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Important Notice

Chemistry in the Community (ChemCom) is intended for use by high school
students in the classroom laboratory under the direct supervision of a quali-
fied chemistry teacher. The experiments described in this book involve sub-
stances that may be harmful if they are misused or if the procedures described
are not followed. Read cautions carefully and follow all directions. Do not
use or combine any substances or materials not specifically called for in car-
rying out investigations. Other substances are mentioned for educational
purposes only and should not be used by students unless the instructions
specifically so indicate.

The materials, safety information, and procedures contained in this book
are believed to be reliable. This information and these procedures should
serve only as a starting point for good laboratory practices, and they do not
purport to specify minimal legal standards or to represent the policy of the
American Chemical Society. No warranty, guarantee, or representation is
made by the American Chemical Society as to the accuracy or specificity of
the information contained herein, and the American Chemical Society
assumes no responsibility in connection therewith. The added safety infor-
mation is intended to provide basic guidelines for safe practices. It cannot be
assumed that all necessary warnings and precautionary measures are con-
tained in the document or that other additional information and measures
may not be required.

Safety and Laboratory Activity

In ChemCom, you will frequently complete laboratory investigations. While
no human activity is completely risk free, if you use common sense, as well
as chemical sense, and follow the rules of laboratory safety, you should
encounter no problems. Chemical sense is just an extension of common
sense. Sensible laboratory conduct won’t happen by memorizing a list of
rules, any more than a perfect score on a written driver’s test ensures an
excellent driving record. The true “driver’s test” of chemical sense is your
actual conduct in the laboratory.
You will find Rules of Laboratory Conduct on pages 8—10 in Unit 0.
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PREFACE

It is appropriate that the publication of the sixth edition of Chemistry in the
Community (ChemCom) coincides with the International Year of Chemistry
(IYC) 2011, which is a global celebration of chemistry and its contributions
to the world around us. The theme chosen for IYC 2011 has been central to
ChemCom for more than 25 years: Chemistry—our life, our future.

ChemCom is written for high school students taking their first chemistry
course. ChemCom aims to develop chemistry-literate and science-literate
citizens by focusing on chemistry for life and citizenship. Each unit is
centered on a chemistry-related societal issue or challenge, which provides
a “need-to-know” for learning chemical principles. Laboratory, skill-building,
modeling, and decision-making activities are integrated into the text as
students progress toward a culminating project that addresses the unit’s
societal issue or challenge.

ABOUT CHEMCom

Developed by the American Chemical Society (ACS) with funding from the
National Science Foundation and input from hundreds of teachers, univer-
sity educators, scientists, and social-science consultants, ChemCom has been
used successfully by more than 2.2 million students and teachers through-
out the United States and the world.

The world’s largest scientific society, ACS is a congressionally chartered
independent membership organization that represents professionals at all
degree levels and in all fields of chemistry and related sciences. Since its
founding in 1876, ACS has promoted excellence in science education and
community outreach.

The original eight ChemCom units were developed by teams of professors
and high school teachers. The topics included water, mineral resources,
petroleum, food, nuclear chemistry, air and climate, health, and the chemi-
cal industry. Over the past thirty years, ChemCom has continued to develop
to meet the needs of students and teachers. One constant has been its organi-
zation around real-world issues, particularly issues of sustainability.

Development of the sixth edition of ChemCom was influenced by feed-
back from teachers and students, as well as a comprehensive review by BSCS
using the Analyzing Instructional Materials (AIM) process. Starting from this
information, the revision team—comprised of high school and university
educators—drew upon their own experiences in classrooms and chemical
education research, as well as those of the sixth edition ChemCom Editorial
Advisory Board, to create a text designed for twenty-first-century learners.
Beyond the BSCS review, significant influences on this edition include
Wiggins and McTighe’s Understanding by Design, The National Research
Council’s How People Learn, and Hand and Greenbowe’s Science Writing
Heuristic.
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Preface

NEW TO THE SIXTH EDITION

The most apparent changes in this edition are the reordering of units and the
addition of Unit 0. Unit 0 offers a brief introduction to the study of chemis-
try, the idea of community, safety in the laboratory, and ChemCom itself.

Units 1 through 4, designed to be studied in order and thus sometimes
referred to as the sequential units, have been reorganized and reordered.
ChemCom now begins with the study of metals, which allows for early intro-
duction of key chemistry topics including atomic structure, the periodic
table and periodicity, the mole concept, and chemical equations. Unit 2
addresses gases and the atmosphere; explicitly introduces ideas about scien-
tific inquiry; and challenges students to design their own investigations,
building skills and knowledge that will be beneficial throughout the rest of
the course. Unit 3 on petroleum maintains its position, but the water unit is
now the final unit in this sequence, allowing students to use all the concepts
and skills they have developed to understand ideas about solution chemis-
try and solve the fish-kill mystery.

A new feature in this edition is the Concept Check. Concept Checks serve
as a formative assessment tool by eliciting student ideas to make them more
apparent both to students and to teachers. In each set of questions, the initial
queries probe concepts or skills that students have just learned to help both
students and teachers monitor progress. At least one question in each Con-
cept Check asks students about their ideas on a topic they are about
to encounter. This allows students to articulate their existing ideas from
everyday experiences and provides important information about students’
prior knowledge.

The final key change in this edition involves the Investigating Matter
activities. In each unit, and in several sections, an introductory investigation
was added to provide students with hands-on experience before they tackle
a new topic. Even more critically, each Investigating Matter activity was
revised to more clearly reflect the components of scientific inquiry. Students
begin by asking questions and preparing to investigate, then gather evidence,
analyze and interpret that evidence to make scientific claims, and finally
reflect upon what they did and what they learned.



Preface XV

The following table shows how each key revision goal was accomplished.

Key Goals

How CHEMCom 6e Accomplishes These Goals

Make interaction with

phenomena central

® Provide a common set
of experiences as a basis
for student construction
of understanding

¢ Develop habits of mind
consistent with the
nature of science

* Model scientific ways of
knowing

Begins each unit with structured opportunities to explore matter or
data, such as Investigating Matter or Developing Skills activities.
Reorganizes the sequential units of the text to emphasize characteristics
of matter, scientific inquiry, and building problem-solving skills.
Introduces Unit 0 to help students develop their ideas about chemistry
and community and become familiar with the format and features of

the text.

Emphasize scientific

inquiry

¢ |dentify and practice
skills necessary for
scientific investigation

¢ Explicitly address
understandings about
inquiry

Restructures Investigating Matter activities to more explicitly reflect an
inquiry focus.

Uses new subheadings within investigations that articulate expectations for
students, including: Asking Questions, Preparing to Investigate, Making
Predictions, Gathering Evidence, Analyzing Evidence, Interpreting
Evidence, Making Claims, and Reflecting on the Investigation.

Supports students’ learning of inquiry by creating a progression of activities
from proscriptive to open-ended throughout the text.

Provides culminating projects that include opportunities to share and refine
claims and construct scientific explanations.

Enhance student
construction of
understanding

e Create an essential flow
of concepts and skills
within each unit and
throughout the
sequential units

e Address advances in
learning and cognitive
science, including the
importance of prior
conceptions and
metacognition

Adds Unit 0 and reorders the sequenttial units so that they build on each
other and provide the foundation necessary for understanding and extending
challenging concepts in the Water unit, now Unit 4.

Poses a section question to focus student attention on the essential concept
or "big idea” to be learned in that section.

States learning goals at the beginning of each section.

Organizes the Section Summary to correspond with the stated learning goals
and prompts students to summarize their understanding of the section’s
essential ideas in a written response to the section question.

Introduces Concept Checks so students can make connections to prior learning
as well as express initial ideas about concepts they are about to learn. They are
designed to be formative assessment tools for students and teachers.

Reframes Making Decisions activities as regular checkpoints for applying
chemistry principles to the unit’s central issue or challenge as presented in the
unit opener. This allows students to make consistent progress toward the
unit’s culminating activity, Putting It All Together.

Provides at least one sample problem in every Developing Skills activity.

Enhances Modeling Matter activities to build more connections between
particulate models and macroscopic phenomena, especially those phenomena
encountered in previous Investigating Matter activities.
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HOW TO GET THE MOST FROM CHEMCOM 6e

How do chemists describe

matter?
SECTION A .
Building Blocks of Chemistry How can the periodic
(page 24) table be used to help
explain and predict the
properties of chemical
elements?
The unit opener showcases the What is the role of SECTION B
questions that drive each section ShemistlSliic/Es Periodic Trends (page 50)
of metals?
and provides a quick reference to .
the section titles and locations. Minerals and Moles
(page 82) How is conservation of

matter demonstrated in
the use of resources?
SECTION D

Conservation and Chemical
Equations (page

The U.S. Mint is promoting the use of dollar coins
instead of dollar bills. In what ways might coins be
superior to bills? How do the properties of each form
of currency depend upon their composition?

Turn the page to start learning how to answer these
questions—and consider the future of the U.S. dollar.

The “teaser” question box introduces an
issue that ties chemistry to daily life and
previews the unit challenge.

The unit challenge invites students

to address an interesting real-world
problem. Making an informed decision
about the problem will require chemistry
concepts and scientific inquiry, providing
a "need-to-know” that propels the unit.

GREENER THAN GREENBACKS?

by Lakesha Harris ~Riverwood, USA

The United States $1 Coin

The Putting It All Together feature
Have You Seen the U.S. One-Dollar Coin? appears at the end of each unit and
ey cllcing thePeentat o Native A $1cos? Have you acki- provides a framework for students’
aly i 5 con I s ot ht the S, it st citzns wil st A ;

completion of the unit challenge.

using the coins n place of the dollar bil. Although dollar coins have been tred
before (with the Susan B. Anthony dolar
in 1979 and the Sacagawes dollar in 2000)
the mint has a new strategy this time—
thinking green. It turns out that a dollar

the United States.

cof asts about 30 years, while a dollar
bil lasts (on average) just 18 months. In
addition, used coins can be completely
recycled into new coins, while most used
curency (bils) ends up in 2 landSil. But
wil consumers use the dollar coin, even if
our meighbors in Canada uee  they believe that it is more sustainable
one-doflr and wo.dolar coins.  than the dollar bill?

1 challenge you, as fellow citizens concerned about the planet, to tacke the
following questions:
+ Why are U.S. consumers reluctant to use a dollar coin?
« Is the dollar coin really greener than the dolar il
 How could the dollar coin be redesigned to make it
(2) more acceptable to consumers and
(b) even more eartfrendly?
« How can U.S. consumers be mativated
to use dollar coins?

Look for the best submitted answers to appear on
these pages soon!

Groan bur are they green?

= Should both the dollar bill and dollar coin continue to be produced?
« Should one or the other be discontinued?

« Should the bill or the coin (or both) be made from difforent materials
or otherwise redesignod?

Rationale
Support your recommendations with evidence, including:
= “The factors that most influenced your recommendations and why.
they are important.
« Descriptions of the materials that make up the forms
of currency that you recommend.
« Details about the raw materials needed to produce
the currency, including
a. for metals:
o Where major deposits are located.
= Important ores of tho choson raw matarials.
b. for all materials

o How the materials are mined, collected, or harvestod.
How the materials are processed for use or production.
Your rationale for choosing the

‘materials.

An analysis of both necessary anc
selected materials.

lesirable properties of the
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SECTIO

it 1 Materials: Formulating Matter

N B PERIODIC TRENDS

How can the periodic table be used to
help explain and predict the properties of

each section to highlight key ski
and ideas that students should
know, understand, or be able to
do by the end of the section.

Goals are provided at the start ofJ
i ighli ills

chemical elements?

More than 100 chemical elements have been discovered and explored.
OF those, a small number aro considered highly prized and used for
coins, jewelry, and art. Why are some more valuable than others? How

lo scientists classify and organize the characteristics of the elements?
In this section, you will examine properties of some elements and con-
y. You will
also be introduced to the periodic table, one of a chemist’s most impor-
tant tools. As you study the ideas in this section, think about how this
tool could help you to choose or explain the use of certain elements in
forms of currency.

GOALS

Concept Checks elicit student ideas
to make them more apparent to
students and teachers. Some
questions relate to concepts or
skills that students have previously
encountered and help students to
monitor their own progress. At least
one question addresses a topic
students are about to encounter.

« Use the periodic table to
a. predict physical and chemical properties of an element,

b. identify elements by their atomic numbers, and

. locate periods and groups (families) of elements.

Recognize and distinguish characteristics of the basic
subatomic pamclss pmtuns neutrons, and electrons

Describe what constitutos an ion. Indicate the electrical chargo
of an ion :omammg specfiod mumbor of protons an

electron

Use me bamc structure of the atom to explain the organization
of the periodic table,

Collect, organize, and represent data.

Explore periodic trends of groups of elements.

Write the formula and name of an ionic compound, given the
compound’s anion and cation names and electrical chargos.

concept check 3
fstinguish between chemical and physical
tion does a chemical formula contain about a

I a diagram that llustrates the structure of an atom.

xvii

Preface

Each section opener highlights a
question designed to stimulate and
guide students’ learning within that

section.

The section question is revisited in
the Section Summary to provide
students an opportunity to recap
the section, pull together the
important ideas, and demonstrate
their understanding of the
chemistry they have learned.

J

Connecting the Concepts
encourages students to
synthesize ideas from one
or more sections or units.

/

Unit 1 Materials: Formulating Matter

17. Noble gas elemonts rarely lose or gain

Elements are arranged in the periodic
table based on their properties. Elements
with similar chemical properties are placed
inthe same columns. Physical properties
vary in predictable patterns across rows
and down columns.

electrons

postacly

9. Give another torm for these features of the
periodic table:
a. Row

10. Give the names and symbols of two
elements other than lithium in the alkali
‘motal family

21, Considarthe noble cas famil:

mpoun:
b. Column

a0
19. For ach

their chemical reactivity?

lonic compounds are composed of

. Classify oach of these as an electrically
neutral atom, an anion, or a cation.
b. Li

What does this indicate about Modeling Matter B.11.

a. How are they helpful in
ions and ionic compou

b. How are they imperfo

and negatively charged ions

t have lost or gained

¢ predictable patterns ac

d has no net electrical charge. s

26. Which of these reacti

e Gl d Ag e Hgt
particle in Question 18, indicate
ih em rical chargo orlck of

The boxes within Reviewing the
Concepts highlight key ideas—linked
to the learning goals at the beginning
of the section—and organize the
end-of-section questions.

21. Wite the
compoun

13, The melting Sultur (5) an
tellurium (Te) are 115 °C and 450 °C,
respectively. Estimate the melting point

cations and anions:

sulted from an atom
e osing aloctrons. o

L and show the electrical

? Why?
1 the following atoms or ions: ocour? Why

a. Zn*(ag) + 2

ith 1 proton and 1 clectron
b. 2 Ag'lag) +

11 protons and 10 electrons

h 17 protons and 18 electrons
ith 13 protons and
name and formula for the ionic
3 that can b formed rom thos

25. Think about the ion cards yofl used in

arning about
2
Metals react with one anflth

s is more likely to
ablo 1.3, pago 75.)
chromium(il) 2

27. Consider these twdequations. Which
roprosents a reactjn that is more likely to

(5)— Zns) + 2 Ag'fag)

(5)—2 Agls) + Zn**(ag)

. a. Why would f bo a poor idea to stir a
solution of Ifad(l) nitrate with an iron
spoon? (Sed Table 1.3, page 75.)

ecrong focmsormey D

Connecting the Concepts
9. Which pair is more similar chemically?
Defend your choice.

- copper ‘metal and copper(ll) ions

b oxygon with mass number 16 and oxygen
with mass number 18
30. The diameter of a magnesium fon (Mg*) is
156 pm (picometers, where 1 pm = 1012 m);
the diameter of a strontium ion (S is
254 pm. Estimate the diameter of a calcium
fon (Ca®).

. Identify cach element in the periodic table

described by the statements below:

a. This element is a nonmetal. It forms
anions with a 1-charge. It s in the same,
period as the metals used in a penny

=

“This element is a metalloid. It is in the

samo poriod as the eloments found in

table salt

2. Mendeleev arranged elements in his
periodic table in order of their atomic
‘massos. In the modern periodic table,
however, elements are arranged in order of
their atomic numbers, Cite two examples
from the periodic table for which these
two schemes would produce a different
ordering of adjacent elements.

3. In building ships, common practice is to

that of iodine? Explain.

of selenium (Se). a Krand I d. Ba** and OH- How Jén the periodic table 33,
14 Would you axpect the hoiling point b, Ca* and S NH,* and POF p
of chlorine to be higher or lower than o o ML and O3 be used to help explain
o. Fe* and Br f. A and 0%

and predict the properties
of chemical elements?

attach a picce of magnesium to the hull to
act as a “sacrificial anode.” In terms of metal
activity, explain how this helps to prevent
the corrosion of other metal parts of the

The properties of an element are
determined largely by the number and
amangement of electrons in its atoms

Tables, graphs, and models are all used
to represent scientific data and illustrate
scientfic ideas so that they are easier to

Throughout Section B, you have
observed and studied elements

analyze, interpret, and

15. Are atoms of metallic or non-metallic
elements more likely to lose one or

. Prodict whothor oach olemont would bo
more likely to form an anion or a cation.
(Note that anions are negatively charged;
cations are positively charged.)

24, Hor

22, Why was the periodic table cres

‘more eloctrons? 23, What type of graph should be
o represent discontinuous dat:

data table helpful
. before an investgation?

Extending the Concepts provides
opportunities for more in-depth
exploration of related chemistry
and science concepts.

a sodium  d. copper g tin b. during
bocalcium o oxygen b iodine c. after an investigation?
¢ fluorine £, lithium

EEEN
periodicity and trends, and reactivity.

Extending the Concepts

34. Construct a graph of the price per gram of
an olement versusits atomic number for
oach of the first 20 olements. Can tho
current cost of those elements be regarded
as a periodic property? Explain. (Hint: Use
achomical supply catalog or tho Web to
locate the current price of each element.)

. Although aluminum s a more reactive
‘metal than is iron, it is often used for
outdoor products. Investigate why this
‘makes sense




Preface

Each Investigating Matter activity has been reframed
to provide explicit instruction in the concepts and
skills of scientific inquiry. The new subheadings reflect
the process of scientific investigation as it is actually
conducted by scientists.

B INVESTIGATING MATTER

B.12 RELATIVE REACTIVITIES
OF METALS o ncte o

Preparing to Investigate contains Cu* fons
Copper(l) oxide is CuO;
it contains Cu®* ions.

added to indicate copper's

In this investigation, you will observe the reactions of the metals copper,
magnesium, and zinc with four different solutions. Each solution contains a
particular cation. The solutions you will use are copper(Il)
nitrate, Cu(NO,), (containing Cu?); magnesium nitrate,
Mg(NO,), (containing Mg?®*); zinc nitrate, Zn(NO,), (containing
Zn**); and silver nitrate, AgNO, (containing Ag®).
Before you begin, read Gathering Evidence to learn what you
will need to do and note safety precautions. Devise a system-
atic procedure that allows you to observe the reaction (if any)
between each metal and each of the four ionic solutions. You
will conduct each reaction in a separate well of your well plate
using 10 drops of the specified solution and a small strip of

Scientific American lllustrations are information-rich
visuals intended to help students deepen their
conceptual understanding of an idea or develop

a working knowledge of a device related to the

unit concept.

/ A ChemQuandary is a puzzling chemistry-
related question or situation that is designed
Scientific American Conceptual llustration to stimulate thinking and decision making. It

can be used as a think-pair-share, to begin a
discussion, or as a prompt for a journal entry.

CHEMQUANDARY
FIVE CENTS WORTH

A US. nickel is composed of an alloy of nickel and copper. Based on.
your familiarity with the appearance of that common five-cent coin, you
‘might be surprised to learn it is composed of more copper
than nickel! Specifically, each U.S. five-cent coin
contains only 25% nickel and 75% copper by mass.
‘What does this suggest about the difference
between an alloy and a simple mixture of powdered
copper and powdered nickel?




Preface Xix

Developing Skills activities focus on problem-solving skills,
including real-world situations and practice problems. One
or more sample problems are provided at the beginning of
each Developing Skills section to model how to reason

through, set up, and solve similar problems.

Making Decisions activities guide students in
applying their understanding of chemical principles
to real-life situations. Students collect and/or
analyze data for underlying patterns, identify and
assess benefits and risks of particular decisions, and
’ evaluate claims. Most activities relate to the unit's

organ;zinhg tlt\eme anld R;:ilﬁ studﬁnts progress
toward the Putting It ogether activity.
W DEVELOPING SKILLS S ’
B.14 TRENDS IN METAL REACTIVITY

AW
Y
B MAKING DECISIONS
Sample Problem: will Pb metal react with Ag* ions? C.15 LIFE CYCLE OF A COIN

Yes; according to Table 1.3, lead is a more reactive metal than

silver, so lead metal will cause silver ions to change to silver metal. So far in this unit you have considered properties that a

desirable for coins and bank notes. You have also learned al
uses, and properties of metals, and have begun to explore

Use Table 1.3 and the periodic table (page 60) to answer these questions| products and materials. Now you will use this knowledge
life cycle of a particular metal product, the current U.S. dol
1. a. What trend in metallic reactivity is found as you move from le ure 1.35 (page 88) and Figure 1.49 to answer the followin

to right across a horizontal row (period) of the periodic table?

Thousands of people use chemistry every day.
Chemistry at Work interviews introduce

. \ students to some of these individuals and
In Modeling Matter activities, students create and show how they apply chemical processes and
critique visual representations of matter, often principles in their careers.
making connections between what they sense at
the macroscopic level and what happens at the
molecular level. Students also engage in formulating
and revising scientific explanations, proposing and
evaluating analogies, and using physical molecular CHEMISTRY
models to better understand connections between
molecular structure and physical and chemical
properties of substances.

) Fireworks are one of the most striking parts of every Indepen-
dence Day. But have you ever wonderod how fireworks, well,

work? Pyrotechnic chemists are experts on how these and other

types of explosives function. They study how to make fireworks

and other pyrtechnic dovicessafo to uso and bate fof tho onv
Iy

P orki
Q. What is pyrotechnic chemistry?
M 0 D E LI N G. M AT T E R A yraoshni chomise s e chemistyof poducing et
from chemical roactions and using that heat to produ
and Vight andl audible efects. Wo uso pyrotochaic chormisty
2ot onlylo eterainment,but s for practcal purposes

D.2 REPRESENTING REACTIONS

Q. How did you get into this field?

A. While I was teaching undergraduate chemistry, I was

In Modeling Matter A.8 (page 38), you saw how chemical approached by a fireworks company that wanted to hire me.

ot sido projoct dovoloping chomical compositions for firo-
can be represented with formulas and pictures. As you m R i i e e o 151 T0 Dol U B iy o sy ats o e

. . . that published, the army called and wanted to work with me on some military pyrotechnic applica-
Section D, you will again be asked to model elements, compound tions, and my pyrotachnic chomistry caroer roally shot off. Nowadaye. 1 do (raihing sominars fr poo-
tions, and translate among symbolic, p articulate, and macroscoy] 5);5‘:?:;52:";& 2.&::;“1,4 that explodes: from people who design and manufacture fireworks to people

Q. How do fireworks work?

A. Every fireworks mixture neads at least one chemi-
cal that's oxygen rich and one chemical that acts as a
fusl. By choosing theso compounds carefully, wecan

¢ how much heat will be produced once a
rework o s i, how fast  rescton wilake plco,
and what solid and gas products will be produced. To
make fireworks more attractive, we include compounds
that color the flames produced when they explode. Dif-
forent elements produce difforent colors when they

ds burn bright

red. Barium compounds produce a green light. Sodium
compounds have a yellow-orange flame.







Preface

Dear Learners and Educators,

It is my pleasure to welcome you to the Chemistry in the Community (ChemCom) family. First
published in 1988, this innovative text introduces high school students to chemistry on a
“need-to-know” basis in the context of real-world issues. ChemCom was developed with initial
funding from the National Science Foundation and has received ongoing support from the
American Chemical Society (ACS) and its publisher, W.H. Freeman.

The goals of Chemistry in the Community have remained constant throughout all six editions.
ChemCom is designed to help students

e Develop an understanding of chemistry

e Cultivate problem-solving and critical-thinking skills related to chemistry

e Apply chemistry knowledge to decision-making about scientific and technological issues
e Recognize the importance of chemistry in daily life

e Understand benefits, as well as limitations, of science and technology

The writing team, led by Editor-in-Chief Angela Powers, has drawn upon the expertise of
ChemCom teachers, insights gained through education research, and advances in new areas
of chemistry in revising the text. The sixth edition of ChemCom features a stronger emphasis
on sustainability and green chemistry, topics of increasing importance in applying scientific
solutions to global challenges. This focus aligns with the mission of the American Chemical
Society, which is “To advance the broader chemistry enterprise and its practitioners for the
benefit of Earth and its people.”

| am confident that Chemistry in the Community will provide you with an exceptional
foundation in chemistry, one that will increase your appreciation for and understanding of
the role of chemistry in everyday life, while preparing you for further study in the chemical
sciences. ChemCom truly embodies the vision of the ACS, “Improving people’s lives through
the transforming power of chemistry,” and | am pleased that your introduction to high school
chemistry begins with Chemistry in the Community.

