kind of carrier maker and wanter
work together, they’re laid down in
sheets almost touching each other,
like two long sheets of paper laid flat
and then rolled up.

TIME COUNTER

POWER BOX

POWER BOX
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UNIT PERFORMANCE TASK

Modeling Chemical Equilibrium
A reaction at equilibrium has not stopped. Reactants
are still forming products, and products are still
forming reactants, but at a constant rate. Therefore,
the relative concentrations of reactants and products
do not change once the reaction reaches equilibrium.
How could you model this idea for someone who does
not understand how concentrations could stay the
same, but the reactions still continue? How could you
show them that equilibrium is a dynamic system?

FIGURE 4: These students are modeling equilibrium
using pompoms.

1. D E F I N E T H E P R O B L E M
Describe what types of information a model needs to
demonstrate about an equilibrium system. Could you
make a model that demonstrates equilibrium when the
concentration of reactants is greater than products, as
well as when the concentration of products is greater
than reactants?
2. C O N D U C T R E S E A R C H

3. D E V E L O P A M O D E L
With your team, decide on the type of model you
will make to demonstrate the concept of chemical
equilibrium. Determine the materials you will need and
any safety considerations. If you are making a physical
model, you should consider how many participants
you will need to make your model work and whether
it requires a lot of space. If you are making a computer
simulation or video animation model, consider
audience participation in your presentation.
4. C O M M U N I C A T E
Present your model to the class. Without explaining
the model to them, have fellow students explain to
you how it is showing the dynamic nature of chemical
equilibrium. Have them suggest ways in which the
model could be improved to either model your
reaction more clearly, or to model the concept of
equilibrium more clearly.
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CHECK YOUR WORK
Once you have completed this task, you
should have the following:

• a clearly defined problem statement with
questions that you answer in the presentation
• information on the chemical reaction you chose
and typical conditions under which it operates
• a model of the process that shows how a change
in the reaction can disrupt the equilibrium and
how equilibrium is restored after the change
• a presentation that shows an understanding of the
process and how equilibrium is restored
• a list of references cited

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©HMH

Research a chemical equilibrium reaction that interests
you. Are there models and analogies of this chemical
equilibrium system? Note what you think these models
do well and how you think they could be improved.
How can you use these models to influence your own?

UNIT PRACTICE AND REVIEW

Name

Date

SYNTHESIZE THE UNIT

DRIVING QUESTIONS

In your Evidence Notebook, make a concept map, other graphic
organizer, or outline using the Study Guides you made for each
lesson in this unit. Be sure to use evidence to support your claims.
When synthesizing individual information, remember to follow these
general steps:
• Find the central idea of each piece of information.
• Think about the relationships among the central ideas.
• Combine the ideas to come up with a new understanding.

Look back to the Driving Questions from
the opening section of this unit. In your
Evidence Notebook, review and revise
your previous answers to those questions.
Use the evidence you gathered and other
observations you made throughout the
unit to support your claims.

PRACTICE AND REVIEW
1. According to collision theory, which variables
affect the rate of a chemical reaction? Select all
correct answers.
a. concentration of reactants
b. temperature of reaction mixture
c. volume of reaction vessel
d. chemical structure of the reactants
e. surface area of a solid reactant
2. Complete the statement about acids and bases.
Acids form aqueous solutions containing
excess hydronium | hydroxide ions, and bases
form solutions containing excess hydronium |
hydroxide ions. A neutral solution has a pH that
is equal to 0 | 1 | 7 | 10. When crushed limestone
© Houghton Mifflin Harcourt Publishing Company

is added to a lake that has become acidic, the
limestone causes a decrease | an increase in pH as
acid is neutralized.
3. Consider the equilibrium reaction:
CO(g) + 3H2(g) ⇋ CH4(g) + H2O(g) + energy
How will increasing the temperature affect the
equilibrium of the reaction?
a. There is more energy available, so the
equilibrium shifts toward the products.
b. The rate of collisions increases, so the
equilibrium shifts toward the products.
c. There are fewer molecules on the left, so the
equilibrium shifts toward the reactants.

4. Phosphorus pentachloride decomposes into
phosphorus trichloride and chlorine. In a closed
system, the reaction reaches equilibrium:
PCl5(g) ⇋ PCl3(g) + Cl2(g)
Complete the statement about the reaction.
If a sample of pure PCl5 could be isolated and placed
in a closed container, the forward | reverse reaction
would begin immediately. Once the system reaches
equilibrium, the amount of chlorine gas in the
system would remain constant | steadily increase.
At equilibrium, the forward and reverse reactions
stop completely | continue to occur. In order to
produce more PCl3, the concentration of PCl5 | Cl2
could then be increased.
5. An enzyme is a catalyst that is used by an organism
to control the reaction rate of biological reactions.
Which of these could be a function of an enzyme
in a cell? Select all correct answers.
a. to cause a reaction to occur at a lower
temperature than outside the cell
b. to increase the reaction rate of a reaction
that would otherwise be too slow for the
cell to function
c. to shift a reversible reaction in the direction
of the products
d. to reduce the concentration of reactants
needed to form a given amount of products

d. The rate of the reverse reaction increases, so
the equilibrium shifts toward the reactants.
Unit 5 Reaction Rates and Equilibrium
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UNIT PRACTICE AND REVIEW
6. Explain how the activation energy and the energy of the activated complex of an
endothermic reaction compare to the activation energy and the energy of the
activated complex of an exothermic reaction.

7. Explain why there is a danger of explosion in places—such as coal mines, sawmills,
and grain elevators—where large amounts of dry, powdered, combustible materials
are present.

8. In a reversible reaction, the forward and reverse reactions both occur. Why does
the forward reaction in an equilibrium system never go to completion? Explain in
terms of reactants and products.

UNIT PROJECT
Return to your unit project. Prepare a presentation
using your research and materials, and share it with
the class. In your final presentation, evaluate the
strength of your original claim, data, analysis, and
conclusions.

• Use graphics or multimedia tools to explain how
the Solvay process can be optimized to increase
the amount of sodium carbonate produced.

Remember these tips while presenting:

• Include criteria and constraints that drive
process decisions about optimizing the amount
of product produced.

• Include a clear statement explaining how
equilibrium is controlled in the Solvay process.

• Incorporate the concepts of stability and change
in your explanation of processes.
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9. In a manufacturing process, the product of the forward reaction is continually
removed. A catalyst is added, increasing the rates of both the forward and reverse
reaction. How will adding a catalyst affect production during the process?