Sincerely,

Mary Kirchhoff
Education Division
American Chemical Society

XXX1
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What is chemistry?

SECTION A

The Central Science (page 4)

How do chemists
investigate?

SECTION C
Inquiry and Investigation
(page 8)

What is community?

SECTION B
Living Within Communities
(page 7)

How is ChemCom
designed to help you learn

and apply chemistry?

SECTION D
Learning and Applying
Chemistry (page 15)

You are about to begin the study of chemistry, which
may change the way you look at the world around
you, including the products and resources you use,
the food you eat, and the air you breathe. What is

chemistry? How is it important in your life and in
your community?

Turn the page to begin your exploration of
Chemistry in the Community.




SECTION

Unit 0 Getting to Know Chemistry in the Community

THE CENTRAL SCIENCE

Wh

at is chemistry?

GOALS

Goals highlight important skills and concepts that you should master
while studying each section of the text. (In other units, you will find
goals for each section. The goals here are for all of Unit 0.) Content and
activities within each section support and lead to the section goals.
Goals can also help you to organize and monitor your learning as you
progress through the course.

Define chemistry and recognize its presence all around you.
Develop a concept of community.

Understand the roles and responsibilities required when
working in a group.

Know and apply safety guidelines in the laboratory and be able
to recognize safety concerns in an investigation.

Begin to become familiar with the structure of investigations
within ChemCom.

Identify characteristics and expectations of features within
ChemCom.

Begin to use tools and strategies to assess your learning in
chemistry.

concept check 1

Concept Checks will help you draw out knowledge you already
have about a topic. You may be asked to refer to topics that you
studied in previous courses or in previous units. At least one
question in each Concept Check will ask about something you
have not yet studied in this course, but about which you may
have some initial ideas.

1. What motivated you to study chemistry?

2. What topics did you expect to study when you enrolled in
this course?

3. How do you use chemistry in your daily life?

4. How would you define chemistry?




A.1 WHAT IN THE WORLD IS
CHEMISTRY?

You are likely taking a chemistry course for the first time. Even if you have
not realized it, you have been immersed in chemistry all of your life. Chem-
istry is the study of matter and its changes. Matter is the “stuff” all around
you that makes up your home, your vehicle, what you wear—and, in fact,
even you. Common examples of changes in matter include digesting food,
burning fuel, making synthetic fabrics, and producing medicines. As some-
one wryly observed, you simply cannot ignore chemistry, because chemistry
will not ignore you.

Each unit in this textbook introduces a chemistry-related concern that
affects your life or your community. You will complete laboratory investiga-
tions and other activities that encourage you to apply your chemistry knowl-
edge and skills to a particular issue or problem. You will seek solutions and
weigh consequences of decisions that you and your classmates propose.

To get ready for these challenges, look at the images in Figure 0.1. Which
of the images evoke the concept of chemistry as you currently understand it?
Why? Discuss your thoughts with a classmate or group of classmates. Now,

as a group, look at the images that you did not choose.
What aspects of the object or situation actually do
involve chemistry? Keep these ideas in mind as you
preview the issues and related chemistry you will
address in this course.

SECTION A The Central Science

Figure 0.1 How do
these seemingly unrelated
images—canyons, fabric,
bacteria, people—relate
to the study of chemistry?




Garbage incinerators
reduce the volume of solid
waste (trash) by burning it

at high temperature,

resulting in the formation of
ash, gases, and heat.
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I MAKING DECISIONS
A.2 WHY STUDY CHEMISTRY?

Making Decisions activities give you experience with real-life decision-
making strategies—many related to the unit challenge. Each Making Deci-
sions activity asks you to gather and analyze data, then propose a solution,
ask further questions, or make a supported claim.

Part I:

Work with a partner or group to identify benefits of knowing chemistry in a
variety of settings. Discuss each situation with your partner or group and
make a list of your answers.

1. You might have already begun thinking about your life after high
school. List some career options that you have considered. For each
option that your group lists, explain how an understanding of
chemistry would be necessary or useful.

2. Consider a situation in which you are living in a town that must
decide whether a garbage incinerator should be built nearby. How
would an understanding of chemistry help you make an informed
decision about how to vote?

3. How is knowledge of chemistry useful to a consumer? List and
explain at least 10 specific examples.

Part II:

In this part of the activity, you will talk to family members or friends who are
not enrolled in chemistry. Discuss each of the questions in Part I with two or
three people (at least one should not be a student) and compile their responses
to share with the class.




SECTION B Living Within Communities

CECTION LIVING WITHIN
COMMUNITIES

What is community?

A ChemQuandary is a puzzling, chemistry-related question or situation
designed to stimulate your thinking. A ChemQuandary often results in
more questions than answers and rarely has a single “correct” answer.
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SECTION

INQUIRY AND
INVESTIGATION

How do chemists investigate?

One of the most important tools available to chemists is the process of
inquiry. You may already be familiar with inquiry, which can be generally
defined as a seeking of information through questioning. Chemists and other
scientists use scientific inquiry to guide their investigations of natural phe-
nomena.

As a student of chemistry, you will practice the skills and abilities neces-
sary to do scientific inquiry. You will also develop your own understanding
of scientific inquiry, so that you can explain how scientific knowledge devel-
ops and changes; that is, how we know what we know.

Investigations are an integral part of Chemistry in the Community and
provide opportunities to learn and practice scientific inquiry. This initial
investigation will help you become familiar with the structure of scientific
inquiry in this text, as well as some of the equipment in your school’s chem-
istry laboratory.

C.TINVESTIGATING SAFELY

Although no human activity is completely risk-free, if you use common
sense, as well as chemical sense, and follow the rules of laboratory safety,
you should encounter no safety problems in the laboratory. Chemical sense
is just an extension of common sense. Sensible laboratory conduct will not
happen by memorizing a list of rules any more than a perfect score on a writ-
ten driver’s test ensures an excellent driving record. The true “driver’s test”
of chemical sense is your actual conduct in the laboratory.

The following safety pointers apply to all laboratory activity. For your per-
sonal safety and that of your classmates, make adherence to these guidelines
second nature in the laboratory. Your teacher will point out any special
safety guidelines that apply to each investigation. Two safety icons appear in
your textbook. They appear at the beginning of the laboratory procedure, but
apply to the entire investigation.

When you see the goggle icon, you should put on your protective goggles and
continue to wear them until you are completely finished in the laboratory.

The caution icon means there are substances or procedures requiring
special care. See your teacher for specific information on these cautions.
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Rules of Laboratory Conduct

1.

Do laboratory work only when your teacher is present. Unauthorized
or unsupervised laboratory experimentation is not allowed.

Your concern for safety should begin even before the first laboratory
investigation. Before starting any laboratory work, always read and
think about the details of your investigation.

Know the location and procedures for use of all

safety equipment in your laboratory.

These should include the safety

shower, eye wash, first-aid kit, fire

extinguisher, fire blanket, exits (and

evacuation routes), and emergency

warning system.

Wear a laboratory coat or apron and
impact/splash-proof goggles for all
laboratory work. Wear closed shoes
(rather than sandals or open-toed
shoes), preferably constructed of leather
or similar water-impervious materials,
and tie back loose hair. Shorts or short

skirts must not be worn. See Figure 0.2. Figure 0.2 These students are
Clear your bench top of all unnecessary material, wearing appropriate clothing for
such as books and clothing, before starting your work. laboratory work. Note that the lab

Check chemistry labels twice to ensure that you have the bench is clear of miscellaneous clutter.

correct substance and the correct solution concentration.
Some chemical formulas and names differ by only a letter or a
number.

. You may be asked to transfer some chemical substances from a

supply bottle or jar to your own container. Do not return any excess
material to its original container unless authorized by your teacher,
as you may contaminate the supply bottle.

8. Avoid unnecessary movement and talk in the laboratory.

9. Never taste any laboratory materials. Do not bring gum, food, or

drinks into the laboratory. Do not put fingers, pens, or pencils in your
mouth while in the laboratory.
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10.

11.

12.

13.

14.
15.
16.
17.

18.
19.

If you are instructed to smell something, do so by fanning some of the
vapor toward your nose. Do not place your nose near the opening of
the container. Your teacher will show you the correct technique.

Never look directly down into a test tube; view the contents from the
side. Never point the open end of a test tube toward yourself or your
neighbor. Never directly heat a test tube in a Bunsen burner flame.
Any laboratory accident, however small, should be reported
immediately to your teacher.

In case of a chemical spill on your skin or clothing, rinse the affected
area with plenty of water. If your eyes are affected, rinse with water
immediately and continue for at least 10 to 15 minutes. Professional
assistance must be obtained.

Minor skin burns should be placed under cold, running water.
When discarding or disposing of used materials, carefully follow all
provided instructions. Waste chemical substances usually are not
permitted in the sewer system.

Return equipment, supplies, aprons, and protective goggles to their
designated locations.

Before leaving the laboratory, make sure that gas lines and water
faucets are shut off.

Wash your hands before leaving the laboratory.

If you are uncertain or confused about proper safety procedures, ask
your teacher for clarification. If in doubt, ask!

DEVELOPING SKILLS
C.2 SAFETY IN THE LABORATORY

AND EVERYDAY LIFE

Developing Skills activities reinforce the skills, concepts, and processes
discussed and demonstrated in the preceding section. Each question has a
specific answer or set of answers. Developing Skills activities usually begin
with a sample question to model expected responses.

If you understand the reasons behind them, the safety rules listed in
Section C.1 will be easy to remember and to follow. To become more familiar
with the safety rules, complete the following activities.
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Sample Problem: Identify a rule similar to Safety Rule #1
that applies in everyday life.

In most U.S. states, inexperienced drivers must have a licensed,
adult driver in the vehicle with them while they are learning to
drive. This is similar to requiring an experienced, adult scientist
in the laboratory while learning to investigate.

1. For Safety Rules 2-10, identify a similar rule or precaution that
applies in everyday life—for example, in cooking, repairing or driving
a car, or playing a sport.

2. For Safety Rules 11-19, briefly describe possible harmful
consequences if the rule is not followed.

3. Look again at Figure 0.2. Which safety rules are illustrated in
the image?

B INVESTIGATING MATTER
C.3 DENSITY OF SOLIDS AND LIQUIDS

Asking Questions

Scientific investigations usually begin with a question to be answered through
data gathering and experimentation. Sometimes this question will be pro-
vided, while other times you will be asked to develop the question with your
laboratory partners or classmates.

Your teacher will demonstrate the behavior of several solids and liquids with
water. Your goal for this initial investigation is to be able to determine in
advance—to predict—whether solids and liquids will float or sink when placed
atop water. The question for this investigation could be phrased as: How can I
predict whether a solid or liquid will sink or float when I add it to water?

Preparing to Investigate

Before you begin experiments, it is important to clearly outline a procedure
for gathering evidence that includes identifying the data to be collected and
the steps to be followed. In some cases, a complete or partial procedure will
be included in the investigation, but many times you will devise all or part of
the procedure with your laboratory partners or classmates

Whether the procedure is provided or devised, you will need to study it
completely before beginning. You will also need to create a system—usually a
data table—for recording the observations and measurements you will make
during the investigation.




Unit 0 Getting to Know Chemistry in the Community

Before you begin, read Gathering Evidence to learn what you will need to
do and note safety precautions. Gathering Evidence also provides guidance
about when you should collect and record data. Construct a data table appro-
priate for recording the data you will collect. In your data table, create six
columns: one column will be used to list the solids and liquids tested, and
the other columns will be used to record each result for dimensions, volume,
mass, density, and sinking/floating behavior.

Making Predictions

In some investigations, you will predict what you think will happen as you
gather evidence. These predictions should be based on your prior experience
and will not be evaluated for correctness, but you may be asked to reflect
upon them after the investigation.

Since you have some experience with the behavior of solids and liquids
in water from everyday observations and prior science courses, make a pre-
diction about the differences in properties that you expect to find between
materials that float in water and those that sink. Write this prediction on the
page containing your data table.

Gathering Evidence

Gathering Evidence is the core of the investigation. It contains directions,
steps, or guidance for collecting data and observations.

Part I: Investigating Liquids
1. Before you begin, put on your goggles, and wear them properly
throughout the investigation.

2. Collect individual samples of solids and liquids as instructed by your
teacher.

3. Record the name of each sample in your data table. Label another
row of your data table “water.”

4. Find the mass of a clean, dry, 10-mL graduated cylinder to the
nearest 0.1 g. Record the mass in your data table.

5. Dispense 8 to 9 mL of
your first liquid sample
into the graduated
cylinder whose mass
you just measured.

6. Find the mass of the
graduated cylinder
containing the liquid
sample.

7. Measure and record the
volume of the liquid Figure 0.3 To find the volume of liquid in a
sample to the nearest 0.1 graduated cylinder, read the scale at the bottom
mL. See Figure 0.3. of the curved part of the liquid (meniscus).
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8. Place ~100 mL water into a 250-mL beaker.

9. Carefully pour the contents of the graduated cylinder

atop the water in the beaker. See Figure 0.4.

10. Note whether the liquid floats or sinks,
then dispose of the contents of the
beaker as directed by your teacher.

11. Repeat Steps 4-10 for each remaining
liquid sample, then repeat Steps 47
for water.

Part II: Investigating Solids

12. Find the mass of the first solid sample
to the nearest 0.1 g. Record the mass in
your data table.

13. Measure the dimensions—height,
length, and width—of the solid sample
in centimeters.

14. Place ~100 mL water into a 250-mL
beaker.

15. Gently place the solid sample atop the
water in the beaker.

16. Note whether the solid floats or sinks,
then remove the solid from the beaker

Figure 0.4 Pouring a liquid onto water.
and dry off any excess water. ° gana

17. Repeat Steps 12—16 for each remaining
solid sample.

18. Return the solid samples and clean and replace all equipment as
directed by your teacher.

19. Wash your hands thoroughly before leaving the laboratory.

Analyzing Evidence
The evidence gathered in some investigations requires further processing

before it is useful in answering questions. Guidance is often provided to
facilitate calculations and other analysis.

Recall that the formula for density is mass divided by volume.

1. Calculate the mass of each liquid sample, including water. Record the
answer in your data table.

2. Calculate the volume of each solid sample by multiplying width by
length by height for each sample. Record the answer in your data
table. Be sure to include units.

3. Calculate the density of each sample. Record the answer in your data
table. Be sure to include units.

The symbol “~" means
“approximately” or “about.”
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(Note: The Interpreting Evidence, Making Claims, and Reflecting on the
Investigation sections contain the results of your investigation and the con-
clusions you draw about the results. The questions in these sections are
numbered sequentially to indicate that answers build on each other as you
think about what you observed in the investigation.)

Interpreting Evidence

The next step after analyzing evidence is to ask, “What does the evidence
mean?” Answering this question allows you to propose explanations for sci-
entific phenomena. Questions within this section are designed to help you
think about implications of the evidence and connect it to the purpose of the
investigation.

1. What patterns do you notice in the data?

Making Claims
Once data have been analyzed and interpreted, an answer to the initial ques-

tion can be proposed. This answer often comes in the form of a scientific
claim. Such claims must be supported by evidence from the investigation.

2. What claim can you make about whether a solid or liquid will sink or
float when you add it to water? (Note: Make sure that your claim can
predict sinking or floating in water.)

3. What evidence from the investigation supports your answer to
Question 27

4. If a sample of olive oil floats atop a sample of vinegar, what can you
conclude about their relative densities?

Reflecting on the Investigation

The final task in most investigations is to reflect on what was done, think
about how your understanding has developed, and apply what was deter-
mined to other situations.

5. Consider the prediction that you made before the investigation.
a. How does your answer to Question 2 compare to your prediction?
b. If your prediction was accurate, explain why you were able to
make an accurate prediction. If your prediction was not accurate,
describe what you were thinking when you made the prediction.
6. Consider a solid object that sinks in water. If you cut the object in
half, will it now sink or float? How do you know?
7. How could you predict the sinking/floating behavior of a solid
sample in isopropyl (rubbing) alcohol?
8. How could you predict the sinking/floating behavior of a spherical
object?




LEARNING AND

SECTION D Learning and Applying Chemistry

SECTION APPLYING CHEMISTRY

How is ChemCom designed to help
you learn and apply chemistry?

Your entire life has been a journey in learning and applying new knowledge
and skills. If you reflect on how you have learned, you will likely identify
several people, tools, resources, and strategies that helped you, including
skilled teachers, parents, books, Internet articles, hands-on activities, debates,
group discussions, writing, and exploring ideas and objects. Through it all,
though, you are the most important part of the learning process. When you
are motivated to learn something, you feel pride in your efforts because you
know that you own that knowledge—it is yours to use forever!

You already know some chemistry, whether it is from taking a previous
science course or from your life experiences to this point. The ChemCom
textbook is an important tool (but not your only tool) for learning more chem-
istry. It has been designed with you in mind—your motivations, interests,
possible ideas you already have about chemistry, and activities that will
engage you and help you begin thinking more like a chemist. In this section,
you will learn more about how specific features within ChemCom are struc-
tured to help your learning.

concept check 2

1. Why is it important to study chemistry?

2. What is the purpose of laboratory investigations?

3. Reflect on your past learning experiences. Describe three
activities or strategies that seem to really help you learn.

4. Describe how you use textbooks to help you learn.




Figure 0.5 A club sandwich
analogy for the structure of a
ChemCom unit.
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D.1 LEARNING ACTIVITIES IN A
CHEMCOM UNIT

You have already encountered several of the main titled features in
ChemCom. In Section A, you completed a Making Decisions activity. In Sec-
tion C, you completed a Developing Skills activity, which required you to
apply your knowledge of laboratory safety. In Section C, you also performed
an Investigating Matter laboratory activity. Along the way, you completed
two Concept Checks and a ChemQuandary.

Figure 0.5 uses a “club sandwich” analogy to illustrate the overall struc-

The bread: Each ChemCom unit is
framed and driven by chemistry-
related issues or problems embedded
within community, regional, national,
or global settings. The unit begins by
framing the issue; the issue is revis-
ited throughout the unit; and the
issue is the basis for “putting it all
together” at the end.

ture of each ChemCom unit. Examine the figure and then refer back to it as
you examine a ChemCom unit in Developing Skills D.2.

—/>

The meat, cheese, and veggies: Regu-
lar features that appear throughout
the unit. Developing Skills activities
give you practice applying chemistry
ideas and problem-solving skills.
Investigating Matter activities pro-
vide opportunities to interact with
matter and to develop your inquiry
skills. Modeling Matter activities
make abstract chemical ideas easier
to grasp and require you to interpret
and draw visual representations of
matter. Making Decisions activities
give you experience with real-life
decision-making  strategies—many
related to the unit’s organizing theme.
(This may make them more like the
“bread” in the middle of the unit.)
Section Summary questions appear
at the end of each section and help
you to review, connect, and extend
what you have learned.

The condiments: Goals, Concept Check
questions, Chemistry at Work features, and
ChemQuandary puzzles appear less often
(though very regularly) throughout the text
and help hold the activities and concepts
together—and make the sandwich tastier.
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DEVELOPING SKILLS

D.2 EXPLORING THE STRUCTURE OF
A CHEMCOM UNIT

The following questions will help you become more familiar with the
ChemCom text. The first question addresses the chemistry-related challenges
that drive each unit, whereas the remaining questions require you to find,
describe, and use various textbook features within ChemCom.

Sample Problem: What is the challenge that you will address
in Unit 1? What key chemistry ideas will you need to learn more
about to complete this challenge? What is the final product that
you will be expected to create to demonstrate your knowledge of
chemistry and your solution to the problem?

To address these questions, look at the opening page of Unit 1, the
Making Decisions activities at the end of each section, and the
Putting It All Together at the end of the unit.

The opening Web page identifies the Unit 1 challenge—to decide
whether a dollar coin is “greener” than a dollar bill and examine
the many issues affecting use of the dollar coin. With your class,
identify and discuss some of the key chemistry ideas that you will
encounter while addressing this challenge and the final product
that you will create.

Your teacher will divide your class into six groups. Each group will be
assigned a unit.

1. Look at the opening page of your unit, the Making Decisions
activities at the end of each section, and the Putting It All Together at
the end of your unit, then answer the following questions.

a. What is the challenge that you will address or problem you will
solve in the unit?

b. What are the key chemistry ideas that you will need to learn more
about to complete the challenge?

¢. How might your solution to the challenge or problem impact your
life or the lives of people around you?

d. What is the final product that you will be expected to create to
demonstrate your knowledge of chemistry and your solution to
the problem?

e. Refer back to Figure 0.5. Describe how the challenge and its
components are represented by the bread in the club sandwich
image.
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2. Some major features within ChemCom are Developing Skills,

Investigating Matter, Modeling Matter, and Making Decisions. Look at
these activities within your assigned unit and answer the following
questions:

a. How does each of the following activities help you complete
the unit challenge?

i. Developing Skills
ii. Investigating Matter
iii. Modeling Matter
iv. Making Decisions

b. What do you think is the primary purpose of the Investigating
Matter feature?

c. How could Modeling Matter help you understand new chemistry
ideas?

d. What role do these activities play in the club sandwich analogy?
Explain this in your own words.

. The beginning of each section lists goals for concepts and skills you
should develop within that section. Examine at least one of these
lists in your unit. (Note: You are not expected to know and be able to
do everything in this list before beginning the section.)

a. How could you use the goals to help monitor your learning while
you are working through a section?

b. How could you use the goals to check your understanding once
you’'ve completed a section?

c. How are Concept Checks and Section Summary questions related
to section goals?

d. How are Goals, Concept Checks, ChemQuandaries, Chemistry at
Work features, and Section Summary questions

i. important to the structure of a ChemCom unit?
ii. important to your learning?

. Figure 0.5 uses an analogy to illustrate the structure of a ChemCom
unit. You will encounter several analogies in other figures and in
Modeling Matter sections.

a. What is your definition of an analogy?

b. How are analogies useful when learning a new idea?
¢. How can analogies be confusing or incomplete?
d.

Suggest a different analogy for the structure of a ChemCom unit.
Describe your analogy.




PUTTING IT ALL TOGETHER

WELCOME TO CHEMISTRY

A Putting It All Together activity concludes each of the seven units in
ChemCom. In these culminating activities, you will sum up, review, and
apply knowledge gained through your study of the unit. In each case, you
will produce a performance and a product to communicate and defend a
position on a science-related community issue.

A LETTER TO YOURSELF

Through this introductory unit, you have had the opportunity to consider
what it means to be enrolled in a chemistry course using the ChemCom text-
book. Reflect upon the activities in this unit, then compose a letter to your-
self, welcoming you to this course. Be sure that your letter addresses the
following questions:

e What does “success” mean for you in this course?
e What will you do in order to be successful in chemistry?
e How will you know whether you are successful in chemistry?

¢ How will you contribute to the overall success of your classroom
community?

e How is your success important for the well-being of the larger
community as you have defined it in this unit?

Your letter is a confidential communication between you and your teacher. It
will be evaluated for thoughtfulness and the degree to which you address
each question with the knowledge you have gained in this unit. Your answers
may differ from those of your classmates.

Good luck, and welcome to chemistry!







How do chemists describe
matter?

SECTION A
Building Blocks of Chemistry

(page 24)

How can the periodic
table be used to help
explain and predict the

properties of chemical

elements?
What is the role of SECTION B
chemistry in the life cycle Periodic Trends (page 50)
of metals?
SECTION C
Minerals and Moles
(page 82) How is conservation of

matter demonstrated in

the use of resources?

SECTION D
Conservation and Chemical
Equations (page 116)

The U.S. Mint is promoting the use of dollar coins
instead of dollar bills. In what ways might coins be
superior to bills? How do the properties of each form

of currency depend upon their composition?
Turn the page to start learning how to answer these
questions—and consider the future of the U.S. dollar.




Have You Seen the U.S. One-Dollar Coin?

Are you collecting the Presidential or Native American $1 coins? Have you actu-
ally used a $1 coin? It turns out that the U.S. Mint hopes that citizens will start
using the coins in place of the dollar bill. Although dollar coins have been tried
before (with the Susan B. Anthony dollar
in 1979 and the Sacagawea dollar in 2000)
the mint has a new strategy this time—
thinking green. It turns out that a dollar
coin lasts about 30 years, while a dollar
bill lasts (on average) just 18 months. In
addition, used coins can be completely
recycled into new coins, while most used
currency (bills) ends up in a landfill. But
will consumers use the dollar coin, even if
Our heighbors in Canada use they believe that it is more sustainable
one-dollar and two-dollar coins.  than the dollar bill?

I challenge you, as fellow citizens concerned about the planet, to tackle the
following questions:
e Why are U.S. consumers reluctant to use a dollar coin?
o Is the dollar coin really greener than the dollar bill?
® How could the dollar coin be redesigned to make it
(a) more acceptable to consumers and
(b) even more earth-friendly?
e How can U.S. consumers be motivated
to use dollar coins?

Look for the best submitted answers to appear on
these pages soon!

Green but are they green?

<

>




Nearly every choice that you make affects other people, and many
choices impact Earth and our environment—even selection of the form
of money that you use. How can you become well informed when mak-
ing these choices? What role does chemistry play in making everyday
decisions?

In this unit, you will consider the benefits and drawbacks of using a
dollar coin. You will gather information on the opinions of others and
evaluate claims made in the opening Web page. Your final products will
include recommendations for dollar production and use, as well as strat-
egies to convince U.S. consumers to adopt your choice of currency.

As you consider the pros and cons of coins and bills, you will learn
about Earth’s mineral resources and how nations use those resources.
You will learn why certain materials are used for particular new prod-
ucts, including currency, and how those materials are developed from
available resources. Your decisions and recommendations will be guided
by chemistry concepts and knowledge you will learn through this unit,
including chemical and physical properties of substances, relationships
among structure and properties of materials, and how to account for
atoms as they are transferred from one substance to another. In order to
successfully communicate your conclusions, you will learn how to use
representations of atoms and molecules to describe the chemical compo-
sition of your chosen materials. Throughout this unit, keep in mind how
such chemical knowledge can help guide your decision making.

Currency refers to
circulating money. In this
unit we will use it to
include both coins and
bills (banknotes).




SECTION

Figure 1.1 What properties should be
considered when designing currency?

Unit 1 Materials: Formulating Matter

BUILDING BLOCKS OF
CHEMISTRY

How do chemists describe matter?

Every human-produced object, old or new, is made of materials selected
for their specific properties. What makes a particular material best for a
particular use? You can begin to answer this question by exploring some
properties of materials.

In this unit, you will be considering the design of something that you
use every day—money. Throughout history, people have used many dif-
ferent items as money: beads, stones, printed paper, and precious met-
als, to name a few (see Figure 1.1). What characteristics make a material
suitable (useful) as money? How important is appearance? Cost? Sus-
tainability? What other characteristics or properties can you suggest?

As you examine designs and properties of currency, you will gather
information as scientists do in order to consider properties that make
materials appropriate for specific applications. You will also begin to
describe matter using a language shared by chemists and other scien-
tists around the world. Think about the ways in which chemists describe
matter as you investigate the money that you use and make recommen-
dations for the currency of the future.

GOALS

* Make predictions and observations of chemical and physical
changes. Record observations in organized data tables.

¢ Distinguish between chemical and physical properties and
between chemical and physical changes.

o C(Classify specific examples as either chemical or physical
properties. Classify specific examples as either chemical or
physical changes.

e Recognize chemical symbols and formulas that represent
elements and compounds. Use chemical symbols and formulas
to describe the composition of materials.

e Interpret and create models that represent elements and
compounds at the particulate level.

e C(Classity selected elements as metals, nonmetals, or
metalloids based on observations of chemical and
physical properties.




concept check 1

1. Based on what you already know, how would you describe
matter?

2. Read the Section A Goals. You may already be familiar with the
concepts and terminology in some of the goals; others might be
less familiar to you. (Don‘t worry—you're not expected to be able
to achieve the goals at this point.)

a. For those concepts or terms that seem familiar to you, write
down what you think they mean at this point. Give a specific
example to illustrate your understanding.

b. Identify concepts and terms that you do not know. You will
learn more about these ideas in Section A.

B INVESTIGATING MATTER

A.1 EXPLORING PROPERTIES
OF MATTER

Preparing to Investigate

One of the most important decisions that designers of coins and bills must
make is the choice of material (or materials) that will make up the currency.
In order to select or evaluate currency materials, they must investigate and
predict properties of many different materials. In this investigation, you
will predict and observe properties and changes of several materials (most of
which will already be familiar to you). Focus on making careful observa-
tions; even if you have not practiced this skill in the laboratory before, you
have already developed a sense for properties of some materials and have
encountered hundreds of chemical reactions in your daily life. You will refer
back to the observations you make within this investigation as you develop
your understanding of chemistry ideas throughout this unit.

Before you begin, read Gathering Evidence to learn what you will need to
do and note safety precautions. Gathering Evidence also provides guidance
about when you should collect and record data.

Making Predictions

Predict what you think will happen in each of the activities, and write down
your predictions. A sample data table is provided here.

DATA TABLE
Investigation number Predictions Observations
1
2

e e T T T N W VALY,

SECTION A Building Blocks of Chemistry




An inference is a conclusion
based on analysis of data
and observations.

Unit 1 Materials: Formulating Matter

Gathering Evidence

Before you begin, put on your goggles, and wear them properly throughout
the investigation.

Six stations, A through F, have been set up around the laboratory. At each
station, you will complete the investigations indicated for that station. The
stations can be completed in any order; that is, work at Station D can be
completed before Station B activities, and so on. When working at a particu-
lar station, you must complete the investigations at that station in order.
Follow these general instructions:

¢ Take note of what the station looks like and how it is set up. You
will be expected to reset it after you are finished.

e Reread the procedure and safety reminders.
e Review your predictions.
¢ Complete the investigation.

o Record your complete data and observations. Quantitative data
may include masses or volumes measured using tools such as a
balance or graduated cylinder. Observations refer to data you can
collect using your senses. Thus record what you see, hear, feel, or
smell. (Caution: Never taste anything in the laboratory.)

o At this point, do not try to go beyond observations to infer what is
happening. For instance, suppose you add two liquids together
and a solid forms. Your observation would be, “When I poured
liquid A into liquid B, it became cloudy. After a few minutes, I
saw some white powder on the bottom of the test tube, with clear,
colorless liquid on top.” Later you may decide that the
observation is evidence that a chemical reaction occurred;
however, your conclusion about the reaction is an inference about
what happened, not an observation. While you are engaged in the
investigations, simply focus on making accurate, detailed
observations.

e Restore the station to its original condition.

When you have completed your work at all six stations, answer the ques-
tions that follow Investigation 13 to analyze and interpret evidence, and
reflect upon the investigation.

Station A: Paper

Investigation 1

1. Tear a small piece of paper into smaller pieces and place the pieces
on a watch glass.

2. Record your observations.

Investigation 2

1. Place the watch glass and pieces of paper on a heat-resistant
ceramic pad.
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2. Light the pieces of paper with a match and allow them to burn
completely.

3. Record your observations.

4. Discard the burned paper as directed by your teacher, clean the
watch glass, and reset the station.

Station B: Solutions

Investigation 3
1. Place two clean, dry test tubes into a test tube rack.

2. Dispense one drop of Universal Indicator into one of the clean, dry
test tubes.

3. Add 10 drops of ammonia solution to the test tube containing the
Universal Indicator.

4. Record your observations. Keep the test tube and its contents for
Investigation 4.

5. Dispense one drop of Universal Indicator into a second clean, dry
test tube.

6. Add 10 drops of vinegar to the second test tube.

7. Record your observations. Keep the test tube and its contents for
Investigation 4.

Investigation 4

1. Carefully pour the contents of the test tube containing ammonia
solution from Investigation 3 into the test tube containing vinegar
from Investigation 3.

2. Touch the outside of the test tube at the level of the combined
solutions.

3. Record your complete observations.

4. Discard the test tube contents as directed by your teacher, clean
both test tubes, and reset the station.

Station C: Blue Crystals

Investigation 5
1. Use a spatula to place a blue crystal into
the mortar. See Figure 1.2.
2. Use the pestle to grind the blue crystal.
3. Record your observations.
4. Put the powder into a crucible to use for
Investigation 6. Figure 1.2 Ablue crystal is transferred into a
5. Clean and reset the station as instructed mortar. Note the pestle, which will be used to
by your teacher. grind the crystal in Step 2.




A

The appearance of a

hot plate surface does not
change when it is hot.
Always exercise caution
when using hot plates.

A
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Investigation 6

1.

e N oo

Turn on the hot plate to a setting of “high.” (Caution: Do not touch
the hot plate surface. It may already be hot.)

Measure and record the mass of the crucible and blue powder from
Investigation 5.

Place the crucible on the hot plate and heat for 3 minutes, stirring
gently with the glass stirring rod. Use tongs to hold the crucible as
you stir. See Figure 1.3.

Figure 1.3 Heating
and stirring blue powder
in Investigation 6.

. Use tongs to remove the crucible from the hot plate and allow it to

cool for several minutes.

. Measure and record the mass of the crucible and its contents.
. Record your data and observations.
. Put the powder into a waste container as directed by your teacher.

. Turn off the hot plate and reset the station.

Station D: Tea lights

Investigation 7

1.

5.
6.

Turn on the hot plate to a setting of “high.” (Caution: Do not touch
the hot plate surface. It may already be hot.)

Use tongs to place the tea light (in the metal holder, without a wick)
on the hot plate.

Observe for three to five minutes.

Use tongs to carefully remove the tea light and place it on a heat-
resistant ceramic pad.

Turn off the hot plate.

Record your observations.

Investigation 8

1.

ook W

Light the wick on the second tea light with a match.
Observe for three to five minutes.

Carefully extinguish the flame.

Record your observations.

Reset the station.
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Station E: Baking soda

Investigation 9

1. Place a small amount of solid baking soda into a clean well in a
24-well plate (see Figure 1.4).

2. Add 5 drops of vinegar to the baking soda in the well.

3. Make careful observations and record your results.

Investigation 10

1. Dispense 10 drops of baking soda solution from a dropper bottle or
pipet into a clean well.

2. Add 5 drops of vinegar to the baking soda solution in the well.
Figure 1.4 A spatula is used

3. Make careful observations and record your results. ) ;
to transfer baking soda into a

. . 24-well plate in Investigation 9.
Investigation 11 P '9

1. Dispense 10 drops of baking soda solution from a dropper bottle or
pipet into a clean well.

2. Add 1 drop of silver nitrate solution to the baking soda solution in
the well. (Caution: Silver nitrate solution can stain your skin or A
clothing. Handle with care.)

3. Make careful observations and record your results.

4. Discard the well plate contents as directed by your teacher, clean the
well plate, and reset the station.

Station F: Metals

Investigation 12

1. Count and use 10 post-1982 pennies to make
the measurements that follow.

2. Make sure the 10 pennies are completely dry.
Then measure and record the mass of the
10-penny sample.

3. Pour ~50 mL of water into a 100-mL graduated

cylinder. Accurately measure and record the Figure 1.5 To find the
volume of water in the cylinder. See Figure 1.5, volume of a liquid in a
which demonstrates how to use a graduated graduated cylinder, read
cylinder to measure volume. the scale at the bottom

4. Carefully place your 10 pennies into the of the curved part of the

graduated cylinder. Accurately measure and
record the volume of water (plus objects).

liquid (meniscus).

5. Remove the pennies from the cylinder and dry them.

6. Repeat steps 1-5 using a different set of metal objects (10 nails, 10
pre-1982 pennies, or other available metal samples).

7. When you have completed this procedure for at least two metal
samples, reset the station.




Recall that density refers to
the mass of a material
within a given volume.
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Investigation 13

1.
2.

Fill a clean test tube to a height of 2 to 3 cm with blue solution.

Use forceps to carefully place an iron nail into the test tube so that it
is partially, but not totally, immersed in the blue solution.

Record your observations over several minutes.

Remove the nail from the solution and record any additional
observations you have.

Dispose of the solution and the nail as directed by your teacher, clean
the test tube, and reset the station.

Analyzing Evidence

1.

In which investigations did you collect
quantitative data?

The density of solid objects is often reported
using units of g/cm?. A cubic centimeter (cm?®) -
is equal to 1 milliliter (mL). See Figure 1.6. How TN
can you use your data from Investigation 12 to
determine the density of post-1982 pennies?

N3

Figure 1.6 One

cubic centimeter

a. Calculate the density of post-1982 pennies. (shown actual size).

b. Calculate the density of the other metal Tem?=1mL
object(s) you tested in Investigation 12.

Interpreting Evidence and Making Claims

1.

Did either treatment of the paper at Station A create a new material?
How do your observations support your thinking?

When you added the ammonia and vinegar solutions together in
Investigation 4, did you form a new substance? How do you know?
Did either treatment of the blue crystals at Station C create a new
material? Why do you think that?

Was the burning tea light different from the melting tea light at
Station D? Describe the observations that led to your conclusion.

Did any of the investigations of baking soda at Station E create a new
material? How do your observations support your thinking?

Reflecting on the Investigation

6.

Identify one investigation in which your observations closely

matched your predictions. Why do you think your prediction was so

accurate?

Identify one investigation in which your observations were different

from your predictions.

a. Describe what you were thinking when you made the prediction.

b. Write one question you have about the investigation now that
your observations did not match your prediction.
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8. In your own words,

a. describe what it means to make observations during investigations
in the laboratory.

b. identify types of evidence you will look for as you make
observations in future investigations.

A.2 PROPERTIES MAKE THE Be careflto avoid

thinking that changes

DIFFERENCE such as formation of a

gas or solid, color

Every substance has characteristic properties that distinguish it from other change, or temperature
substances, thus allowing it to be identified. These characteristic properties ;hdéwi!iz C:Qh(e):‘i‘
include physical properties such as color, density, and odor—properties that change. Some of these
can be determined without altering the chemical makeup of the material. events can also be
Physical properties and the ability (or inability) of a material to undergo observed during a
physical changes, such as melting, boiling, and bending, influence whether physical change. As an
and how a material is used. In a physical change, the material remains the ;;ir:vﬂil ;h(;zz;fvévsjta
same, even though its form appears to have changed. A simple example of a container of water boils.
physical change is the tearing of paper in Investigation 1 of Investigating
Matter A.1. Although the paper has a different appearance after tearing, it is
clearly the same material.

When a substance changes into one or more new substances, it has under-
gone a chemical change. A substance’s chemical properties, which relate to
any kind of chemical changes it undergoes, often determine its usefulness.
Consider the common chemical change of iron rusting. The tendency of a
metal to combine with oxygen, such as when iron rusts, is the chemical
property that accounts for this chemical change. You can often detect a
chemical change by observing one or
more indications of a change, such as the
formation of a gas or solid, a permanent
color change, or a temperature change,
which indicates that thermal energy has
been absorbed or given off. For instance,
you observed the formation of bubbles
in Investigation 9 of Investigating Matter
A.1. This is a good indication that mix-
ing vinegar and baking soda results in a
chemical change. Figure 1.7 illustrates
some physical and chemical changes of
copper.

Both chemical and physical proper-
ties are important when choosing materi- Figure 1.7 Examples of physical and chemical
als for particular applications, such as changes involving copper. Bending does not al-
Coin-making. In the following activity,  ter the chemical identity of the copper (above),
you will classify some characteristics of  but allowing the copper to react with nitric acid
common materials as either physical or  (right) does. What evidence can you find in the
chemical properties. photos to support these conclusions?
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The blue crystals you
investigated in Station C
of Investigating Matter
A1 contain copper.

Materials: Formulating Matter

DEVELOPING SKILLS

A.3 PHYSICAL AND CHEMICAL

PROPERTIES

Sample Problem 1: Consider this statement: Substances
containing copper are often blue in color. Does the statement
describe a physical or chemical property?

To answer this, first ask yourself a question: Was the substance
chemically changed for its color to be observed? If the answer is
no, then the statement describes a physical property; if the answer
is yes, then the statement describes a chemical property. You can
observe this property—color—without changing the chemical
makeup of the copper-containing substance. Color is a characteris-
tic physical property of many substances.

Sample Problem 2: Consider this statement: Oxygen gas
supports the burning of wood. Does the statement refer to a
physical or chemical property of oxygen gas?

If you apply the same key question—is there a change in the
identity of the wood and the oxygen?—you will arrive at the
correct answer. As you have no doubt noted, the ash left over from
a campfire looks nothing like the original wood that was burned.

In fact, the burning—or combustion—of wood involves chemical
reactions between the wood and oxygen that change both materials.
The reaction products of ash, carbon dioxide, and water vapor are
very different from wood and oxygen. Thus, the statement refers to
a chemical property of oxygen (as well as of wood).

Wood burning




Now it’s your turn. Classify each statement as describing
either a physical property or a chemical property. (Hint:
Decide whether the chemical identity of the material does
or does not change when the property is observed.)

1.

NS a s

Pure metals have a high luster (are shiny and reflect
light).

. The surfaces of some metals become dull when

exposed to air.

. Nitrogen gas, a relatively nonreactive material at

room temperature, can form nitrogen oxides at the
high temperatures of an operating automobile engine.

. Milk turns sour if left too long at room temperature.
. Diamonds are hard enough to be used as a coating for drill bits.
. Metals are typically ductile (can be drawn into wires).

. Leavened bread dough increases in volume if it is allowed

to “rise” before baking.

. Unreactive argon gas, rather

than air, is used to fill many
light bulbs to prevent the metal
filament wire inside the bulb
from being destroyed through
chemical reactions.

. Generally, metals are better

conductors of heat and
electricity than are nonmetals.

Sample Problem 3: Consider the activities you completed in
Investigating Matter A.1. Write a statement similar to those in
Questions 1-9 based on one of your observations. Then identify
whether your statement describes a physical or chemical property.

It may be easiest to first identify a particular observation that you
think illustrates either a chemical or physical property. Then write
the statement. For instance, you might be relatively certain that
burning paper in Investigation 2 resulted in a chemical change. You
could then write “Paper turns black and curls up when burned” as
your statement and identify it as a chemical change.

10.

For each of the following settings or situations, write a statement
similar to those in Questions 1-9 and then identify whether your
statement describes a physical or chemical property.

a. One of your observations in Investigating Matter A.1. (Do not
refer to Investigation 2, which was used in Sample Problem 3.)

b. Your everyday experiences.

c. One desirable property of a dollar coin.

SECTION A Building Blocks of Chemistry

Metallic luster

Bread rising
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Figure 1.8 Zinc-copper and
copper pennies (top); “new”
and corroded zinc-plated
steel pennies (bottom).

A.4 PROPERTIES MATTER:
DESIGNING THE PENNY

As you might imagine, you need to consider many factors when selecting
materials for a specific use. A material with properties well suited to a pur-
pose may be either unavailable in sufficient quantity or too expensive. Alter-
natively, a material may have undesirable physical or chemical properties
that limit its use. In these and other situations, you can often find another
material with most of the sought-after properties and use it instead.

The cost of a material is an issue when manufacturing coins and paper
money, for example. Just imagine what would happen if the declared value
of a coin were less than the cost of its component metals. How would this
affect the production and circulation of the coin? This situation nearly
occurred in the United States about one-quarter century ago. In the early
1980s, copper became too expensive to be used as the primary metal in
pennies. In other words, the cost of the copper composing a penny was
becoming just about as great as the face value of the penny. Zinc, another
metallic element, was chosen to replace most of the copper in all post-1982
pennies. Zinc is about as hard as copper and has a density (7.14 g/cm?®) quite
close to the density of copper metal (8.94 g/cm?). Zinc is also readily available
and is less expensive than copper.

Unfortunately, zinc is more chemically reactive than copper. During World
War 1II, copper metal was in short supply. To conserve that resource, zinc-
plated steel pennies—known to coin collectors as “white cents” or “steel
cents”—were created in 1943. The new pennies quickly corroded. As you
can see in Figure 1.8, these pennies also looked considerably different from
traditional copper pennies. Production of zinc-plated pennies ended within
a year.




The problems associated with using zinc in pennies were solved in the
early 1980s. In the new fabrication, the properties of copper were used where
they were most needed—on the coin’s surface—and the properties of zinc,
where they were useful—within the coin’s body. Current pennies are com-
posed of a zinc core surrounded by a thin layer of copper metal, added to
increase the coin’s durability and maintain its familiar appearance. Figure
1.9 shows a cross-section of a post-1982 penny.

The story of the penny highlights some important physical and chemical
properties that will be important for you to consider as you evaluate the use of
dollar coins. To be able to identify the benefits and drawbacks of different forms
of currency, you need to learn more about the building blocks of all materials—
the atoms of the chemical elements. As you do so, you will also begin to learn
and practice a new “language,” using symbols and chemical formulas to repre-
sent the elements and compounds that make up all materials.

concept check 2

You determined the density of post-1982 pennies in Investigating

Matter A.1.

1. Compare your experimentally determined coin density to that
of pure copper (8.94 g/cmq) and pure zinc (7.14 g/cm?).

2. Based on this comparison, estimate the relative quantities of zinc
and copper in post-1982 pennies. (For instance, do you think
pennies are composed of equal quantities of zinc and copper?)

3. Briefly describe your reasoning, or show mathematically how
you arrived at your estimation.

A.5 THE PARTICULATE VIEW
OF MATTER

So far in this investigation of materials, you have focused on properties that
are observable with your senses and simple instruments. Have you won-
dered why metals are shiny or why mixing vinegar and baking soda solu-
tions produces bubbles? To understand why materials have specific proper-
ties, you must investigate them at the particulate level—that is, at the level
of their atoms and molecules.

The solid materials and solutions you encountered in Investigating Matter
A.1, and indeed all materials around you, are examples of matter. As you
may recall from previous science courses, matter is anything that occupies
space and has mass. All matter is composed of atoms. Atoms are often called
the building blocks of matter. Matter that is made up of only one kind of
atom is known as an element. For example, oxygen is considered an element
because it is composed of only oxygen atoms. Because hydrogen gas con-
tains no atoms other than hydrogen atoms, it too is an element. Approxi-
mately 90 different elements are found in nature, each having its own type of
atom and identifying properties.

SECTION A Building Blocks of Chemistry

Thin copper
outer layer

—— Zinc core

Figure 1.9 Cross-section
showing the structure

and composition of a
post-1982 penny.

An element cannot be
broken down into any
simpler substances.




You will learn more
about how chemical
bonds form in Unit 3.

Figure 1.10 Top row: hydrogen
(H), oxygen (O), and nitrogen (N)
atoms. Bottom row: hydrogen (H,),
water (H,0), and ammonia (NH>)

are used throughout this book to
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Consider one of the most common examples of matter—the water that
you drink everyday. What type of matter is a sample of liquid water? Is it an
element? As you probably know already, water contains atoms of two ele-
ments—oxygen and hydrogen. Thus, water is not an element. Instead, water
is an example of a compound—a substance composed of atoms of two or
more elements linked together chemically in certain fixed proportions. To
date, chemists have identified more than 30 million compounds.

Compounds and elements are represented by chemical formulas. Although
you will learn more about chemical symbols and formulas in the next sec-
tion, you are probably familiar with some already. In addition to water (H,0),
some other compounds and formulas with which you may be familiar
include table salt (NaCl), ammonia (NH,), baking soda (NaHCO,), chalk
(CaCO,), table sugar (C,,H,,0,,), and octane (CzH, ).

Each element and compound is considered a substance because each has
a uniform and definite composition as well as distinct properties. The small-
est unit of a molecular compound is a molecule, a collection of atoms that
move and act together as a single entity. Atoms of a molecule are held
together by chemical bonds. You can think of chemical bonds as the “glue”
that holds atoms of a molecule together. Oxygen is an example of an
element typically found in molecular form—two oxygen atoms bonded to
one another—whereas water is a molecular compound. One molecule of
water is composed of two hydrogen atoms bonded to one oxygen atom, hence
H,0. An ammonia molecule (NH;) contains three hydrogen atoms bonded
to a nitrogen atom. Figure 1.10 shows representations of some atoms and

molecules.
o @ O
H O N

molecules. Models similar to these
MOLECULES ®
H, H,0 NH;

depict atoms and molecules.

A.6 SYMBOLS, FORMULAS,
AND EQUATIONS

An international “chemical language” for use in oral and written communi-
cation has been developed to represent atoms, elements, and compounds.
The “letters” in this language’s alphabet are chemical symbols, which are
used and understood by scientists throughout the world. Each element is
assigned a chemical symbol. Only the first letter of the symbol is capitalized;
all other letters are lowercase. For example, C is the symbol for the element
carbon and Ca is the symbol for the element calcium. Symbols for some com-
mon elements are listed in Table 1.1 (page 38).

“Words” in the language of chemistry are composed of “letters” (symbols
representing elements). Each “word” is a chemical formula, which repre-




sents a different chemical compound. In the chemical formula of a com-
pound, a chemical symbol represents each element present. A subscript
(a small number written below the normal line of letters) indicates how
many atoms of the element just to the left of the subscript are in one unit of
the compound.

For example, the ammonia solution you used in Investigating Matter A.1
contains ammonia, whose chemical formula is NH,. See Figure 1.11. The
subscript 3 indicates that each ammonia molecule contains three hydrogen
atoms. Each ammonia molecule also contains one nitrogen atom. However,
the subscript 1 is understood in the absence of any subscript and is therefore
not included in chemical formulas.

If formulas are words in the language of chemistry, then chemical equations
can be regarded as chemical “sentences.” Each chemical equation summa-
rizes the details of a particular chemical reaction. Chemical reactions entail
the breaking and forming of chemical bonds, causing atoms to become rear-
ranged into new substances. These new substances have different properties
from those of the original materials.

Figure 1.11 Nitrogen is added to crops as ammonia fertilizer.

In Investigating Matter A.1, you used a solution of household ammonia,
which is made by dissolving gaseous ammonia, NH,, in water. Gaseous
ammonia is produced by the reaction of hydrogen gas with nitrogen gas.
This reaction can be represented by the following chemical equation:

3H, + N, — 2NH,
Hydrogen gas Nitrogen gas Ammonia
Reactants Product

The equation shows that three hydrogen molecules (H,) and one nitrogen
molecule (N,) react to produce (—) two molecules of ammonia (NH,). The
original (starting) substances in a chemical reaction are called reactants;
their formulas are always written on the left side of the arrow. The new sub-
stance or substances formed from the rearrangement of the reactant atoms
are called products; their formulas are always written on the right side of the
arrow. Note that this equation, like all chemical equations, is balanced—the
total number of each type of atom (six H atoms and two N atoms) is the same
for both reactants and products.

SECTION A Building Blocks of Chemistry




Table 1.1
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Name Symbol
Aluminum Al
Bromine Br
Calcium Ca
Carbon C
Chlorine cl
Cobalt Co
Copper Cu
Gold Au
Hydrogen H
lodine 1
Iron Fe
Lead Pb
Magnesium Mg
Mercury Hg
Nickel Ni
Nitrogen N
Oxygen 0
Phosphorus P
Potassium K
Silver Ag
Sodium Na
Sulfur S
Tin Sn

DEVELOPING SKILLS

A.7 CHEMICAL SYMBOLS

AND FORMULAS

Sample Problem: The chemical formula for propane, a
compound commonly used as a fuel, is C;H,. What elements are
present in propane, and how many atoms of each are there in one
molecule of propane?

You are correct if you said each propane molecule consists of three
carbon atoms and eight hydrogen atoms.

. Using Table 1.1, name the element represented by each of these

symbols.

a. P d. Co g. Na
b. Ni e. Br h. Fe
c. Cu f. K

. Which elements in Question 1 have symbols corresponding to their

English names?

. Which is more likely to be the same throughout the world—an

element’s symbol or its name? Explain.

. For each formula, name the elements and give the number of atoms

of each element in each compound.

a. H,0, Hydrogen peroxide  Antiseptic
b. CaCl, Calcium chloride Winter deicer for sidewalks
c. NaHCO, Sodium hydrogen Baking soda
carbonate
d. H,S0, Sulfuric acid Battery acid

. Translate this written description into a chemical equation: Two

molecules of hydrogen (H,) react with one molecule of oxygen (O,) to
form two molecules of water (H,O).

! MODELING MATTER
A.8 PICTURES IN THE MIND

You live in a macroscopic world—a world filled with large-scale (“macro”),
readily observed things. As you experience the properties and behavior of
bulk materials, you probably give little thought to the particulate world of
atoms and molecules. If you wrap leftover cake in aluminum foil, it is




unlikely that you think about how the individual aluminum atoms are
arranged in the wrapping material (see Figure 1.12). It is also unlikely that
you consider what the mixture of molecules making up
air looks like as you breathe. And you probably seldom
wonder about atomic and molecular behavior when
you observe water boiling or a rusted iron nail.
Nevertheless, having a sense of how atoms and
molecules might look in elements and compounds
and behave in reactions is a useful tool for under-
standing the chemistry that is occurring. To develop
this sense, it is useful to construct and evaluate
models, or representations, of atoms and molecules.
This activity will give you practice in observing, interpret-
ing, evaluating, and creating visual models of matter, “pictures in
the mind,” at the particulate (atomic and molecular) level. You will also
practice using and interpreting chemical symbols and formulas that make
up the language of chemistry.
Use the following key to draw and interpret models of elements and
compounds containing hydrogen, carbon, nitrogen, oxygen, and chlorine:

ocet O Q 4 O
C N (o) cl

Atom: H

Sample Problem 1: Draw a particulate level model of carbon
dioxide (CO,). (Hint: Carbon is in the center of the molecule.)

The chemical formula CO, shows that carbon dioxide contains one
carbon atom and two oxygen atoms. We’re told that carbon is in the
middle, so we’ll draw a model that looks like this:

OO

Sample Problem 2: Write the chemical formula for the
element represented by this particulate-level model:

2

Using the key above, we identify the atoms as nitrogen. Two
nitrogen atoms make up the molecule, so the chemical formula for
elemental nitrogen must be N,.

SECTION A Building Blocks of Chemistry

Figure 1.12 One
common use of
aluminum foil is to
wrap food.
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Now it’s your turn to create and interpret particulate-level models of ele-
ments and compounds.
1. In Investigating Matter A.1, you mixed ammonia solution and vinegar
solution.
a. Draw a molecular-level model of ammonia, which has chemical
formula NH,.
b. The substance in vinegar that reacted with the ammonia is called
acetic acid. Below is a molecular-level model of acetic acid. Write
its chemical formula. (Hint: Write the symbol for carbon first.)

2. Draw molecular-level models of these compounds:

a. Methane (CH,): The primary component of natural gas. (Hint:
Carbon is in the center of the molecule.)

b. Water (H,0): The most abundant substance on Earth.
(Hint: Oxygen is in the center of the molecule.)

c. Elemental chlorine (Cl,): Poisonous gas used to make plastics
and disinfect water.

d. Hydrogen chloride (HCI): Important industrial chemical also
sometimes used in pure form to etch semiconductor crystals.

e. Carbon monoxide (CO): Toxic gas used in many industrial
processes, including purifying nickel.

3. You melted and burned paraffin wax in Investigating Matter A.1
(page 28). Write the chemical formula of paraffin wax given its model
below. (Note: The carbon and hydrogen atoms are smaller than in the
key so that this molecule can fit on the page.)

So far, none of the models you have drawn or interpreted are of metals.
How can you visualize solid metals? Figure 1.12 (page 39) contains a photo-
graph of aluminum foil. Although we use the chemical symbol “Al” to rep-
resent aluminum, what we visualize is actually a large collection of alumi-
num atoms, like this:




This model, like all models, has some limitations. It is really only showing
one small segment of the aluminum foil; the atoms extend outward from
what is shown. The main point, though, is that we still only use a single
symbol, Al, without any subscripts, to represent an entire collection of alu-
minum atoms. Think about how that is different from the molecular com-
pounds you worked with in Questions 1-3.

4. In Section A.4, you learned about the composition of current
pennies. Re-examine Figure 1.9 (page 35), which shows a cross-
section of a penny.

a. What chemical symbols represent copper and zinc?

b. Zero in on a small area of the cross-section in Figure 1.9. Draw a
particulate-level model of what you think the copper and zinc
atoms look like in that small area.

c¢. Describe in words how you decided to draw your model.

5. In chemistry, we often try to relate the atomic and molecular
structure of materials to their properties. One property of metals is
that they can be pounded into thin sheets.

a. Consider the particulate-level model of aluminum foil and other
metals. Does this model help you to explain why metals can be
pounded into thin sheets?

b. Describe your reasoning.

Investigating Matter A.1 provided you with opportunities to observe matter
and its changes on a large scale. In fact, you observe every phenomenon you
encounter using your senses of sight, touch, smell, and hearing. One of the
most important ways of thinking like a chemist is to take in what you observe
and visualize what is happening at a level you cannot see—the level of atoms
and molecules. Another skill is using chemical symbols and formulas to rep-
resent matter and its changes. As you continue to read, challenge yourself to
visualize what the atoms and molecules might look like when you encounter
a symbol or formula. Do the same when you look at a photograph. While
these ways of thinking are often taken for granted by experienced chemists,
they are difficult to develop. You will have opportunities to practice these
skills throughout this course, but you will become even more skilled if you
challenge yourself to think this way any time you are making an observation
in everyday life.

A.9 THE ELEMENTS

You know that all matter is composed of atoms. One element differs from
another because its atoms have properties that differ from those of other
elements (see Figure 1.13, page 42). More than 100 chemical elements are
now known. Table 1.1 (page 38) lists some common elements and their sym-
bols. An alphabetical list of all elements (names and symbols) can be found
inside the back cover, or on pages 96—97.
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You may also experience
some phenomena using
your sense of taste—but
never in the laboratory!
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Figure 1.13 Each of these elements (clockwise from top right: sulfur,
antimony, iodine, phosphorus, copper, and bismuth) is composed of
chemically identical atoms. Which elements appear metallic? Which
appear nonmetallic?

Elements can be classified in several ways according to similarities and
differences in their properties. Two major classes are metals and nonmetals.
Metals include such elements as iron (Fe), tin (Sn), zinc (Zn), and copper
(Cu). Carbon (C) and oxygen (O) are examples of nonmetals. Everyday expe-
rience has given you some awareness of metallic and nonmetallic proper-
ties. The upcoming investigation will let you further explore the properties
of metals and nonmetals.

Several elements called metalloids have properties that are intermediate
to those of metals and nonmetals. That is, they exhibit both metallic and
nonmetallic properties. Examples of metalloids include silicon (Si) and ger-
manium (Ge), both commonly used in the computer industry.

What properties of matter can we use to distinguish metals, nonmetals,
and metalloids? The next activity will help you find out.

B INVESTIGATING MATTER
A.10 METAL OR NONMETAL

Preparing to Investigate

In this investigation, you will explore several properties of seven elements
and then decide whether each element is a metal, nonmetal, or metalloid.
You will examine the color, luster, and form of each element, and you
will also attempt to crush each sample with a hammer. In addition, you or




your teacher (as a demonstration) will test each substance’s ability to con-
duct electricity. Finally, you will determine the reactivity of each element
with two solutions: hydrochloric acid, HCl(aq), and copper(Il) chloride,
CuCl,(aq).

Before you begin, read Gathering Evidence to learn what you will need to
do and note safety precautions. Gathering Evidence also provides guidance
about when you should collect and record data. Construct a data table appro-
priate for recording the data you will collect. In your data table, create six
columns: one column will be used to list the elements tested, and the other
five columns will be used to record each result for appearance, conductivity,
crushing, reactivity with copper(Il) chloride solution, and reactivity with
hydrochloric acid (HCI).

Gathering Evidence

1. Before you begin, put on your goggles, and wear them properly
throughout the investigation.

2. Appearance: Observe and record the appearance of each element,
including physical properties such as color, luster, and form. You can
record the form as nonmetallic (like table salt, NaCl, or baking soda,
NaHCO,), or metallic (like iron, Fe).

3. Conductivity: If an electrical conductivity apparatus is available, use
it to test each sample. (Caution: Avoid touching the bare electrode
tips with your hands; some may deliver an uncomfortable electric
shock.) Touch both electrodes to the element sample, but do not
allow the electrodes to touch each other. See Figure 1.14. If the bulb
lights, even dimly, electricity is flowing through the sample. Such a
material is called a conductor. If the bulb fails to light, the material is
a nonconductor.

Figure 1.14 Testing a sample for electrical conductivity.
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The symbol (ag) means
that the substance is
dissolved in water—thus
it indicates an aqueous
solution
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4. Crushing: Gently tap each element sample with a hammer as shown
in Figure 1.15. Based on the results, decide whether the sample is
malleable, which means it flattens without shattering when struck, or
brittle, which means it shatters into pieces.

Figure 1.15 Testing a
sample for malleability.

5. Reactivity with copper(Il) chloride.

a. Label seven wells of a clean 24-well plate A through G.

b. Place a sample of each element in its well. The ribbon or solid
wire samples provided by your teacher will be < 1 cm in length.
Other samples should be no larger than the size of a match head.

c. Add 15 to 20 drops of copper(Il) chloride (CuCl,) solution to each
sample.

d. Observe each well for three to five minutes—changes may
be slow. Decide which elements reacted with copper(Il) chloride
solution and which did not. Record these results.

e. Discard the well plate contents as instructed by your teacher.

6. Reactivity with acid.
a. Repeat Steps 5a and 5b.

b. Add 15 to 20 drops of hydrochloric acid (HCI) to each well
A that contains a sample. (Caution: 0.5 M hydrochloric acid (HCI)
can chemically attack skin if allowed to remain in contact for a
long time. If any hydrochloric acid accidentally spills on you,
ask a classmate to notify your teacher immediately. Wash the
affected area immediately with tap water and continue rinsing
for several minutes.)

c. Observe and record each result. Remember that the formation of
gas bubbles or a change in a sample’s appearance may indicate
that a chemical reaction has occurred. Decide which elements
reacted with hydrochloric acid and which did not. Record these
results.

d. Discard the well plate contents as instructed by your teacher.

7. Wash your hands thoroughly before leaving the laboratory.
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Interpreting Evidence
1. Classify each property tested in this activity as either a physical
property or a chemical property.

2. Sort the seven coded elements into two groups based on similarities
in their physical and chemical properties.

3. Which element or elements could fit into either group? Why?

4. Using the following information, classify each tested element as a
metal, a nonmetal, or a metalloid:

e Metals have luster, are malleable (can be hammered into sheets),
and conduct electricity.

e Many metals react with acids; many metals also react with
copper(II) chloride solution.

e Nonmetals are usually dull in appearance, are brittle, and do not
conduct electricity.
e Metalloids have some properties of both metals and nonmetals.
You have been introduced to one classification scheme for elements: met-

als, nonmetals, and metalloids. However, the quantity of detailed informa-
tion that is available about all the elements is enormous. When you are
selecting or designing materials for particular uses, the more information
you have about the materials (including similarities and differences among
them), the better your decisions will be.

I MAKING DECISIONS
A.11IT'S ONLY MONEY

Based on what you have learned so far, you can begin to consider the ques-
tions posed in the unit-opening Web page. A good first step is to specify
some properties that are necessary or desirable in currency. For example, a
high-melting point material is required for coins; after all, who would want
their money to melt in hot sunlight? However, a metallic luster is only a
desirable coin property.

Part I:
Apply your knowledge of existing currency, as well as what you have learned
about properties of materials, to answer the following questions.
1. For a suitable coin:
a. What physical properties must the material have?
b. What other physical properties are desirable?
¢. What chemical properties are required of the material?

d. What other chemical properties are desirable?
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2. For a suitable banknote (bill):
a. What physical properties must the material have?
b. What other physical properties are desirable?
c. What chemical properties are required of the material?
d. What other chemical properties are desirable?
3. Which would make the best primary material for a new coin: a metal,
nonmetal, or metalloid? Explain.

4. What factors or desirable coin characteristics did you consider when
you answered Question 37

Part II:

To make knowledgeable decisions, it is useful to collect information from
several reliable sources. As you consider the use and sustainability of U.S.
currency, it will be helpful to find the composition of dollar coins and bills
now in circulation.

5. How will you find the composition of current U.S. dollar bills and
coins? (Hint: Think about the organizations that are responsible for
producing money in the U.S.)

6. How will you decide whether the information you find is reliable?

7. What materials are found in the U.S. one-dollar coin? Write the name
and symbol of each element in this coin.

8. What materials compose the U.S. dollar bill?

Save your answers to these questions—they will help guide your decision-
making later in this unit.
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SECTIONA SUMMARY

Reviewing the Concepts

The physical properties of a material

can be determined without altering the
material’s chemical makeup; physical
changes alter a material’s physical
properties. Chemical properties describe
how a material reacts chemically through
its transformation into one or more
different materials.

1. Classify each as a chemical or a physical
property:
a. Copper has a reddish brown color.
b. Propane burns readily.

c. Carbon dioxide gas extinguishes
a candle flame.

d. Honey pours more slowly than does
water.

2. Classify each as a chemical or a physical
property:
a. Metal wire can be bent.
b. Ice floats in water.
c. Paper is flammable.
d. Sugar is soluble in water.

3. Classify each as a chemical or a physical
change:

a. A candle burns.

b. An opened carbonated beverage
fizzes.

c. Hair curls as a result of a “perm.”

d. As shoes wear out, holes appear in
the soles.

4. Classify each as a chemical or a physical
change:

a. A cut apple left out in the air turns brown.

b. Flashlight batteries lose their “charge”
after extended use.

c. Dry cleaning removes oils from clothing.

d. Italian salad dressing separates into
layers over time.

(3

. For each of your answers in Question 4,
give evidence for your classification as a
chemical or physical change.

=z

. a. List steps involved in making chocolate-
chip cookies from scratch.

b. Classify each step in Question 6a as
involving either a chemical change or a
physical change.

An element is composed of only one type
of atom; compounds consist of two or
more types of atoms. Both elements and
compounds are considered substances.

N

. Define substance and give two examples.

=)

. Classify each of these substances as an
element or a compound.

a. CO c. HCL e. NaHCO, g. I,
b. Co d. Mg f. NO
. Look at these models.

10} O W Qi) ” v @@ b (vi) OOO

a. Which represent elements?

©o

b. Which represent compounds?




A chemical formula indicates the
composition of a substance.

10. What two pieces of information does a
chemical formula provide?

11. Distinguish between chemical symbols and
chemical formulas.

12. Name the elements and list the number of
each atom in the following formulas for
substances:

a. phosphoric acid, H,PO, (used in soft
drinks and fertilizers)

b. sodium hydroxide, NaOH (found in some
drain cleaners)

c. sulfur dioxide, SO, (a by-product of coal
combustion)

Elements can be classified as metals,
nonmetals, or metalloids, according to
their physical and chemical properties.

13. Classify each property as characteristic of
metals or nonmetals:

a. shiny in appearance
b. does not react with acids
c. shatters easily
d. electrically conductive
14. List the names and symbols of two elements
that are metalloids.
15. What would you expect to happen if you
tapped a sample of nickel with a hammer?
16. List two properties that make nonmetals
unsuitable for electric wiring.
17. List three properties that make metals
suitable for coins.
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18.
19.

20

21.

22.

23.

24.

25.

26.

Scientific investigations often involve
making accurate observations of
phenomena and collecting these
observations as organized data. These
data can be used to draw inferences
and as evidence in proposing and
supporting scientific explanations.

What is an inference?

Classify each of the following as an

observation or an inference:

a. Bubbles are produced when baking soda
solution and vinegar are mixed.

b. Baking soda solution and vinegar react
when mixed.

c. The dog with muddy paws has been
digging in the garden.

d. Katie was late to chemistry class on
Wednesday.

e. Universal indicator turned red when
added to hydrochloric acid.

f. Universal indicator showed that
hydrochloric acid is acidic.

. Why is it important to organize laboratory

observations?
Why is it necessary to read an entire

investigation before beginning laboratory
work?

Models help in visualizing and
understanding particles and phenomena
that cannot be directly observed.

Draw a molecular-level model of oxygen (O,).
Draw a molecular-level model of carbon
tetrachloride (CCl,), a toxic compound once
used in the production of refrigerants.

Write the formula of the compound
represented by this model:

Draw a particulate-level model to show how
copper can be drawn into a wire.

What is meant by the statement “All models
have some limitations”?




How do chemists describe
matter?

Now that you have begun your
study of chemistry, it is time to
tackle the question that opened
Section A. Think about what you
have learned, then answer the
question in your own words in
organized paragraphs. Your answer
should demonstrate (and perhaps
clarify!) your understanding of the
key ideas in this section.

Be sure to consider the following

in your response: properties of
substances, the particulate view of
matter, the language of chemistry,
models, and the role of observation
and investigation.

Connecting the Concepts

27. Three kinds of observations that may

indicate a chemical change are listed below.
However, a physical change may also result

in each observation. Describe a possible
chemical cause and a possible physical
cause for each observation:

a. change in color
b. change in temperature

c. formation of a gas

28. Describe an inference that you have made—
outside of chemistry class—in the last week.

29. Describe a model that is used outside of
chemistry class to visualize or understand
phenomena.

30. Which is more clearly represented by

models, a molecular compound or a metal?

Explain your reasoning.

32.

33.

34.

35.
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Extending the Concepts

31.

Some elements in Table 1.1 (page 38) have
symbols that are not based on their modern
names (such as K for potassium). Look up
their historical names and explain the origin
of their symbols.

The symbols of elements are accepted and
used by chemists in all nations, regardless
of their country’s official language.
However, the name of an element often
depends on language. For example, the
element N is nitrogen in English but azote
in French. The element H is hydrogen in
English but Wasserstoff in German.
Investigate the names of some common
elements in a foreign language of your
choice. What are the meanings or origins of
the foreign element names that you find?
How do those meanings or origins compare
with those for the corresponding English
element names?

How is mercury different from most other
metallic elements? Using outside resources,
describe some applications that take
advantage of the properties of metallic
mercury.

Depending on how a sample of iron is
heated and cooled, it can either be hard and
brittle or malleable. Explain how the same
metal can have both characteristics.

Classify the components of one or more
pieces of jewelry you might possibly wear
as being composed of metals, nonmetals,
or metalloids.
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PERIODIC TRENDS

How can the periodic table be used to
help explain and predict the properties of
chemical elements?

More than 100 chemical elements have been discovered and explored.
Of those, a small number are considered highly prized and used for
coins, jewelry, and art. Why are some more valuable than others? How
do scientists classify and organize the characteristics of the elements?
In this section, you will examine properties of some elements and con-
struct statements about groups of elements and their reactivity. You will
also be introduced to the periodic table, one of a chemist’s most impor-
tant tools. As you study the ideas in this section, think about how this
tool could help you to choose or explain the use of certain elements in
forms of currency.

GOALS

e Use the periodic table to
a. predict physical and chemical properties of an element,

b. identify elements by their atomic numbers, and
c. locate periods and groups (families) of elements.

¢ Recognize and distinguish characteristics of the basic
subatomic particles: protons, neutrons, and electrons.

e Describe what constitutes an ion. Indicate the electrical charge
of an ion containing a specified number of protons and
electrons.

e Use the basic structure of the atom to explain the organization
of the periodic table.

e Collect, organize, and represent data.

e Explore periodic trends of groups of elements.

e Write the formula and name of an ionic compound, given the
compound’s anion and cation names and electrical charges.

concept check 3

1. How can you distinguish between chemical and physical
properties?

2. What information does a chemical formula contain about a
compound?

3. Draw and label a diagram that illustrates the structure of an atom.
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SECTION B  Periodic Trends

B.1 GROUPING THE ELEMENTS

By the mid-1800s, chemists had identified about 60 elements. Five of these
elements were nonmetals that are gases at room temperature: hydrogen (H),
oxygen (O), nitrogen (N), fluorine (F), and chlorine (Cl). Two liquid elements
were also known, the metal mercury (Hg) and the nonmetal bromine (Br).
The rest of the known elements were solids with widely differing properties.

To organize information about the known elements, several scientists tried
to place elements with similar properties near one another in a chart. Such
an arrangement is called a periodic table. Dimitri Mendeleev, a Russian
chemist, published a periodic table in 1869. We use such a table today.
In some respects, the periodic table has a pattern that resembles a monthly

calendar, in which weeks repeat in a regular (periodic)
seven-day cycle. Figure 1.16 shows a moon chart, which is
another type of periodic chart.

You will receive a set of 20 element data cards. Each
card lists some properties of a particular element.

1. Arrange the cards in order of increasing atomic
mass.

2. Try sorting the cards into several different groups.
Each group should include elements with similar
properties. You might need to
try several methods of grouping according to
properties before you find one that makes sense to
you.

3. Examine the cards within each group for any
patterns. Arrange the cards within each group
in some logical sequence. Again, trial and error may
be a useful method for accomplishing
this task.

4. Observe how particular element properties vary
from group to group. Record your observations as
well as any inferences that you make.

5. Arrange all the card groups into some logical
sequence.

6. Select the most reasonable and useful patterns
within and among card groups. Then tape the cards
onto a sheet of paper to preserve your pattern for
later classroom discussion.

7. Write an explanation that summarizes how and
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why you (1) grouped the elements, (2) arranged the
elements within groups, and (3) arranged the
groups. Support your explanation with evidence
from the data cards.

Figure 1.16 This chart of the moon shows

that the phases repeat at regular intervals or

periods. Scientists use the term periodicity to
describe trends such as this. Can you think of
other common periodic examples?




Figure 1.17 Dimitri
Mendeleev (1834-1907)
studied trends in the
physical and chemical
properties of elements.
This stamp shows a version
of Mendeleev's periodic
table and some laboratory
equipment that may have
been used to gather evi-
dence to construct it.

Figure 1.18 This periodic
table (rotated 90 degrees from
Mendeleev’s first version) was
created before Marie Curie’s
discovery of radium in 1898.
Note that the periodic table on
the stamp shows radium in col-
umn Il below Ba (barium). What
other differences do you note
between those two versions of
Mendeleev’s periodic table?
What differences exist between
those periodic tables and the
modern version on page 60?
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B.2 EARLY PERIODIC TABLES

The periodic tables of the 1800s were organized according to two characteris-

tics of elements, one physical and one chemical. First, chemists knew that

atoms of different elements have different masses. For example, hydrogen
atoms have the lowest mass, oxygen atoms are about 16
times more massive than hydrogen atoms, and sulfur atoms
are about twice as massive as oxygen atoms (making them
about 32 times more massive than hydrogen atoms). Based
on such comparisons, an average atomic mass was assigned
to each element in Mendeleev’s periodic table. This atomic
mass then became one of the two criteria for arranging ele-
ments. See Figures 1.17 and 1.18.

The other criterion for organizing elements was their
respective “combining capacity” with other elements,
such as chlorine and oxygen. This is a chemical property.
Atoms of various elements differ in the way that they
combine with another element. For example, one atom of
potassium (K) or cesium (Cs) combines with only one
atom of chlorine (Cl) to produce the compound KCl or

CsCl. One atom of magnesium (Mg) or strontium (Sr), however, combines
with two atoms of chlorine to produce the compound MgCl, or SrCl,.

In the first periodic tables, elements with similar chemical properties were
placed in vertical columns. Horizontal arrangements were based on increas-
ing atomic masses of the elements. In Making Decisions B.1, you developed
a classification scheme for some elements in much the same way Mendeleev
did. Creators of early periodic tables were unable to explain similarities in
properties found among neighboring elements. We know now that all ele-
ments in the leftmost column of the periodic table are very reactive metals.
All elements listed in the rightmost column are unreactive (noble) gases.




The reason for such patterns, which was proposed more than 50 years after
Mendeleev’s work, serves as the basis for the modern periodic table.

B.3 THE ELECTRICAL NATURE
OF MATTER

Section A introduced the concept of elements and compounds. How do the
atoms in compounds “stick” together to form molecules? Are atoms made up
of even smaller particles? The answers to these questions require under-
standing the electrical properties of matter.
You have already experienced
the electrical nature of matter, most
probably without realizing it.
Clothes often display static cling
when taken from the dryer. The
pieces of fabric stick firmly together
and can be separated only with
effort. The shock that you some-
times receive after walking across a
rug and touching a metal doorknob
is another reminder of matter’s
electrical nature. And if you rub
two inflated balloons against your
hair, both balloons will attract your
hair but repel each other, a phe-
nomenon best observed when the
humidity is low. See Figure 1.19.
The electrical properties of mat-
ter can be summarized as follows:

Like charges repel 4—. .—> or «+—{ - - —>
Unlike charges attract .—> - -

What are these positive and negative charges? How do they relate to the
idea of atoms and molecules? Every electrically neutral (uncharged) atom
contains equal numbers of positively charged particles called protons and
negatively charged particles called electrons. For instance, an electrically
neutral sodium atom contains 11 protons and 11 electrons. An electrically
neutral chlorine atom contains 17 protons and 17 electrons. Knowing the
total protons and electrons within an atom, you can determine its overall
electrical charge. For example, a potassium atom with 19 protons and 18
electrons would be an ion with a 1+ charge, or K*.

SECTION B  Periodic Trends

Figure 1.19 Rubbing
a balloon against your
hair results in static
electricity. The balloon
attracts your hair, even
when you hold it away
from your head.




Protons, electrons, and
neutrons are all referred
to as subatomic particles,
since they are smaller
than atoms,

Mass number and
atomic number are
not the same.

Isotopes are the major
reason for fractional
atomic masses found on
the periodic table. For
example, the atomic
mass of chlorine is listed
as 35.45. This value
represents the average
mass of all of the atoms
of chlorine.
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In addition to protons and electrons, most atoms contain one or more elec-
trically neutral particles called neutrons. Positive-negative attractions
between protons in one atom and electrons in another atom provide the
attachment that holds atoms together. This “sticky force” is the chemical
bond you read about on page 36 (A.5).

You will use these ideas in later sections and in future units to learn about
and explain the properties of materials (and why they are useful in currency
and other applications), the process of dissolving, and chemical bonding.
Now you will combine these ideas with your knowledge of atoms to explain
the organization of the modern periodic table.

B.4 THE MODERN PERIODIC TABLE

In the modern periodic table of the elements, elements are placed in sequence
according to their increasing atomic number (number of protons). Because
electrically neutral (uncharged) atoms contain equal numbers of protons and
electrons, the periodic table is also sequenced by the number of electrons
contained in neutral atoms of each element.

Early periodic tables, much like the one you just constructed, used
average atomic masses to organize the elements. Although this method pro-
duces reasonable results for elements with relatively small atomic masses,
it does not work well for more massive atoms. The reason for this is the exis-
tence of another small particle that also contributes to the atomic mass,
the electrically uncharged neutron. The total mass of an atom is largely
determined by the combined mass of protons and neutrons in its nucleus.
The nucleus is a concentrated region of positive charge (due to protons) in
the center of an atom. See Figure 1.20.

The total number of protons and neutrons in the nucleus of an atom
is called the mass number. Electrons make up the rest of an atom, but because
each electron is about 1/2000th the mass of a proton or neutron, the
total mass of the electrons does not contribute significantly to the mass of
an atom.

While all atoms of a particular element have the same number of protons,
the number of neutrons can differ from atom to atom of an element. For
example, carbon atoms always contain 6 protons, but they may contain 6, 7,
or 8 neutrons. Thus, individual carbon atoms can have mass numbers of 12,
13, or 14. For example, 6 protons + 7 neutrons = mass number 13. Atoms
with the same number of protons but different numbers of neutrons, such as
these carbon atoms, are called isotopes. In other words, isotopes are atoms of
the same element with different mass numbers.

Is there a connection between the atomic numbers used to organize the
modern periodic table and the properties of elements used by 19th-century
chemists to create their periodic tables? If there is, what is that connection?
Continue reading to explore the relationship between atomic numbers and
the properties of elements.
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Scientific American Conceptual lllustration

Figure 1.20 Model of a lithium (Li) atom. Each electrically neutral lithium atom contains three protons,
three electrons, and either three or four neutrons. In this model, the protons and three neutrons reside in the
Li nucleus (center). Electrons are not depicted as individual particles; they occupy “electron clouds” around
the nucleus. Two electrons (yellow cloud) remain close to the nucleus; the third electron (fainter cloud) is
relatively farther away. Electron clouds occupy most of an atom’s volume; the nucleus accounts for nearly

all the atom’s mass. Note that an atom does not have a distinctly defined “outer edge, ” but, instead, has a
rather fuzzy outer region.
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DEVELOPING SKILLS

B.5 COUNTING SUBATOMIC
PARTICLES

Sample Problem 1: Write the symbol, number of protons,
number of neutrons, and number of electrons for the hydrogen
isotope with mass number 1. See table below.

You can find element symbols on the periodic table (page 60).
Hydrogen’s symbol is H. An element’s identity specifies its atomic
number, which is equal to the number of protons in each atom of
that element. Hydrogen’s atomic number is one, so it contains one
proton. If the atom is a neutral atom, then the number of electrons
must equal the number of protons, so hydrogen atoms must each
contain one electron. The mass number for the isotope is equal to
the sum of the protons and neutrons, so the number of neutrons can
be determined by subtracting the number of protons from the mass
number. The mass number for this isotope of hydrogen is one, so
there are no neutrons in this hydrogen isotope.

1. Copy and complete the table for each electrically neutral atom.

Element Element | Number of | Number of | Number of
Name Symbol protons neutrons electrons
a Hydrogen H 1 0 1
b Sodium 12
c Boron 5
d. B 6
e 115 77
f Pa 140

Sample Problem 2: Determine whether an atom of scandium
with 21 protons and 18 electrons is electrically neutral or has a net
charge. If it is charged, calculate the net charge.

With 21 positively charged protons and only 18 negatively charged
electrons, the scandium atom would have an excess charge of 3+
and would not be electrically neutral.

Ex. scandium: 21 protons 18 electrons Charge: 3+




2. Decide whether each of these atoms is electrically neutral and, if not,
calculate the net charge.

a. chlorine: 17 protons 18 electrons  Neutral? __  Charge: __
b. cobalt: 27 protons 24 electrons  Neutral? __  Charge:
c. gold: 79 protons 76 electrons  Neutral? __  Charge: __
d. strontium: 38 protons 36 electrons  Neutral? __  Charge: __
e. argon: 18 protons 18 electrons  Neutral? __  Charge:

DEVELOPING SKILLS

B.6 PERIODIC VARIATION IN
PROPERTIES

Your teacher will assist you in identifying the atomic numbers of the 20 ele-
ments you considered earlier in the unit. Use these atomic numbers and
information about each element’s properties from the element data cards
used in Making Decisions B.1 to prepare the two graphs described below.
Look for patterns between atomic numbers and element properties as you
construct the graphs.

Creating and interpreting graphs are essential skills for scientists—
and informed citizens! Whether you are looking at environmental data
to determine trends or organizing data that will allow you to see a predict-
able relationship, you will be looking for regularities or patterns among
the values. The following suggestions will help you prepare and interpret
such graphs.

e Choose your scale so that the graph is large enough to fill most of the
available space on the graph paper.

e Assign each regularly spaced division on the graph paper a
convenient, constant value. The graph-paper line interval value
should be easily “divided by eye”, such as 1, 2, 5, or 10, rather than
awkward values such as 6, 7, 9, or 14.

e An axis scale does not have to start at zero, particularly if the plotted
values cluster in a range far from zero.

e Label each axis with the quantity and unit being plotted.

e Plot each point. Then draw a small symbol around each point, like
this: ©. If you plot more than one set of data on the same graph,
distinguish each by using a different color or small geometric shape
to enclose the points, such as: [, V, or A.

e Give your graph a title that will readily convey its meaning and
purpose to readers.

SECTION B  Periodic Trends

You have probably
graphed equations in
mathematics class in
which the points always
perfectly fit a line.
Scientific data may

not perfectly fit a line
because the points
represent observations
of phenomena, not all
of which are well
represented by a line.
Even data that show a
linear trend include
measurement error and
usually do not form a
perfect line,




A bar graph is used when
graphing discontinuous
data; that is, data that have
only certain values. Since
atomic numbers can only
be positive integers, the
data you are graphing in
this activity are
discontinuous.
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e If you use technology—such as a graphing calculator or computer

software—to prepare your graphs, ensure that you follow the
guidelines just given. Different devices and software have different
ways to process data. Choose the appropriate type of graph (e.g.,
scatter plot or bar graph) for your data.

. On a sheet of graph paper, draw a set of axes and title the graph

Trends in a Chemical Property.

. Label the x-axis Atomic Number. Use your element data cards to

determine the range of possible numbers that you will need to
display on your graph. Mark your x-axis with these values in mind.

. Label the y-axis Number of Oxygen Atoms (per Atom) in Oxide.

What is the range of possible numbers that you will have to display
on your graph? Mark your y-axis with these values in mind.

. Construct a bar graph, as demonstrated in Figure 1.21, by plotting the

oxide data from the element cards.

Trends in a Chemical Property

25

15

0.5

Oxygen atoms per atom

1 2 3 4 5
Atomic number

Figure 1.21 Sample bar graph for oxide data.

. Label each bar with the actual symbol of the element involved in

that compound.

. On a separate sheet of graph paper, draw a set of axes, and title the

plot Trends in a Physical Property.

. Label the x-axis Atomic Number. What range of possible numbers

will you have to display on your graph? Mark your x-axis with these
values in mind.

. Label the y-axis Boiling Point (K). What range of possible numbers

will you have to display on your graph? Remember to consult your
element cards. (Hint: Do not include data for the element with atomic
number 6. Including the boiling point of this element (carbon) would




distort the graph.) Mark your y-axis with these values in mind, as
shown in Figure 1.22. Use as much of the graph paper as possible to
plot these kelvin temperatures. (Hint: See the margin note on this
page to learn how to convert temperature values from degrees Celsius
to kelvins.)

Construct a bar graph as in Step 4, this time using the boiling point
data from the element cards, as shown in Figure 1.22.

Trends in a Physical Property
3000

2500

2000

1500

Boiling point (K)

1000

500

1 2 3 4 5
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Temperature in kelvins
(K) is related to
temperature in

degrees Celsius (°C)

by K=273.15 + °C.
You will learn more about
the kelvin temperature
scale in Unit 2.

Atomic number Figure 1.22 Sample bar graph

for boiling point data.

10. Label each constructed bar with the actual symbol of the element it

represents.

. Does either bar graph reveal a repeating, or cyclic, pattern? (Hint:

Focus on elements represented by very large or very small values.)
Describe any patterns you observe.

. Are these graphs consistent with patterns found in your earlier

(Making Decisions B.1) grouping of the elements? Explain.

. Based on these two bar graphs, why is the chemist’s organization of

elements called a periodic table? (Hint: Look up the meaning of
periodic in the dictionary.)

Where are elements with the highest proportion of oxygen in their
oxides located on the periodic table?

Where are elements with the highest boiling points located on the
periodic table?

Describe any trends you noted in your answers to Questions 4 and 5.
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7. Predict which element should have the lowest boiling point:
selenium (Se), bromine (Br), or krypton (Kr). Use evidence from your

graphs to explain how you decided.

8. Using your graphs, roughly predict the pattern in boiling points and
oxide numbers for the next five to eight elements, starting with

gallium (Ga).

B.7 ORGANIZATION OF THE

PERIODIC TABLE

When the first 20 elements are listed in order of increasing atomic numbers
and grouped according to similar properties, they form horizontal rows called
periods. This periodic relationship among elements is summarized in the

modern periodic table, which you can see
on page 60. To become more familiar with
the periodic table, locate the 20 elements
you grouped earlier. How do their relative
positions compare with those shown in the
arrangement you constructed in Making
Decisions B.17

Each vertical column in the periodic
table contains elements with similar prop-
erties. Each column is called a group
or family of elements. For example, the
alkali metal family consists of the six ele-
ments (starting with lithium) in the first
column at the left of the table. See Figure
1.23. Each element in this family is a
highly reactive metal that forms a chloride
compound with a 1:1 alkali metal atom to
chlorine atom ratio and an oxide with a
2:1 (alkali metal atom to oxygen atom)
ratio. By contrast, at the right of the table,
the noble gas family consists of very unre-
active (or even chemically inert) elements;
only xenon (Xe) and krypton (Kr) are
known to form compounds under normal

Figure 1.23 Sodium is an alkali metal.
All alkali metals have similar physical and
chemical properties, so they are placed
in the same column (family) in the
periodic table.

conditions. The group containing fluorine, chlorine, bromine, and iodine—
in the column just to the left of noble gases—is called the halogen family.
Halogens are highly reactive and readily form binary compounds with

hydrogen.

The arrangement of elements in the periodic table provides an orderly
summary of key characteristics of each element. By knowing the major prop-
erties of a certain chemical family, you can predict some properties of any
element in that family. This knowledge can be very helpful in evaluating ele-

ments for possible uses.

SECTION B  Periodic Trends

Binary compounds are
composed of only two
elements.




Eka- means “standing
next in order.”
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DEVELOPING SKILLS
B.8 PREDICTING PROPERTIES

Some chemical or physical properties, including those you graphed in
Developing Skills B.6, are called periodic properties. Such properties vary
among elements according to trends that repeat as atomic number increases.
Because of these trends, some element properties can be estimated by aver-
aging the respective properties of the elements located just above and just
below an element on the periodic table. That is how Mendeleev predicted
the properties of several elements unknown in his time. He was so convinced
these elements existed that he purposely left gaps for them in his periodic
table, along with a prediction of some of their properties. When those ele-
ments were discovered shortly thereafter, they fit into the gaps as expected.
Mendeleev’s fame rests largely on the accuracy of these predictions.

For example, germanium (Ge) was not known when Mendeleev proposed
his periodic table. However, in 1871 he predicted the existence of germa-
nium, calling it ekasilicon. Not only did Mendeleev predict germanium’s
existence, he also accurately predicted many of its chemical and physical
properties, based on known properties of other elements in its same family.

Sample Problem: Given that the density of silicon (Si) is 2.3
g/cm?® and the density of tin (Sn) is 7.3 g/cm?®, estimate the density
of germanium (Ge).

These three elements are in the same group in the periodic table.
Germanium is below silicon and above tin. (You can verify this
by locating these elements in the periodic table.) The predicted
density of germanium can be estimated by averaging the densities
of silicon and tin, arriving at a calculated value of 4.8 g/cm?®.

When germanium was discovered in 1886, its density was found
to be 5.3 g/cm?, which is within ~10% of the earlier estimated
density. The periodic table helped guide Mendeleev (and now you,
too) to make a useful prediction.

Formulas for chemical compounds can also be predicted from relation-
ships established in the periodic table. For example, carbon and oxygen form
carbon dioxide (CO,). What formula would be predicted for a compound of
carbon and sulfur? The periodic table indicates that sulfur (S) and oxygen
(O) are in the same family. Knowing that carbon and oxygen form CO,, a
logical—and quite correct—prediction would be CS, (carbon disulfide). Now
it’s your turn.

1. The element krypton (Kr) was not known in Mendeleev’s time. Given

that the boiling point of argon (Ar) is —186 °C and of xenon (Xe) is
—107 °C, estimate the boiling point of krypton.




2. a. Estimate the melting point of rubidium (Rb). The melting points of
potassium (K) and cesium (Cs) are 337 K and 302 K, respectively.

b. Do you expect the melting point of sodium (Na) to be higher or
lower than that of rubidium (Rb)? Explain. On what evidence did
you base your answer?

3. Mendeleev knew that silicon tetrachloride (SiCl,) existed. Using his
periodic table, he correctly predicted the existence of ekasilicon,
which we now know as germanium. Predict the formula for the
compound formed by germanium and chlorine.

4. Here are formulas for several known compounds: Nal, MgCl,, CaO,
Al,O,, and CCl,. Using that information, predict the formula for a
compound formed from:

a. CandF b. AlandS ¢. KandCl d. CaandBr e. Srand O

5. Elemental nickel is white to light gray in color, highly ductile,
lustrous, and resistant to tarnish. Which other element would
you expect to share these properties: Pt, Cu, Rb, or Kr? Explain
your choice.

6. Manganese, which has melting point 1519 K and is one of the
metals used in the Presidential dollar coin, was the only known
element in its family for 150 years. When rhenium, which has
melting point 3459 K, was discovered in 1925, what could chemists
predict about the melting point of element 43 (which was still
unknown at the time)?

B INVESTIGATING MATTER
B.9 PERIODIC TRENDS

Preparing to Investigate

As you learned earlier, elements were placed in columns on the periodic
table because they had similar chemical and physical properties. In this
investigation, you will examine some characteristics of elements from
one family. Group VIIA, which consists of the elements fluorine, chlorine,
bromine, iodine and astatine, is called the halogen group. When elements in
this group form compounds, those compounds are known as halide com-
pounds. In this investigation, you will determine which halogens and halide
compounds react with one another and develop a rule to summarize those
interactions.

Before you begin, read Gathering Evidence to learn what you will need to
do and note safety precautions. Gathering Evidence provides a procedure for
systematically combining the substances. As you read Gathering Evidence,
make a chart or diagram of the solutions that will be added to each test tube.

SECTION B  Periodic Trends

Group VIIA is also
known as group 17.

When a halogen gains
an electron, giving it a
1— charge, it is called
a halide.




Figure 1.24 Which

of these layers contains
hexane? How do you
know? What caused the
color in the hexane layer?
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Note that three liquids will be added to each test tube: a halogen, hexane,
and a halide. After reading Gathering Evidence, construct a data table that
clearly indicates the substances that will be added to each test tube and pro-
vides space to record observations after each addition.

Gathering Evidence

Before you begin, put on your goggles, and wear them properly
throughout the investigation.

Place six clean, dry test tubes in a test tube rack. Mark the test
tubes A-F.

Add 10 drops of chlorine water (Cl,) to test tubes A and B. Record
your observations. (Caution: The liquids used in this investigation
are toxic and irritating to skin. If you spill any liquid on yourself or
others, wash it off thoroughly and ask a classmate to inform your
teacher immediately. Avoid inhaling any fumes.)

Add 10 drops of bromine water (Br,) to test tubes C and D.

Record your observations.

Add 10 drops of iodine water (I,) to test tubes E and F.

Record your observations.

6. Add 20 drops of hexane to each test tube A-F.
7. Place a rubber stopper on each test tube. Holding the stopper in

10.
11.
12.
13.
14.
15.

place, carefully mix the liquids.

Record your observations, including the number of layers and
the color of each layer. See Figure 1.24.

Add 10 drops of 0.1 M NaBr to test tube A. Mix the solutions
as instructed in Step 7. Record detailed observations
of your results.

Add 10 drops of 0.1 M Nal to tube B and mix.
Add 10 drops of 0.1 M NaCl to tubes C and E.
Add 10 drops of 0.1 M Nal to tube D.

Add 10 drops of 0.1 M NaBr to tube F.
Record all observations.

Dispose of solutions as instructed by your teacher.

Interpreting Evidence

1.
2.

What did you observe about halogens by themselves?

Do halogens mix more easily with water or with hexane?
How do you know?

Look at your results for tubes A and B.
a. Did chlorine water react

i. with NaBr?

ii. with NalI?
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b. For each answer to Question 3a, what evidence shows
that a chemical reaction did or did not take place?

Making Claims

4. Which halogen is most reactive? Give evidence to support your claim.
5. Which halogen is least reactive? Give evidence to support your claim.

6. Construct a general statement to describe the periodic trend of halogen
reactivity.

concept check 4

1. a. How are elements arranged in the periodic table?
b. What is periodic about this arrangement?

2. Where are metals that are used to make coins generally
found on the periodic table?

3. What changes in an atom when it becomes an ion?

B.10 IONS AND IONIC COMPOUNDS

In Section A.5 (page 35), you learned that some substances are made up of
molecules. For instance, the elements in Investigating Matter B.9—the halo-
gens—are found in the form of diatomic molecules, while hexane, CjH,,, is a
molecular compound. By contrast, the sodium halide compounds (sodium
chloride, sodium bromide, and sodium iodide) in Investigating Matter B.9 are
not composed of molecules. They are examples of another type of compound,
an ionic compound. Ionic compounds are substances that are composed of
positive and negative ions, which are electrically charged atoms or groups of
atoms.

Atoms gain or lose electrons to form negative or positive ions, respectively.
For instance, a sodium atom can easily lose one electron, resulting in an ion
containing 11 protons and 10 electrons. A chlorine atom readily gains one
electron. Summing protons and electrons reveals the resulting electrical
charge for these two ions:

Sodium ion: 11 protons (11+ charge)
+ 10 electrons (10— charge)

Sodium ion ( 1+ charge), thusNa*
Chloride ion: 17 protons (17+ charge)

+ 18 electrons (18- charge)
Chloride ion ( 1- charge), thusCl”
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How readily an atom gains or loses electrons to form ions is another example
of a periodic property. Take a moment to locate sodium and chlorine on the
periodic table. What do you notice? Would you expect potassium to readily
form ions? What about iodine?

An ionic compound has no net electrical charge; it is neutral because pos-
itive and negative electrical charges offset each other. The most familiar
example of an ionic compound is table salt, sodium chloride (NaCl). Solid
sodium chloride, NaCl(s), consists of equal numbers of positive sodium ions
(Na*) and negative chloride ions (Cl") arranged in a 3-D network called a
crystal. In solid ionic compounds, such as table salt, the ions are held
together in crystals by attractions among the negative and positive charges.
See Figure 1.25. A negatively charged ion is called an anion, and a positively
charged ion is called a cation.

Figure 1.25 You probably
use sodium chloride, NaCl,
to salt your food (far right). A
scanning electron micrograph
shows the cubic structure

of NaCl crystals (center). A
space-filling model of NaCl
(left) provides information
about how the individual
chloride ions (CI) and
sodium ions (Na*) are
arranged within the salt
crystal. What else does this
model suggest about
sodium and chloride ions?

The ionic compound calcium chloride, CaCl,, presents a picture similar
to NaCl. However, unlike sodium ions, calcium ions (Ca**) each have a
charge of 2+. Since ionic compounds are not found as individual molecules,
chemists use the term formula unit when referring to the simplest unit of an
ionic compound. A formula unit of NaCl contains one sodium cation and
one chloride anion. How many ions make up a formula unit of CaCl, ?

Because ionic compounds consist of
Partial negative charged particles, they can often be dis-
charge solved in substances that have an uneven
distribution of electrical charge. Water is
such a compound. You will learn more
about water in a later unit, but for now you
should know that a water molecule has
regions that tend to be positively charged
g -’ e around each of its hydrogen atoms and a
region that tends to be negatively charged
around the oxygen atom. See Figure 1.26.

o

Partial positive

charge Unlike water, hexane does not have posi-

tively and negatively charged regions. See

Figure 1.26 Regions of charge Figure 1.27. Substances that do not contain
on a water molecule. The 8* and &~ ions (or uneven charge) tend to be more sol-

indicate partial electrical charges. uble in this kind of substance. You probably
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noticed that the hexane changed color when it was added to halogen water
(Cl,, Br,, or I,) in Step 6 of Investigating Matter B.9 (page 64). The halogen
molecules, like hexane, have an even distribution of electrical charge. Since
halogen molecules and hexane molecules have similar electrical properties,
they tend to dissolve in one another.

When you added a solution containing a halide compound to a hexane/
halogen solution and shook it, a reaction took place only when a more reac-
tive halogen was added to a less active halogen ion. The hexane layer changed
color when a reaction took place because a different halogen was then dis-
solved in that layer. This type of reaction is sometimes referred to as a single
replacement reaction. A sample equation is the following:

Cl,(aq) + 2 Nal(aq) — 2 NaCl(aq) + IL(aq)

In the next activity, you will use what you have learned about ions to con-
struct models of several ionic compounds that you have used in investiga-
tions, as well as some other important ionic substances.

" MODELING MATTER
B.11 IONIC COMPOUNDS

In Modeling Matter A.8 (page 38), you saw that it can be helpful to use mod-
els to translate between real-world (macroscopic) and particulate representa-
tions of matter. In this activity, you will use cards to represent ions as you
practice writing ionic formulas. Keep in mind that each formula and set of
cards represents a formula unit of that ionic compound, while the compound
itself always exists in a much larger crystal containing many ions.

To begin, you can write formulas for ionic compounds by following two
simple rules.

e Write the cation first, then the anion.

e The correct formula contains the fewest positive and negative ions
needed to make the total electrical charge zero.

Why are the numbers of chloride ions different in sodium chloride (NaCl)
and calcium chloride (CaCl,)? In sodium chloride, the ion charges are
1+ and 1-. Because one cation and one anion results in a total charge of zero,
the formula for sodium chloride must be NaCl. When cation and anion
charges do not add up to zero, ions of either type must be added until the
charges are the same. In calcium chloride, one calcium ion (Ca**) has a charge
of 2+. Each chloride ion (Cl") has a charge of 1—; two Cl~ ions are needed to
balance a charge of 2+. Thus, two chloride ions (2 Cl7) are needed for each
calcium ion (Ca®"). The subscript 2 written after chlorine’s symbol in the
formula indicates this. The correct formula for calcium chloride is CaCl,.

SECTION B  Periodic Trends

Figure 1.27 Hexane molecule.
Electrical charge is evenly dis-
tributed within this molecule.

In writing chemical
formulas for substances,
the symbols for solid (s),
liquid (1), gas (g). and
aqueous solution (ag)
are sometimes added.
These symbols indicate
the physical state of
each substance under
conditions of the
reaction.
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Some ions, called polyatomic (many atom) ions, consist of a group of
bonded atoms with an electrical charge. Table 1.2 on page 70 includes sev-
eral common polyatomic ions, as well as formulas and names of common
monatomic (one atom) iens. Formulas for compounds containing polyatomic
ions follow the same rules for writing formulas. However, if more than one
polyatomic ion is needed to bring the total charge of the compound to zero,
the formula for the polyatomic ion is enclosed in parentheses before the
needed subscript is written. For instance, calcium nitrate is composed of
Ca** ions and NO,~ ions. Its correct formula, written to balance electrical
charges, is Ca(NO,),. Ammonium sulfate is composed of ammonium (NH,*)
and sulfate (SO,*) ions. Two ammonium cations with a total charge of 2+ are
needed to match the 2— charge of one sulfate anion. Thus, the formula for
ammonium sulfate is (NH,),SO,. Note that the entire ammonium ion symbol
is enclosed in parentheses; the subscript 2 indicates that two cations are
needed to complete the formula of ammonium sulfate.

Part I:

The written name of an ionic compound is composed of two parts. The
cation is named first, then the anion. As Table 1.2 suggests, many cations
have the same name as their original elements. Anions composed of a single
atom, however, have the last few letters of the element’s name changed to the
suffix -ide. For example, the anion formed from fluorine (F) is fluoride (F-).
Thus KF is named potassium fluoride. The following activity will provide
practice in expressing names and writing formulas for ionic compounds,
according to the universal language of chemistry.

The models (cards) your teacher will provide show the formula and charge
of each ion. The size of the card varies depending upon the charge of the ion.
Thus, when forming a model of calcium chloride, you will notice that
calcium ion, with a 2+ charge, is twice the height of chloride ion, with a
1- charge, as shown in the margin.

Sample Problem: Using models, determine the composition of
potassium chloride, the primary ingredient in table-salt substitutes
used by people on low-sodium diets. Place your models and
answers in a table similar to the one shown below.

Potassium chloride has been done as an example in the following
sample data table.




Cation Anion Model Formula Name
Sample . 5 potassium
Problem K d KCl chloride
1
2

Prepare a table similar to the one shown here that includes a model, and the
name and composition of each ionic compound described. Use the model
cards provided by your teacher and refer to Table 1.2 on page 70 as needed
to complete this activity.

1.

10.

Sodium iodide was one of the sources of halide ions used in
Investigating Matter B.9.

. The blue solution you used in Investigating Matter A.1 was probably

copper(II) chloride.

. Baking soda, also used in Investigating Matter A.1, is sodium

hydrogen carbonate.

. CaSO, is a component of plaster.

. A substance composed of Ca?* and PO}- ions is found in some brands

of phosphorus-containing fertilizer.

. Ammonium nitrate, a rich source of nitrogen, is often used in

fertilizer mixtures.

. Aluminum sulfate is a compound sometimes used to help purify

water.

. Magnesium hydroxide is called milk of magnesia when it is mixed

with water.

. Limestone and marble are two common forms of the compound

calcium carbonate.

Silver nitrate, a compound used to make photographic film, will also
be used in an upcoming investigation.

SECTION B  Periodic Trends
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Table 1.2

Cations
1+ Charge 2+ Charge 3+ Charge
Formula Name Formula Name Formula Name
H* hydrogen Mg?* magnesium Al aluminum
Na* sodium Ca** calcium Fe3+ iron(lN)*
K* potassium Ba?* barium
Cu* copper(l)* In?* zinc
Ag* silver cd?* cadmium
NH,* ammonium Hg?** mercury(ll)*
Cu?* copper(ll)*
Pb?* lead(11)*
Fe?* iron(l1)*
Anions
1- Charge 2- Charge 3- Charge
Formula Name Formula Name Formula Name
F fluoride 0o oxide PO;” phosphate
cr- chloride §2- sulfide
Br- bromide so%” sulfate
- iodide so? sulfite
NO,~ nitrate co¥ carbonate
NO," nitrite
OH- hydroxide
hydrogen
HCO;~ carbonate
(bicarbonate)
ocl- hypochlorite
CH,C00" acetate

*Some metals form ions with one charge under certain conditions and another charge under
different conditions. To specify the electrical charge for these ions, Roman numerals are used in
parentheses after the metal's name.

Part Il:

Recall that atoms of different elements have different numbers of protons and,
thus, different atomic numbers. Similarly, neutral (uncharged) atoms of differ-
ent elements have different numbers of electrons. Although any atom is
uniquely identified by the number of protons contained in its nucleus, the
physical and particularly the chemical properties of that atom (how it interacts
with other atoms) are governed largely by the number and arrangement of the
atom’s electrons. How is arrangement of electrons related to the structure of the
periodic table? Answer the following questions to discover this connection.




11. Sort the ion cards representing monatomic (one-atom) ions into
groups according to their charges.

12. Locate the elements corresponding to your ions on the periodic table.
What patterns do you notice?

13. Which ions do not fit a pattern?

14. Write a statement that makes a claim about arrangements of electrons
and properties within a family of elements.

Understanding properties of atoms is the key to predicting and even
manipulating the chemical behavior of materials. Combined with a bit of
imagination, this information allows chemists to find new uses for materials
and to create new compounds to meet specific needs. In the next few sec-
tions, you will look closely at a subset of elements—metals.

A major difference between atoms of metals and nonmetals is that metal
atoms lose electrons much more easily than do nonmetal atoms. Under suit-
able conditions, one or more electrons may be removed from a metal atom.
This results in metallic elements forming positive ions (cations), because the
number of positively charged protons remains unchanged, while the total
number of negatively charged electrons has been decreased. The tendency of
a metal to lose electrons affects its reactivity. You will explore trends in this
property in the next investigation.

B INVESTIGATING MATTER

B.12 RELATIVE REACTIVITIES
OF METALS

Preparing to Investigate

In this investigation, you will observe the reactions of the metals copper,
magnesium, and zinc with four different solutions. Each solution contains a
particular cation. The solutions you will use are copper(I)
nitrate, Cu(NO,), (containing Cu?); magnesium nitrate,
Mg(NO,), (containing Mg?*); zinc nitrate, Zn(NO,), (containing
Zn**); and silver nitrate, AgNO, (containing Ag*).
Before you begin, read Gathering Evidence to learn what you
will need to do and note safety precautions. Devise a system-
atic procedure that allows you to observe the reaction (if any)
between each metal and each of the four ionic solutions. You
will conduct each reaction in a separate well of your well plate
using 10 drops of the specified solution and a small strip of
metal (see Figure 1.28). How many different combinations of

SECTION B  Periodic Trends

Chemists synthesize
several thousand new
compounds every year.

Two common compounds
of copper and oxygen are
CuO and Cu,0. Because
the name “copper oxide”
could be applied to both,
a Roman numeral is
added to indicate copper's
ionic charge. Copper(l)
oxide is Cu,O because it
contains Cu* ions.

Copper (Il) oxide is CuO;
it contains Cu* ions.

metals and solutions will you need to observe? How will you Figure 1.28 Metal strips and metal nitrate
arrange things so you can complete your observations efficiently, solutions should be arranged in an orderly
yet know which metal and which solution are in each well? manner in the 24-well plate.
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Write a procedure to guide your investigation and construct a data table
Remember that an that clearly indicates which metals and solutions will be combined and pro-
organized, concise data vides a place to record results and observations. Your teacher will review

table is preferable to and approve your procedure and data table before you begin.
several pages of notes

about reactions.

Gathering Evidence

1. Before you begin, put on your goggles, and wear them properly
Sasasns throughout the investigation.

2. Obtain 1-cm strips of each of
the metals to be tested. Clean
the surface of each metal
strip by rubbing it with
sandpaper or emery paper.
See Figure 1.29. Record
observations of each metal’s
appearance.

3. Begin your planned
procedure. If no reaction is
observed, write “NR” in your
data table. If a reaction
occurs, record the changes

A you observe. (Caution: Don’t
allow the AgNO, solution to
come in contact with skin or
clothing; it causes dark,

unwashable stains.) Figure 1.29 Clean each metal strip with

sandpaper or eme aper.
4. Dispose of all solid samples pep PP

and solutions as directed by
your teacher.

5. Wash your hands thoroughly before leaving the laboratory.

Interpreting Evidence

1. Which metal reacted with the most solutions?

2. Which metal reacted with the fewest solutions?

Making Claims

3. With which solutions (if any) would you expect silver metal to react?
Explain your answer, citing evidence from your data and
observations.

4. List the metals (including silver) in order, placing the most reactive
metal first (the one reacting with the most solutions) and the least
reactive metal last (the one reacting with the fewest solutions).
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5. Refer to your “metal activity series” list from Question 4.

a. Write a brief explanation of why the outside surface of a penny is
made of copper instead of zinc.

b. Which of the four metals mentioned in this investigation might be
an even better choice than copper for the outside surface of a
penny? What observational evidence supports your conclusion?

¢. Why do you think the metal you chose in Question 5b is not used
for the outside surface of a penny?

6. Given your new knowledge about the relative chemical activities of
these four metals,

a. which metal is most likely to be found in an uncombined, or
“free,” (metallic) state in nature?

b. which metal is most likely to be found combined with other
elements?

Reflecting on the Investigation

7. Reconsider your experimental design for this activity.

a. Would it have been possible to eliminate one or more of the
metal-solution combinations and still obtain all information
needed to complete chemical activity comparisons for the metals?

b. If so, which combination(s) could have been eliminated? Why?

B.13 METAL REACTIVITY

When copper metal is heated, it gradually reacts
with oxygen gas in the air to produce a black sub-

stance:
2 Cu(s) + 0,(g) — 2 CuO(s)
Copper Oxygen gas Copper(Il) oxide

Although it reacts to form black copper(Il) oxide
when heated, at room temperature the metal
remains relatively unreactive in air. You are prob-
ably familiar with this fact from observing that cop-
per wire and the copper surface on pennies do not
turn black under normal conditions.

Magnesium metal also reacts with oxygen gas.
But unlike copper metal, magnesium heated in air
quickly burns in a flash of light. See Figure 1.30.
The equation for this reaction is:

Figure 1.30 Magnesium and oxygen react so

2 Mg(s) + 0,(g) — 2 MgO(s) spectacularly that small samples of magnesium

Magnesium Oxygen Magnesium oxide are used in some fireworks.
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By contrast, gold (Au) does not react with any components in air, includ-
ing oxygen gas. This is one reason gold is highly prized in long-lasting, deco-
rative objects, such as jewelry. Gold-plated electrical contacts, such as those
used in automobile air-bag circuitry and audio cable connectors, perform
reliably because nonconducting oxides do not form on the gold-plated con-
tact surfaces.

Observing how readily a certain metal reacts with oxygen provides infor-
mation about the metal’s chemical reactivity. In Investigating Matter B.12
(page 71), you ranked elements in relative order of their chemical reactivi-
ties; such a ranking is called an activity series. Based on what you have just
read about gold and magnesium and what you already know about copper,
how would you rank the three metals in terms of their relative chemical
reactivity? What evidence supports your ranking?

CHEMQUANDARY

A list of metals in order
from most to least
reactive is often called
an activity series.

DISCOVERY OF METALS

Copper, gold, and silver are far from being the most
abundant metals on Earth. Aluminum, iron, and
calcium, for example, are all much more plentiful.
Why, then, were copper, gold, and silver among
the first metallic elements discovered?

You have explored some chemistry of metals and know, for example, that
copper metal is more reactive than silver but less reactive than magnesium.
A more complete activity series is given in Table 1.3, which also includes
brief descriptions of common methods for retrieving each metal from its
ore.

You can use such an activity series to predict whether certain reactions
may occur. For example, you observed in Investigating Matter B.12 that
zinc metal, which is more reactive than copper, reacted with copper ions
in solution. However, zinc metal did not react with magnesium ions in
solution. Why? Zinc is less reactive than magnesium. In general, a more reac-
tive metallic element (higher in the activity series) will cause ions of a less
reactive metallic element (lower in the activity series) to change to neutral
metal atoms.
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I Table 1.3

Elements
(in order of Metal ion(s) found Process used to
decreasing reactivity) in minerals obtain the metal Metal
Lithium (Li) Li* Li(s)
Potafsium ® K Pass direct electric Kis)
Calcium (Ca) Ca?* current through the Ca(s)
Sodium (Na) Na* molten mineral salt Na(s)
Magnesium (Mg) Mg (electrometallurgy) Mg(s)
Aluminum (Al) AP+ Al(s)
Manganese (Mn) Mn?*, Mn3* Heat mineral with Mn(s)
Zinc (Zn) n** coke (C) or carbon In(s)
Chromium (Cr) crt, Cr2* monoxide (CO) Cr(s)
Iron (Fe) Fe3*, Fe?* (pyrometallurgy) Fe(s)
Lead (Pb) Pb** Pb(s)
Copper (Cu) Cu?*, Cu* Heat (roast) Cu(s)
Mercury (Hg) Hg** mineral in air Hg(l)
- " (pyrometallurgy)
silver (Ag) Ag or find the metal Re(s)
Platinum (Pt) P+, Pt free (uncombined) Pt(s)
Gold (Au) Au’t, Aut Au(s)

DEVELOPING SKILLS
B.14 TRENDS IN METAL REACTIVITY

Sample Problem: will Pb metal react with Ag* ions?

Yes; according to Table 1.3, lead is a more reactive metal than
silver, so lead metal will cause silver ions to change to silver metal.

Use Table 1.3 and the periodic table (page 60) to answer these questions.

1. a. What trend in metallic reactivity is found as you move from left
to right across a horizontal row (period) of the periodic table?
(Hint: Compare the reactivity of sodium with magnesium and
aluminum.)

b. In which part of the periodic table are the most-reactive metals
found?

c. Which part of the periodic table contains the least-reactive metals?
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2. a. Will iron (Fe) metal react with a solution of lead(Il) nitrate, Pb(NO,),?
b. Will platinum (Pt) metal react with a lead(Il) nitrate solution?
c. Explain your answers to Questions 2a and 2b.

3. Use specific examples from the activity series in your answers to
these two questions:

a. Are the least-reactive metals also the least expensive metals?

b. If not, what other factor(s) might influence the market value of a metal?

Il MAKING DECISIONS
B.15 CHARACTERISTICS OF CURRENCY

In Making Decisions A.11, you created a list of some of the properties that
are necessary or desirable in currency. Reflect upon that list as well as facts
and ideas you learned in this section, including periodic trends and
characteristics of metals, as you complete the following activities.

Part I:

1. Think about coins that are currently in circulation, including the
dollar coin.
a Which elements compose these coins?
b. Where are these elements located on the periodic table?

2. Consider the metals you observed or learned about in this section.
a. Which metals would be unsuitable for use in coins? Why?
b. Would you eliminate the other metals in that family? Why or why not?

3. Review your list of characteristics from Making Decisions A.11 and
make changes or additions as needed.

Part II:

The Web page that opened this unit noted that dollar coins have been intro-
duced in the United States in the past without resulting widespread circula-
tion and use. To make recommendations about currency, you will need to be
familiar with arguments that groups and individuals make for use of particular
forms of currency.
4. How will you find information about support for or resistance to dollar
coins and bills?

5. List several objections to dollar coins, as well as the source for each
objection.

6. What objections to, or support for, dollar bills were you able to find?
List the source of each item.

7. After completing this task, how would you modify your information-
gathering strategy?
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SECTION B SUMMARY

Reviewing the Concepts

An atom is composed of smaller partcles
(protons, neutrons, and electrons), each
possessing a characteristic mass and
electrical charge. The number of

protons in an atom of a given element
distinguishes it from atoms of all other
elements. Atoms containing the same
number of protons but different numbers
of neutrons are considered isotopes.

1. For each of these elements, identify the
number of protons or electrons needed for
an electrically neutral atom.

a. carbon: 6 protons __ electrons
b. aluminum: __ protons 13 electrons
c. lead: 82 protons __ electrons
d. chlorine: __ protons 17 electrons

2. Decide whether each of these atoms is
electrically neutral.

a. sulfur: 16 protons 18 electrons
b. iron: 26 protons 24 electrons
c. silver: 47 protons 47 electrons
d. iodine: 53 protons 54 electrons

3. Copy and complete the table located below
for each electrically neutral atom.

El & N b, N b N b,

Symbol | of Protons | of Neutrons | of Electrons

A student is asked to explain the formation
of a lead(Il) ion (Pb?*) from an electrically
neutral lead atom (Pb). The student

says that a lead atom must have gained
two protons to make the ion. How would
you correct this student’s explanation?

Refer to the table provided for Question 3.
a. Calculate the mass number for each
element in the table.

b. Which element has two isotopes in
the table?

Isotopes of Magnesium
Isotope Mass Number Number
Symbol Number | of Protons | of Neutrons
Mg-24 24 a b
Mg-25 25 c d
Mg-26 26 e f

6 6 6
6 7 6

Ca 21
117 78

U 146

. How many protons and neutrons are

needed for each of the isotopes in the
table above?

. How does the mass of the electron

compare to the masses of the proton
and neutron?

. A scientist announces the discovery of

a new element. The only characteristic
given in the report is the element’s mass
number of 266. Is this information
sufficient, by itself, to justify the claim
of the discovery of a new element?
Explain.
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Elements are arranged in the periodic
table based on their properties. Elements
with similar chemical properties are placed
in the same columns. Physical properties
vary in predictable patterns across rows
and down columns.

9. Give another term for these features of the
periodic table:

a. Row b. Column

10. Give the names and symbols of two
elements other than lithium in the alkali
metal family.

11. Consider the noble gas family.

a. Where are they located on the periodic
table?

b. Name one physical property that
they share.

c. Name one chemical property that they
share.

12. Given a periodic table and the
formulas BeCl, and AIN, predict

the formula for a compound containing
a. Mgand F b. Gaand P

The melting points of sulfur (S) and
tellurium (Te) are 115 °C and 450 °C,
respectively. Estimate the melting point
of selenium (Se).

13.

14. Would you expect the boiling point
of chlorine to be higher or lower than

that of iodine? Explain.

The properties of an element are

determined largely by the number and

arrangement of electrons in its atoms.
15. Are atoms of metallic or non-metallic
elements more likely to lose one or
more electrons?

Predict whether each element would be

more likely to form an anion or a cation.
(Note that anions are negatively charged;
cations are positively charged.)

16.

a. sodium d. copper g. tin
b. calcium e. oxygen h. iodine
c. fluorine f. lithium

17.

18.

19.

20.

21.

22.
23.

24.

Noble gas elements rarely lose or gain
electrons. What does this indicate about
their chemical reactivity?

lonic compounds are composed of
positively and negatively charged ions
(atoms that have lost or gained
electrons), combined so that the
compound has no net electrical charge.

Classify each of these as an electrically
neutral atom, an anion, or a cation.

a. 0> b. Li ¢ Cl d. Ag* e. Hg*

For each particle in Question 18, indicate
whether the electrical charge or lack of
electrical charge resulted from an atom
gaining electrons, losing electrons, or
neither.

Write the symbol and show the electrical
charge (if any) on the following atoms or ions:

a. hydrogen with 1 proton and 1 electron
b. sodium with 11 protons and 10 electrons
c. chlorine with 17 protons and 18 electrons

d. aluminum with 13 protons and
10 electrons

Write the name and formula for the ionic
compound that can be formed from these
cations and anions:

a. Ktand I
b. Ca*" and S*-

c. Fe?* and Br-

d. Ba?" and OH-
e. NH," and PO}~
f. Al**and O*

Tables, graphs, and models are all used
to represent scientific data and illustrate
scientific ideas so that they are easier to
analyze, interpret, and understand.

Why was the periodic table created?
What type of graph should be used
to represent discontinuous data?
Why?

How is a data table helpful

a. before an investigation?

b. during an investigation?

c. after an investigation?




25.

26.

27.

28.

Think about the ion cards you used in

Modeling Matter B.11.

a. How are they helpful in learning about
ions and ionic compounds?

b. How are they imperfect models of ions?

Metals react with one another in
predictable patterns according to their
reactivities.

Which of these reactions is more likely to

occur? Why? (Refer to Table 1.3, page 75.)

a. Calcium metal with chromium(III)
chloride solution.

b. Chromium metal with calcium chloride
solution.

Consider these two equations. Which

represents a reaction that is more likely to

occur? Why?

a. Zn**(aq) + 2 Ag(s) — Zn(s) + 2 Ag*(aq)

b. 2 Ag*(aq) + Zn(s) — 2 Ag(s) + Zn**(aq)

a. Why would it be a poor idea to stir a
solution of lead(II) nitrate with an iron
spoon? (See Table 1.3, page 75.)

b. Write a chemical equation to support
your answer.

How can the periodic table
be used to help explain
and predict the properties
of chemical elements?

Throughout Section B, you have
observed and studied elements
and the periodic table. Think about
what you have learned, then answer
the question in your own words

in organized paragraphs. Your
answer should demonstrate your
understanding of the key ideas in
this section.

Be sure to consider the following

in your response: properties of
elements, subatomic particles,
periodicity and trends, and reactivity.
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Connecting the Concepts

29.

30.

31.

32.

33.

Which pair is more similar chemically?
Defend your choice.

a. copper metal and copper(II) ions
or

b. oxygen with mass number 16 and oxygen
with mass number 18

The diameter of a magnesium ion (Mg?**) is
156 pm (picometers, where 1 pm = 107'? m);
the diameter of a strontium ion (Sr%*) is

254 pm. Estimate the diameter of a calcium
ion (Ca®*).

Identify each element in the periodic table
described by the statements below:

a. This element is a nonmetal. It forms
anions with a 1- charge. It is in the same
period as the metals used in a penny.

b. This element is a metalloid. It is in the
same period as the elements found in
table salt.

Mendeleev arranged elements in his
periodic table in order of their atomic
masses. In the modern periodic table,
however, elements are arranged in order of
their atomic numbers. Cite two examples
from the periodic table for which these
two schemes would produce a different
ordering of adjacent elements.

In building ships, common practice is to
attach a piece of magnesium to the hull to
act as a “sacrificial anode.” In terms of metal
activity, explain how this helps to prevent
the corrosion of other metal parts of the ship.

Extending the Concepts

34.

35.

Construct a graph of the price per gram of
an element versus its atomic number for
each of the first 20 elements. Can the
current cost of those elements be regarded
as a periodic property? Explain. (Hint: Use
a chemical supply catalog or the Web to
locate the current price of each element.)

Although aluminum is a more reactive
metal than is iron, it is often used for
outdoor products. Investigate why this
makes sense.
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Fireworks are one of the most striking parts of every Indepen-
dence Day. But have you ever wondered how fireworks, well,
work? Pyrotechnic chemists are experts on how these and other
types of explosives function. They study how to make fireworks
and other pyrotechnic devices safe to use and better for the envi-
ronment. Have a blast reading about one pyrotechnic chemist and
his work!

Q. What is pyrotechnic chemistry?

A. Pyrotechnic chemistry is the chemistry of producing heat
from chemical reactions and using that heat to produce color
and light and audible effects. We use pyrotechnic chemistry
not only for entertainment, but also for practical purposes
like emergency signaling and military applications.

Q. How did you get into this field?

A. While I was teaching undergraduate chemistry, I was

approached by a fireworks company that wanted to hire me

for a side project developing chemical compositions for fire-
works that made them safe to transport and store. I got really interested in the chemistry of fireworks,
so [ wrote some articles about it. One ended up being the cover story for a chemistry magazine! Once
that published, the army called and wanted to work with me on some military pyrotechnic applica-
tions, and my pyrotechnic chemistry career really shot off. Nowadays, I do training seminars for peo-
ple interested in anything that explodes: from people who design and manufacture fireworks to people
who dispose of bombs.

Q. How do fireworks work?

A. Every fireworks mixture needs at least one chemi-
cal that’s oxygen rich and one chemical that acts as a
fuel. By choosing these compounds carefully, we can
determine how much heat will be produced once a
firework’s fuse is lit, how fast a reaction will take place,
and what solid and gas products will be produced. To
make fireworks more attractive, we include compounds
that color the flames produced when they explode. Dif-
ferent elements produce different colors when they
burn. For example, strontium compounds burn bright
red. Barium compounds produce a green light. Sodium
compounds have a yellow-orange flame.




Q. How do you create a firework’s looks, patterns, and sounds?

A. This is where chemistry and artistry intersect. To create beautiful pyrotechnic effects, we
work with an artist. Based on the colors and effects we want to produce, we prepare a mixture
of compounds, which is usually in a powder form. This powder is packed into pellets that we
call “stars,” which are placed
around an explosive material
that we call the “charge.” The
size of these stars determines
the duration of the light you
see once the charge ignites.
For example, if the stars are
small, like peppercorns, you
get an explosion of short
duration. If you have bigger
stars, from the size of peas to
sugar cubes, the burn lasts
longer. If you paste these stars
into a geometric figure onto
stiff paper, you can make
them explode into patterns
like an expanding heart or
circle. All fireworks are
packaged into a cardboard
casing that’s wrapped in lay-
ers of papier maché to make
a hard exterior surface. When the firework is lit,
the resulting combustion reaction produces hot gas that makes the casing expand, then shat-
ter. A canister that’s tightly wrapped will hold the pressure of a gas longer, then explode

with a big bang. A canister that’s more loosely wrapped will explode with less energy, pro-
ducing a softer sound.

Q. How do you make fireworks safe?

A. Although the artistic effect is important, we also have to keep other considerations in
mind when we design new fireworks. One very important consideration is safety: You don’t
want compositions that explode if you drop them on the floor. It's important to develop sta-
ble compositions that ignite only when desired. Fireworks were invented hundreds of years
ago, and we’ve learned over the centuries to avoid certain chemicals and compositions that
are too easy to ignite accidentally. There is also a big push now to make fireworks as “green”
as possible—I'm not talking about those with a beautiful green flame, but those that don’t
pose a hazard to the environment.

Q. How do I become a pyrotechnic chemist?

A. Tt’s an explosive field and one that is a lot of fun! You should take as
many chemistry and physics classes as you can while you're in school.
These classes will give you the background you need to understand the
reactions that take place in pyrotechnic devices. Also, don’t experiment
on your own with pyrotechnics! There are a lot of formulas for explo-
sives that are easy to obtain, but it’s important to stay safe.
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MINERALS AND MOLES

What is the role of chemistry in the life
cycle of metals?

Among Earth’s resources, metals—and the minerals from which they
are extracted—have long been used by humans. Those uses have ranged
from tool making, energy transmission, and construction to works of
art, decoration, and coin making. In this section, you will explore the
properties and uses of minerals and metals. You will also learn about
Earth’s mineral resources and how some are converted to pure metals.
This will allow you to begin to consider the life cycles of materials and
products that you use. A life cycle is the sequence of steps that a mate-
rial or product undergoes from raw materials to product to final dis-
posal. In the opening Web page, Ms. Harris hints at the life cycles of
various U.S. dollars when she discusses time of use and recycling
options. Studying the topics in this section will help you to assess the
statements in the Web page.

GOALS

Describe or recognize factors that determine the feasibility of
mining an ore at a specific site.

Gather and evaluate information from a variety of sources.
Describe Earth’s atmosphere, hydrosphere, and lithosphere,
including the distribution of resources among them.

Apply the mole concept to calculations, including finding the
molar mass of a compound given its formula and average
atomic masses of its elements.

Calculate the percent composition by mass of a specified
element in a given compound.

Define oxidation and reduction in terms of electron loss or gain.
Identify and distinguish between oxidation and reduction
processes.

Represent oxidation and reduction processes using chemical
equations and electron-dot structures.

Explain why minerals of more reactive metals are more difficult
to refine and process than are minerals of less reactive metals.
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concept check 5

1. What is a substance?

2. Given a sample of a material, how could you determine whether
or not it is a metal?

3. Are naturally occurring metals usually pure? Explain.

Il MAKING DECISIONS

C.1 METAL RESOURCES, PRODUCTION,
AND USE

The extraction and processing of coinage metals (see Figure 1.31) can serve as
amodel for the life cycle of metals in general. Over the centuries, many metal-
lic elements have been used in coins, including the following: aluminum,
antimony, chromium, cobalt, copper, gold, iron, lead, magnesium, manga-
nese, molybdenum, nickel, niobium, platinum, rhenium, selenium, silver,
tin, titanium, tungsten, vanadium, zinc, and zirconium.

Figure 1.31 Gold miners in Indonesia use a high-pressure water jet to blast through soil at a mine.




For the purposes of this
activity, important forms of
energy include electrical,
thermal (heat), mechanical,
and chemical energy.
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Table 1.4 provides information on worldwide production of several metals.
Note that the quantity of each metal produced varies. For example, nearly
100 times more aluminum is produced worldwide than tin. Why is this? Is
aluminum more abundant than tin? Or are there more uses and demand for
aluminum than for tin? How do the physical and chemical properties of
these metals affect their production and eventual use?

With your teacher’s assistance, decide which metal you will investigate.
Each individual or group will share their results with the rest of the class.
You will need these answers at the end of this section, so be sure to keep
them for future reference.

Use library and Internet resources to answer the following questions
about your selected metal.

Resources and Distribution

1. How abundant is it?

2. What is its origin; that is, on what continents and in which countries
is your metal commonly found?

3. In what form(s) is it most likely to exist in nature?

4. What types of mining are used to remove it from the Earth?

Production

5. How is it processed?
6. What forms of energy are needed for this processing?

7. In what form is the metal transported for further processing or
final use?

Properties and Uses
8. Investigate your metal’s properties (both physical and chemical).
Create a summary table listing its important properties.
9. List at least three important current uses for your metal.

10. Choose one use from your list in Question 9. Identify particular
properties that make the metal an appropriate choice for this
application.

11. Are the uses and demand for the metal adequately met by its
production?
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Table 1.4

J

Percent Actual Production | World Total Production
Metal Country Production | (1000 metric tons) (1000 metric tons)
China 34% 13 500
Russia 11% 4200 39 700
Aluminum Canada 8% 3100
United States 7% 2640
Australia 5% 1960
Chile 36% 5600
United States 8% 1310
Copper Peru 8% 1220 15 700
China 6% 1000
Australia 5% 850
China 35% 770 000
Brazil 18% 390 000
Iron ores Australia 15% 330 000 2200 000
India 9% 200 000
Russia 5% 100 000
China 41% 1540
Australia 15% 576
Lead United States 12% 440 3 800
Peru 9% 335
Mexico 4% 145
Russia 17% 276
Canada 16% 250
Nickel Indonesia 13% 211 1610
Australia 11% 180
New Caledonia 6% 92.6
Peru 17% 3.6
Mexico 14% 3.0
Silver China 12% 2.6 21
Chile 10% 2.0
Australia 9% 1.8
China 45% 150
Indonesia 30% 100
Tin Peru 11% 38 333
Bolivia 5% 16
Brazil 4% 12
China 28% 3200
Australia 13% 1510
Zinc Peru 13% 1450 11 300
United States 7% 770
C d 6% 660

Source: http://minerals.usgs.gov/minerals/pubs/commodity/




Figure 1.32 Earth’s
composition. From what
layer do most resources
come that support
human activities?
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C.2 SOURCES AND USES OF METALS

Human needs for resources—whether to create a new coin, make clothing,
construct a space-vehicle rocket engine, or fertilize food crops—must all be
met by chemical supplies currently present on Earth. These supplies of
resources are often cataloged by where they are found. The table in Figure
1.32 indicates the chemical composition of Earth.

Earth’s Composition

Layer Thickness Composition
of Planet (average) (decreasing order of abundance)
et Atmiosphere 100 km N, (78%), O, (21%), Ar (0.9%), He + Ne
(<0.01%), variable amounts of H,0,
CO,, etc.
= Hydrosphere 5km H,0, and in ocean water approximately

3.5% NaCl and smaller amounts of Mg,
S, Ca, and other elements as ions

Lithosphere: 6400 km:
s CrUST Top 40 km Silicates (compounds of metals, Si, and
O atoms); metals include Al, Na, Fe, Ca,
Mg, K, and others
Coal, oil, and natural gas
Carbonates, such as CaCO,
Oxides, such as Fe,05
Sulfides, such as PbS
™ Mantle 40-2900 km Silicates of Mg and Fe
=== Core 2900 km to Feand Ni
Earth's

center

Earth’s atmosphere, hydrosphere, and outer layer of the lithosphere supply
resources for all human activities. The atmosphere provides nitrogen, oxy-
gen, neon, and argon. From the hydrosphere come water and some dissolved
minerals. The lithosphere, which is the solid part of Earth, provides the
greatest variety of chemical resources. For example, petroleum and metal-
bearing ores are found in the lithosphere. An ore is a naturally occurring
rock or mineral that can be mined, and from which it is profitable to extract
a metal or other material. Naturally occurring collections of ores in the litho-
sphere are known as deposits. An ore deposit contains several components.
Of these, minerals are the most important. They are naturally occurring solid
compounds containing the element or group of elements of interest.

The deepest mines on Earth barely scratch the surface of its crust. If Earth
were the size of an apple, all accessible resources of the lithosphere would
be located within the apple’s skin. From this thin band of soil and rock, we
obtain the major raw materials needed to build homes, automobiles, appli-
ances, computers, DVDs, and sports equipment—in fact, all manufactured
objects.

As you can see from Table 1.4 (page 85), many of Earth’s resources are not
uniformly distributed. There is no relationship between a nation’s supply of




Figure 1.33 Mining metal ores has economic and
environmental consequences. What impact might mining
have on a local community?

these resources and either its land area or its population. A particular region
may be the predominant supplier of certain metals to industry. For example,
South Africa supplies more manganese and platinum-group metals than any
other nation, while Chile is the top supplier of copper worldwide.

The growth of the United States as a major industrial nation has been
facilitated, in part, by the quantity and diversity of its mineral resources.
Yet, in recent years, the United States has imported increasing quantities of
some mineral resources. For example, about 79% of the nation’s tin (Sn) is
imported. See Figures 1.33 and 1.34 for examples of minerals and mining.

The greatest challenge regarding mineral resources is deciding on the wis-
est uses of available supplies. Making these decisions involves weighing
alternatives and considering consequences at every step in a metal’s life
cycle. For example, is it worthwhile to mine a certain metallic ore at a par-
ticular site? The answer to this depends on several considerations:

e quantity of useful ore found at the site,
e percent of metal in the ore,

e type of mining and processing needed to extract the metal
from its ore,

¢ distance of the mine from metal refining facilities and markets,
* metal’s supply-versus-demand status, and

e environmental impact of the mining and processing.

SECTION C Minerals and Moles

Figure 1.34 Some miner-
als among these samples are
mined and processed to yield
useful metals.




Table 1.5

Properties of Copper

Malleability and ductility

Unit 1 Materials: Formulating Matter

Copper, a common metal in coins, provides a case study of a vital chemi-
cal resource. Copper is one of the most familiar and widely used metals
in modern society. Among all the elements, it is second only to silver in elec-
trical conductivity. This property and its relatively low cost, corrosion resis-
tance, and ductility (ease of being drawn into
thin wires) make copper the world’s most
common metal for electrical wiring. Copper
High is also used to produce brass, bronze, and

Electrical conductivity

High other alloys; a variety of copper-based com-

Thermal conductivity

- pounds; jewelry; and works of art. Table 1.5
High

Chemical reactivity

summarizes copper’s physical and chemical

Relatively low properties.

Resistance to corrosion

High The first copper ores mined were relatively

Useful alloys formed

Bronze, brass, etc. rich in copper—from 35% to 88% by mass.

Color and luster

Reddish, shiny Such rich ores are no longer available, but

Copper ores

« Sulfides such as chalcocite, Cu,S

« Oxides such as cuprite, Cu;0O

« Carbonates such as malachite,
CuyCO3(OH),

Copper ore

ores containing less copper can be used. In
fact, it is now possible to economically mine ores containing less than 1%
copper. Copper ore is chemically processed to produce metallic copper,
which is then transformed into a variety of useful products. Figure 1.35 sum-
marizes the copper cycle from sources to common uses to waste products.
How do we determine the quantity of useful ore at a site? How does this
relate to the profitability of mining at that site? What roles do processing
and demand play in making resource use decisions? How do all of these
considerations affect your choice of a coin material? The following activity
will help you begin to address these questions.

Ped

Uses

« Electrical: 60% of total use
Motors, generators, power
distribution, communication
equipment, house wiring

+ Nonelectrical: 40% of total use
Plumbing, roofing, coins, jewelry,
pots and pans, shell casings, food
preparation machinery, auto

Copper metal radiators

(molten)

Y

Scattered throughout
country; much remains
in fairly permanent use,

some discarded

Recycled copper
Supplies 21% of
US. copper needs

Figure 1.35 The life cycle of copper includes mining copper ores, reducing the ore to
obtain the metal, fashioning the metal for final use, and then either recycling the metal or
discarding it. What effect does recycling have on the energy these processes require?




B INVESTIGATING MATTER
C.3 EXTRACTING ZINC

Preparing to Investigate

Early in this unit, you investigated some characteristic properties of matter.
In that investigation, you learned that the inner core of modern pennies is
made from a different substance than its exterior. In this investigation, you
will extract that core material, zinc.

Before you begin, read Gathering Evidence to learn what you will need to
do and note safety precautions. Gathering Evidence outlines a procedure
to remove the zinc core from a penny. Construct a data table that provides
space to record observations and measurements. You will record several
masses (in grams) throughout this investigation; it will be important to dis-
tinguish among them. It may be helpful to use the left column of your data
table to identify the objects for which mass is determined (e.g., clean, nicked
penny before reaction) and the right column or columns for measured masses
and observations.

Gathering Evidence

1. Before you begin, put on your goggles, and wear them properly
throughout the investigation.

2. Obtain and clean, as directed by your teacher, a post-1982
U.S. penny.

3. Notch the edge of the penny using a metal file. Ensure that you nick
the penny deep enough so that its inner zinc core is visible.

4. Measure and record the mass of your clean, nicked penny.

5. Obtain 50 mL of 3.0 M HCl in a clean 100- or 250-mL beaker.
(Caution: 3.0 M hydrochloric acid (HCI) may irritate or damage
vour skin. If any hydrochloric acid accidentally spills on you, ask
a classmate to notify your teacher immediately. Wash the affected
area immediately with tap water and continue rinsing for several
minutes.)

6. Using tongs, gently place the clean, nicked penny into the beaker
containing HCL. (Caution: Do not look directly down into the beaker
or place your face directly above the beaker.)

7. Observe the interactions between the penny and the solution.
What happens to the penny? What happens to the solution? Does
anything happen outside the penny/solution system? Record
your observations.

8. Store your beaker in the place indicated by your teacher so that the
system can continue to react overnight.

9. Remove any remaining pieces of the penny and place on a pre-
weighed paper towel or weighing boat. Allow to dry overnight.

10. Record the mass of the dry penny piece and weighing container.

SECTION C Minerals and Moles

In science, a system
refers to the part of the
world that we want to
study—in this case,
everything in the beaker.
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Analyzing Evidence

1. Calculate the mass of “copper remaining from penny” by
determining the mass of the pieces of penny that remained after
reaction with HCL

2. Calculate the mass of “zinc extracted” by subtracting mass of
“copper remaining from penny” from mass of “clean, nicked penny
before reaction.”

Interpreting Evidence

1. What observations indicate that a chemical reaction took place?

2. Do you think that all of the zinc was extracted from the penny?
Explain.

Reflecting on the Investigation

3. Think about a procedure that could recover the extracted zinc from
solution. To do this, consider what you learned about metal reactivity
in Section B (pages 71-76).
a. Which metals can release zinc from its compounds?

b. Create a table listing these metals in the left column and title the
right column “Suitability for This Investigation,” as shown below:

Suitability for This

Metal Investigation

Sodium

Complete the table, noting suitability considerations in the right
column. For instance, sodium, as an alkali metal, is very reactive
and not suitable for use in this investigation.

c. After completing your table, draft a procedure that could recover
zinc from your solution and determine the mass recovered.
Consider not only the identity, but the form (see Figure 1.36) of
the metal that you would choose.

4. Would it be easier or more difficult (compared to zinc) to recover
silver from solution? Explain your reasoning.

5. Would it be feasible to remove the copper outer layer and recover it
from solution instead of the zinc core? Why or why not?




Figure 1.36 Zinc, shown here, and other metals are commercially available in
many forms, including sheets, shot, granules, wire, and powder. Why are different
forms needed for different applications? Which forms would work best for this
investigation?

C.4 COMPOSITION OF MATERIALS

One decision coin designers must make is whether to use only one material
or a combination of materials. If the design uses more than one material,
designers must decide how much of each material to use in the coin. The
percent by mass of each component found in a sample such as a coin is
called its percent composition.

In Section A, you learned that the composition of the U.S. penny has
changed several times. During 1943, it was made of zinc-coated steel. After
this date and up until 1982, the penny was made mostly of copper. Since
1982, U.S. pennies have been made primarily of zinc. A post-1982 penny
with a mass of 2.500 g is composed of 2.4375 g zinc and 0.0625 g copper. The
percent composition of the penny can be found by dividing the mass of each
constituent metal by the mass of the penny and multiplying by 100%:

2.4375 g zinc

X % = 97.50% zi
2.500 g total 100% = 97.50% zinc

0.0625 g copper

X (o) = . (o)
2.500 g total 100% = 2.50% copper

SECTION C Minerals and Moles
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DEVELOPING SKILLS

C.5 APPLICATIONS OF PERCENT
COMPOSITION

Percent composition helps geologists to describe how much metal or min-
eral is present in a particular ore and to evaluate whether the ore should be
mined. Percent composition is also commonly used in describing contents
of foods and other products, as well as the composition of the human body.

Sample Problem: A Roosevelt dime, the U.S. 10-cent coin
since 1946, has a mass of 2.268 g. It is composed of 8.33% nickel
and 91.67% copper. Calculate the mass of each metal present.

Given the percent composition, the mass of each metal can be
calculated by multiplying the mass of the coin by the percent of
that metal.

2.268 g X 8.33% nickel = 0.189 g nickel
2.268 g X 91.67% copper = 2.079 g copper

1. Calculate the percent composition of the penny you used in
Investigating Matter C.3.

2. The bodies of elite distance runners are often composed of far less
body fat than the average U.S. citizen. Calculate:
a. The percent body fat of a 58-kg female distance runner with 9.1 kg
of body fat.
b. The lean body mass (body mass—body fat) of a 67-kg male
marathoner with 4.8% body fat.

3. In the United States, whole milk contains 3.25% butterfat, whereas
reduced-fat milk contains ~2% butterfat. If a gallon of whole milk has
a mass of ~3.9 kg, about how much more butterfat does it contain
compared to a gallon of reduced-fat milk?

4. Strict guidelines apply to the labeling of coffee produced from
Hawaii-grown coffee beans. Consider a coffee labeled as follows:

50% MOLOKAI COFFEE ALL HAWAIIAN

Contains: 25% Kauai Coffee, 15% Kona Coffee, 10% Maui Coffee

a. What mass of coffee beans from Kauai would be contained in 1 Ib
(454 g) of this coffee?

b. What mass of Kona coffee beans would be contained in 62 kg of
Molokai coffee?




5. Current U.S. $1 coins (both the Presidential $1 coin and the
Sacagawea golden dollar) are composed of a manganese—brass
consisting of 6.0% zinc, 3.5% manganese, 2.0% nickel, and the
balance copper. Each dollar has a mass of 8.1 g. Calculate the mass of
each of the four metal constituents in the dollar coin.

C.6 INTRODUCTION TO THE MOLE
CONCEPT

As you know, metals are most often found
in nature as minerals contained in ores.
Common minerals in copper-bearing
ores include sulfide and oxide com-
pounds of copper. Chalcopyrite, CuFeS,,
is currently the most abundant mineral
source of copper. See Figure 1.37. To deter-
mine the profitability of mining a certain
deposit, geologists first need to be able to
calculate the copper content of the mineral.
You learned earlier in this unit that the for-
mula CuFeS, means that a formula unit of
chalcopyrite contains one atom of copper, one
atom of iron, and two atoms of sulfur. Although
correct, this interpretation involves very small
quantities of material. Also, we still cannot
calculate the copper content of the mineral
without more information.

Figure 1.37 Chalcopyrite
(pronounced "kal-ko-pie-rite")
is found in many ore deposits,
including the Olympic Dam
deposit in Australia.

The Mole

Chemists have devised a counting unit called the mole (symbolized mol)
that is useful in calculating the metal content of ores and solving similar
problems. You are familiar with other common counting units such as “pair”
and “dozen.” The mole can be thought of as the chemist’s “dozen.”

A pair of water molecules is two water molecules. One dozen water mol-
ecules is the same as 12 water molecules. One mole of water molecules is
602 000 000 000 000 000 000 000 water molecules. This special number—
the number of particles (or “things”) in one mole—is more conveniently
written as 6.02 X 10%%. Either way, this is a very large number!

To help you get a better idea of the size of a mole, consider this analogy:
Imagine stringing a mole of paper clips (6.02 X 10% paper clips) together
and wrapping the paper-clip string around the world. It would circle the
world about 400 trillion (4 X 10') times! And even if you connected a mil-
lion paper clips each second, it would take you 190 million centuries to fin-
ish stringing together one mole of paper clips.

SECTION C Minerals and Moles

6,02 X 107 is called
Avogadro’s number.

The mole concept
permits us literally to
“count by weighing.”




Figure 1.38 One mole
each of copper, table salt,
and water. If these samples
each represent one mole
of substance, why do they
occupy different volumes?
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As large as one mole seems, however, drinking only one mole of water
molecules would leave you quite thirsty on a hot day. One mole of water is
less than one-tenth of a cup of water—
only 18 g (or 18 mL) of water. Because
atoms and molecules are so very small,
the number of those tiny building blocks
needed to make up the “stuff” we see is
nearly countless.

That is the reason the mole is so use-
ful for work in chemistry. It represents a
number of atoms, molecules, or formula
units large enough to be conveniently
weighed or measured in the laboratory.
Furthermore, the average atomic masses
of elements can be used to find the mass
of one mole of any substance, a value
known as the molar mass of a substance.
Figure 1.38 shows a mole of several

familiar substances.

Molar Mass

Because mass is a readily measured quantity, the molar mass can be used to
count particles by simply measuring the mass of material. Specific examples
will help you to better understand this powerful idea. (See Figure 1.39.) Sup-
pose you need to find the molar masses of carbon (C) and of copper (Cu).
In other words, you want to know the mass of one mole of carbon atoms
(6.02 X 10% atoms) and the mass of one mole of copper atoms (6.02 X 10%
atoms). Rather than counting that collection of atoms onto a laboratory bal-
ance, you can quickly get the correct answers from average atomic mass data.
The average atomic mass of each element is found on the periodic table.
(Table 1.6, pages 96—97, organizes the elements alphabetically and also pro-

Figure 1.39 One mole of carbon (left) and copper (right). What do the different
samples have in common?




vides average atomic mass data.) Carbon’s average atomic mass is 12.01; cop-
per’s is 63.55. If the unit grams is attached to these numbers, the resulting
values represent their molar masses:

1molC=12.01gC 1molCu=63.55gCu

In summary, the mass (in grams) of one mole of an element’s atoms equals
the numerical value of that element’s average atomic mass. Any element’s
molar mass can be easily found from the periodic table. The molar mass of a
diatomic element, such as O,, is twice the mass given in the periodic table.

The molar mass of a compound is simply the sum of the molar masses of its
component atoms. For example, consider two copper-containing minerals—
copper(I) oxide, Cu,O, and malachite, Cu,CO,(OH),.

We begin by taking an atom inventory: one mole of Cu,O contains two
moles of Cu atoms and one mole of O atoms. So, to calculate the molar mass
of Cu, 0, we add twice the molar mass of copper to the molar mass of oxygen
giving

63.55 g Cu
2met€u X e =127.1gCu
16.00 g O

1metO X ———2 — =16.00g0
1 motor &

Molar mass of Cu,0 = (127.1g + 16.00 g) = 143.1 g Cu,O

The molar mass of malachite is found in a similar way. However, we must
carefully count the total atoms of each element in more complex compounds
such as this.

One mole of malachite, Cu,CO,(OH),, contains 2 mol Cu, 1 mol C, 5 mol

O, and 2 mol H.

63.55 g Cu
nglrelfxli]ezlzllgCu
1mote x —2918C _ 150160C

Tmete- 008

16.00 g O
5met0 X — - ~"e= = 80.00g 0

1.008 g H

X —— = 2.
2 metH 1 2.016 gH

Molar mass of Cu,CO,(OH), = 221.1 g Cu,CO,(OH),

Thus, the molar mass of a compound is found by first multiplying the
moles of each element represented in the formula by the molar mass of that
element. Then all of the element masses are added.

SECTION C  Minerals and Moles

As you learned in
Section B, average
atomic masses are
weighted averages of
the masses of an
element’s isotopes.

Recall that mol is the
symbol for the unit mole.

Copper(l) oxide is
known as “cuprite”
in the mining industry.
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Table 1.6
Element Symbol ':\ :::i:r ‘::t:;:igce Element Symbol : ::::Lcr %iﬁf:
Mass Mass
Actinium Ac 89 [227] Erbium Er 68 167.26
Aluminum Al 13 26.98 Europium Eu 63 151.96
Americium Am 95 [243] Fermium Fm 100 [257]
Antimony Sb 51 121.76 Fluorine F 9 19.00
Argon Ar 18 39.95 Francium Fr 87 [223]
Arsenic As 33 74.92 Gadolinium Gd 64 157.25
Astatine At 85 [210] Gallium Ga 31 69.72
Barium Ba 56 137.33 Germanium Ge 32 72.64
Berkelium Bk 97 [247] Gold Au 79 196.97
Beryllium Be 4 9.01 Hafnium Hf 72 178.49
Bismuth Bi 83 208.98 Hassium Hs 108 [277]
Bohrium Bh 107 [272] Helium He 2 4.003
Boron B 5 10.81 Holmium Ho 67 164.93
Bromine Br 35 79.90 Hydrogen H 1 1.008
Cadmium cd 48 112.41 Indium In 49 114.82
Calcium Ca 20 40.08 lodine | 53 126.90
Californium cf 98 [251] Iridium Ir 77 192.22
Carbon (4 6 12.01 Iron Fe 26 55.85
Cerium Ce 58 140.12 Krypton Kr 36 83.80
Cesium Cs 55 132.91 Lanthanum La 57 138.91
Chlorine cl 17 35.45 Lawrencium Lr 103 [262]
Chromium Cr 24 52.00 Lead Pb 82 207.2
Cobalt Co 27 58.93 Lithium Li 3 6.94
Copernicium Cn 112 [285] Lutetium Lu 7 174.97
Copper Cu 29 63.55 Magnesium Mg 12 24.31
Curium Cm 96 [247] Manganese Mn 25 54.94
Darmstadtium Ds 110 [281] Meitnerium mt 109 [276]
Dubnium Db 105 [268] Mendelevium md 101 [258]
Dysprosium Dy 66 162.50 Mercury Hg 80 200.59
Einsteinium Es 99 [252] Molybdenum Mo 42 95.96
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Atomic | Averase Atomic | Averase
Element Symbol Number Atomic Element Symbol Number Atomic

Mass Mass
Neodymium Nd 60 144.24 Silicon Si 14 28.09
Neon Ne 10 20.18 Silver Ag a1 107.87
Neptunium Np 93 [237] Sodium Na 1 22.99
Nickel Ni 28 58.69 Strontium Sr 38 87.62
Niobium Nb a1 92.91 Sulfur S 16 32.07
Nitrogen N 7 14.01 Tantalum Ta 73 180.95
Nobelium No 102 [259] Technetium Tc 43 [98]
Osmium Os 76 190.23 Tellurium Te 52 127.60
Oxygen o 8 16.00 Terbium Tb 65 158.93
Palladium Pd 46 106.42 Thallium T 81 204.38
Phosphorus P 15 30.97 Thorium Th 90 232.04
Platinum Pt 78 195.08 Thulium Tm 69 168.93
Plutonium Pu 94 [244] Tin Sn 50 118.71
Polonium Po 84 [209] Titanium Ti 22 47.87
Potassium K 19 39.10 Tungsten w 74 183.84
Praseodymium Pr 59 140.91 Ununhexium Uuh 116 [293]
Promethium Pm 61 [145] Ununoctium Uuo 118 [294]
Protactinium Pa 91 231.04 Ununpentium Uup 115 [288]
Radium Ra 88 [226] Ununquadium Uuq 114 [289]
Radon Rn 86 [222] Ununtrium Uut 113 [284]
Rhenium Re 75 186.21 Uranium U 92 238.03
Rhodium Rh 45 102.91 Vanadium v 23 50.94
Roentgenium Rg 111 [280] Xenon Xe 54 131.29
Rubidium Rb 37 85.47 Ytterbium Yb 70 173.05
Ruthenium Ru 44 101.07 Yttrium Y 39 88.91
Rutherfordium Rf 104 [265] Zinc In 30 65.38
Samarium Sm 62 150.36 Zirconium Ir 40 91.22
Scandium Sc 21 44.96
Seaborgium Sg 106 [271]
Selenium Se 34 78.96
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DEVELOPING SKILLS
C.7 MOLAR MASSES

Sample Problem: Draw a molecular-level model

and find the molar mass of carbon dioxide, CO,

The chemical formula and drawing show that one mole of
carbon dioxide molecules contains one mole of carbon atoms

and two moles of oxygen atoms. Adding the molar mass of carbon
and twice the molar mass of oxygen gives

12.01gC
1 X ——=—— = 12.01gC
moel€- 1 g
16.00 g O
2 X ——2>— = 32.00g0
mol-6- 1 g

Molar mass of CO, = (12.01 g + 32.00 g) = 44.01 g CO,

Draw a molecular-level model and find the molar mass of each substance:
The phrase “one mole of
nitrogen” is quite unhelpful.
It could refer to one mole of 2. Nitrogen molecules: N,

N atoms or to one mp\e of N, 3. Methane: CH
molecules. Thus, it is important 4
to specify clearly which
substance is involved.

1. Nitrogen atoms: N

Find the molar mass of each substance:
4. Sodium chloride (table salt): NaCl
. Chalcopyrite: CuFeS,
. Sucrose (table sugar): C,,H,,0,,
Magnesium phosphate: Mg,(PO,),
. Caffeine: CgH,,N,O,
. Calcium hydroxyapatite (a mineral found in teeth): Ca,,(PO,)s(OH),

10. Alunite (an aluminum mineral): KAl,(SO,),(OH),
(Hint: Verify that this formula includes 14 oxygen atoms.)

© © N o @

concept check 6

1. Describe the relationship between a mineral and an ore.

2. How is a mole like a dozen? How is it different from a dozen?

3. Why is the molar mass of a diatomic element twice the average
atomic mass value found on the periodic table?

4. How does the distributive property of mathematics apply to
chemical formulas?




C.8 MOLES AND PERCENT
COMPOSITION

A compound’s formula indicates the relative number of atoms of each ele-
ment present in the substance. For example, one common commercial source
of copper metal is the mineral chalcocite—copper(I) sulfide (Cu,S). Its for-
mula indicates that the mineral contains twice as many copper atoms as
sulfur atoms. The formula also reveals how much copper can be extracted
from a certain mass of the mineral—an important consideration in copper
mining and production.

Consider how the ideas of molar mass and percent composition are useful
in determining how much copper can be obtained from copper-containing
minerals and ores. Some copper-containing minerals are listed in Table 1.7
and shown in Figure 1.40. The percent of copper in chalcocite can be calcu-
lated, based on what you know about molar masses.

Table 1.7
Some Copper-Containing Minerals

Common Name Formula
Bornite Cu,FeS,
Chalcocite Cu,S
Chalcopyrite CuFeS,
Malachite Cu,CO;(OH),

The formula for chalcocite indicates that one mole of Cu,S contains two
moles of Cu, or 127.10 g Cu, and one mole of S, or 32.07 g S. The molar mass
of Cu,Sis (2 X 63.55g) + 32.07 g = 159.17 g. Therefore,

Mass of Cu
% Cu = ————— 1009
o Cu Mass of Cu,S . o
127.10 g Cu

————— ¢ X 100% = 79.85% C
159.17gCu,8 ot

A second calculation indicates that Cu,S contains 20.15% sulfur. The sum
of percent copper and percent sulfur equals 100.00%. Why?

Knowing the percent composition of metal in a particular mineral helps
us decide whether a particular ore should be mined; however, it is not the
sole criterion. What else do we need to consider?

Suppose an ore contains the mineral chalcocite, Cu,S. Because nearly
80% of this mineral is Cu (see calculation), it seems likely that this ore is
worth mining for copper. However, we must also consider the quantity of
mineral actually contained in the ore. All other factors being equal, an ore
that contains only 10% chalcocite would be a less desirable copper source
than one containing 50% chalcocite. Thus, two factors must be taken into

SECTION C Minerals and Moles

Figure 1.40 Ores of copper
include (top to bottom) chalcocite,
bornite, and malachite.
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account when deciding on the quality of a particular ore source: (1) the
percent mineral in the ore and (2) the percent metal in the mineral.

Diagrams may be useful in understanding how these two percentage val-
ues relate to the total metal found in a particular ore. Consider an ore con-
taining 10% chalcocite. Look at Figure 1.41. Suppose the larger box in Figure
1.41 represents a piece of this ore. According to this box, 10% of the ore is
composed of the mineral chalcocite. (Ten squares are shaded to show this.).
You know that chalcocite itself is approximately 80% copper by mass. To
represent this, 80% of each chalcocite box is shaded in Figure 1.41 (one box
is enlarged to show detail). This representation may help estimate visually
how much copper is in this particular ore.

Figure 1.41 The large square represents

the total ore sample. (left) Each square

within the large square represents 1% of the
sample. The 10 colored squares indicate an
ore that contains 10% chalcocite. (right) Eighty
percent of each chalcocite square is colored to
show the percent copper in chalcocite. Over-
all, only 8% of the total ore sample is copper.
How would the diagram differ for an ore that is
50% chalcocite?

Ll

- DEVELOPING SKILLS
C.9 PERCENT COMPOSITION

Sample Problem: one source of manganese is the mineral
rhodochrosite, MnCO,. Calculate the percent manganese in
rhodochrosite.

The percent manganese can be calculated by dividing the molar
mass of manganese by the molar mass of rhodochrosite:

Mass of Mn

% Mn = Mass of MnCO,

X 100%

One mole of MnCO;, contains one mole of Mn, or 54.94 g Mn; one
mole of C, or 12.01 g C; and three moles of O, or 48.00 g O. The molar
mass of MnCO, is 54.94 g + 12.01 g + (3 X 16.00 g) = 114.95 g. So,

54.94 g Mn

% Mn = 775795 g MnCO,

X 100% = 47.79% Mn
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1. The formula for azurite, a copper-containing mineral, is

Cu,(CO,),(OH),.

a. Complete an atom inventory (see page 95) for this compound.

b. Calculate the molar mass of azurite. Use information provided in
Developing Skills C.7 (page 98) as an example.

2. Use Table 1.7 on page 99 to answer the following. In your calculations,
assume that each mineral is present at the same concentration in an
ore. Also assume that copper metal can be extracted from a given mass
of any ore at the same cost. (Note that the percent copper in chalcocite
was calculated on page 99.)

a. Calculate the percent copper in bornite.

b. Calculate the percent copper in malachite.

c. Which of these minerals—chalcocite, bornite, or malachite—could
be mined most profitably?

w

Suppose you can either mine ore that is 20% chalcocite (Cu,S) or ore
that is 30% chalcopyrite (CuFeS,). Assuming all other factors are
equal, which would you choose? Draw diagrams similar to those in
Figure 1.41 on page 100 to support your answer.

4. Two common iron-containing minerals are hematite (Fe,O,) and
magnetite (Fe,0,). See Figure 1.42. If you had the same mass of each,
which sample would contain the larger mass of iron? Support your
answer with calculations.

Figure 1.42 Hematite
(Fe,Os, left) and
magnetite (Fe;0,,

right) are two
iron-containing ores.

If all other factors were
equal, which ore would
you mine for iron? Why?

C.10 MINING AND REFINING

Knowing the percent composition of metal in a mineral and the percent com-
position of the mineral within an ore provides geologists and engineers
valuable information as they determine the feasibility and profitability of
mining a particular ore. However, once these ores are mined from the litho-
sphere, they must be refined in order to be used. Refining, in general, refers to
the removal of impurities from a desired material. In metallurgy, refining
means to use various methods to produce the free metal from an ore or ores.
The process of converting a combined metal (usually a metal ion) in a min-
eral to a free metal involves a particular kind of chemical change.




One easy way to
remember this is OIL RIG:
Oxidation Is Loss of
electrons, Reduction Is
Gain of electrons.
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Formation of Copper Metal (Reduction)

In general, for metallic cations to be converted to atoms of the pure metal,
each cation must gain a particular number of electrons:

Cu* + 20 — Cu
Copper(Il) ion Copper metal

Chemists classify any chemical change in which a reactant can be consid-
ered to gain one or more electrons as a reduction. Thus the conversion
of copper(II) cations to copper metal is a reduction reaction, and we say that
copper(II) cations were reduced. You can convince yourself that this is a
reduction reaction by examining the preceding equation.

Formation of Copper(ll) lons (Oxidation)

Chemists classify the reverse reaction, in which an ion or other reactant can
be considered to lose one or more electrons, as an oxidation:

Cu — Cu* + 26
Copper Copper(IT)
metal ion
Any reactant that appears to lose one or more electrons is said to be oxi-
dized. In this case, a copper atom is oxidized to a copper(II) ion by removal
of two electrons.

Oxidation—Reduction Reactions

Whenever one reactant loses electrons, another reactant must simultane-
ously gain them. In other words, oxidation and reduction reactions never
occur separately. Oxidation and reduction occur together in what chemists
call oxidation-reduction reactions or, to use a common chemical nickname,
redox reactions.

You have already observed redox reactions in the laboratory. During
Investigating Matter B.12 (pages 71 —73), copper metal reacted with silver ions.
The following equation shows the oxidation—reduction reaction you observed:

Cu(s) + 2Ag*laqg) — Cu*(aq) + 2Ag(s)

Copper Silver ion Copper(Il) ion Silver

metal (colorless) (blue) metal
Each metallic copper atom (Cu) was oxidized (converted to a Cu®* ion by
losing two electrons), and each silver ion (Ag* from AgNO, solution) was
reduced (converted to an Ag atom by gaining one electron). What you
actually observed in Investigating Matter B.12 was the formation of a solid
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(silver) and the solution becoming blue because of formation of colored Cu?
ions; these observable changes indicated that a redox reaction was occurring,
even though you did not actually see the transfer of electrons.

In the same investigation, you found that copper(Il) ions could be recov-
ered from solution as metallic copper by allowing the copper(Il) ions to react
with magnesium metal, an element more active than copper. Magnesium
atoms were oxidized; copper(Il) ions were reduced. Do you see why?

Cu*(aq) + Mg(s) — Cufs) + Mg?*(aq)
Copper(II) ion Magnesium Copper Magnesium ion
(blue) metal metal (colorless)
Note that the total electrical charge on
both sides of this equation is the same.
Electrical charges—as well as atoms—
must balance within a correctly written
chemical equation. For instance, the net
charge on both the reactant side and
product side is 2+ in that equation.
In some circumstances, this reaction
might be a useful way to obtain copper
metal. However, as is often the situation,
the desired copper metal would be
obtained at the expense of “using up”
another highly valuable material—in this
case, magnesium metal. See Figure 1.43.
Many metallic elements are found in
minerals in the form of cations because
they combine readily with other ele-
ments to form ionic compounds. Obtain-
ing a metal from its mineral requires
energy and a source of electrons. A reac-
tant that provides electrons is known as
a reducing agent.

Figure 1.43 Another application of redox
reactions that “uses up” a more reactive metal
is shown at right. Sacrificial anodes are installed
on the hulls of ships, as well as on bridges and
offshore drilling platforms. These anodes are
constructed of more reactive metals than the
structure or hull, and thus corrode in sea water
first, protecting the structure or ship.
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Using Redox Reactions to Obtain Pure Metal

Look again at Table 1.3 (page 75). The table lists several techniques that met-
allurgists use to reduce metal cations or, in other words, to supply one or
more electrons to each cation. The specific technique chosen depends on the
metal’s reactivity and the availability of inexpensive reducing agents and
energy sources.

Two approaches summarized in the table are electrometallurgy and pyro-
metallurgy. As the table suggests, electrometallurgy involves using an elec-
tric current to supply electrons to metal ions, thus reducing them (see Figure
1.44). This process is used when no adequate chemical reducing agents are
available or when very high-purity metal is sought. Pyrometallurgy, the old-
est ore-processing method, involves treating metals and their ores with ther-
mal energy (heat), as in a blast furnace (see Figure 1.45). Carbon (coke) and
carbon monoxide are common reducing agents in pyrometallurgy: They pro-
vide electrons; metal ions are thus reduced to form metal atoms. A more

reactive metal can be used if neither of these reduc-
ing agents will do the job.

A third approach to obtaining metals from their
ions is the process called hydrometallurgy, which
involves treating ores and other metal-containing
materials with reactants in water solution. You used
such a procedure when you investigated the reactiv-
ity of different metals in Investigating Matter B.12.

Figure 1.44 Electrometallurgy is used to
reduce copper ions to copper metal. Starter
sheets (also made of copper) are hung from
anodes and inserted into a solution containing
copper ions.

Figure 1.45 Iron is extracted from iron ore in

a huge container called a blast furnace. Minerals
containing iron, such as hematite (iron(lll) oxide),
are reduced to iron metal in the blast furnace.
Other impurities are burned away or converted into
a material that can be easily removed, leaving the
iron behind.




Hydrometallurgy is used to recover silver and gold from old mine tailings
(the mined rock left after most of the sought mineral is removed) by a pro-
cess known as leaching. As higher-grade ores become scarcer, it will become
economically feasible to use hydrometallurgy and other “wet processes” on
metal-bearing minerals that can dissolve in water.

8 MODELING MATTER

C.11 ELECTRONS AND REDOX
PROCESSES

The processes of oxidation (apparent or actual loss of one or more electrons)
and reduction (gain of one or more electrons) can be clarified by visual rep-
resentations of these events. To develop such representations, you will con-
sider atoms of each of the metals you encountered during Investigating Mat-
ter B.12 (page 71).

First, however, here is a review of some key details about an atom’s com-
position. Magnesium (Mg), a reactive metal, changed into Mg?* ions in sev-
eral reactions you observed during Investigating Matter B.12. The atomic
number of Mg is 12, indicating that an electrically neutral atom of magne-
sium contains 12 protons and 12 electrons. Remember that numbers of
protons and electrons must be equal for a neutral atom.

If magnesium is to form a Mg?* ion, two negatively charged electrons must
be removed from each magnesium atom. The bookkeeping involved can be
summarized this way:

Mg — Mg** + 2e”
12 protons (+) 12 protons (+)
12 electrons (-) 10 electrons (-) 2 electrons (-)
Net charge: 0 Net charge: 2+ Net charge: 2—

To build a useful picture of this process in your mind, it is necessary to
keep track of only the two electrons released by each magnesium atom,
rather than monitoring all 12 of the atom’s electrons. (In fact, in any normal
chemical reaction, a magnesium atom is not observed to release any of its
other 10 electrons.)

Thus, for bookkeeping purposes, an atom of Mg will be depicted this way:
Mg: (the element symbol with two dots attached). Each dot represents one of
magnesium’s two readily removable electrons. The symbol Mg represents
the remaining parts of a magnesium atom, including its remaining ten elec-
trons. The resulting expression for Mg is called an electron-dot structure, or
just a dot structure. The equation for oxidation of Mg atoms can be repre-
sented this way in electron-dot terms:

Mg: — Mg* + 2¢e

SECTION C Minerals and Moles
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1. Construct a similar electron-dot expression for the change that
occurred during Investigating Matter B.12 (page 71) when each of
these events took place:

a. An atom of zinc, Zn, was converted to a Zn?* ion. (Hint: Zn has
two readily removable electrons.)

b. A silver ion, Ag®, was converted to a metallic silver atom, Ag(s).
2. Apply the definitions of oxidation and reduction to your two
equations in Question 1, and label each reaction appropriately.

Now consider one of the complete reactions you observed during Investigat-
ing Matter B.12. When you immersed a sample of copper metal, Cu, in silver
nitrate solution, AgNOj,, a blue solution containing Cu** formed, as well as
crystals of solid Ag. The redox reaction that occurred is

Cu(s) + 2 Ag*(aq) — Cu*(aq) + 2 Ag(s)
This redox reaction can be represented through the use of dot structures:
Cu: + Ag* + Agt — Cu** + Ag* + Ag*

3. Which reactant (Cu or Ag*) is reduced?

4. Why is only one Cu atom needed for each two Ag* ions that react?
Each copper atom involved in this reaction loses two electrons. Thus, cop-
per atoms must be oxidized in the transfer process. It is clear from the dot
structures that the two electrons lost by copper are gained by two Ag* ions.
So, Ag" is the agent that caused the removal of electrons from Cu (resulting
in the oxidation of Cu). The reactant involved in removing electrons from
the oxidized reactant is called the oxidizing agent—in this case, Ag* ions.

5. a. Given this explanation of an oxidizing agent, how would you
define a reducing agent?
b. What must be the reducing agent in the reaction between Cu(s)
and Ag* ions?
6. Now consider another reaction you observed during Investigating
Matter B.12:

Zn(s) + Cu*(aq) — Zn**(ag) + Cu(s)

a. Draw an electron-dot representation of this reaction.
b. Which reactant is oxidized?
c. Which is reduced?
7. Identify the following in the reaction represented in Question 6:
a. the oxidizing agent
b. the reducing agent

8. Consider both of the oxidation-reduction reactions you analyzed in
this exercise. What general features of an oxidation-reduction
reaction would allow you to answer Questions 6 and 7 without
drawing electron-dot representations?




9. Now consider a new oxidation—reduction reaction. Answer
Questions 6 and 7 for this system:

Zn*(aq) + Mg(s) — Zn(s) + Mg**(aq)

10. Return to Investigating Matter B.12 and write an oxidation-reduction
equation for the reaction of silver ions with magnesium atoms.
Answer Questions 6 and 7 for this system.

We have now considered key factors influencing whether a particular ore
is mined, as well as the chemical processes involved in releasing the metal
from its ores and minerals through refining. We will next consider what hap-
pens to the metal after refining and to its products after their use and begin
to develop the idea of material life cycles.

B INVESTIGATING MATTER
C.12 COPPER PLATING

Preparing to Investigate

In Section A, you learned that accelerating copper prices in the early 1980s
forced the United States to use zinc as the primary metal in pennies. Copper
covers the coin’s surface. This copper exterior not only preserves the tradi-
tional appearance of the coin, it protects the coin from corrosion. Using one
material to protect the surface of another, less durable, material is by no
means new or unusual. A layer of protective material can enhance the per-
formance or appearance of a manufactured product while allowing a less
expensive or more available material to be used for most of the item.

In this investigation, you will use electricity to plate copper onto graphite
(carbon) rods. Before you begin, read Gathering Evidence to learn what you
will need to do and note safety precautions.

Gathering Evidence

1. Before you begin, put on your goggles, and wear them properly
throughout the investigation.

2. Obtain two graphite (carbon) rods in the form of pencil lead.
(Depending upon the size of the electrolysis apparatus you will use,
the graphite rods may still be encased inside two wooden pencils. If
s0, just be sure graphite protrudes from both ends so electrical
contact can be made.) These rods will serve as the terminals or
electrodes for the electrolysis process.

SECTION C  Minerals and Moles
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3. Set up the apparatus shown in Figure 1.46.

4. Attach the 9-V battery connector to the battery, but do not connect
the wire leads to the electrodes or allow the two wires to touch each
other.

5. Pour enough copper(Il) chloride (CuCl,) solution into the U-tube so
that the graphite electrodes can be partially immersed in the solution.

6. After your teacher approves your apparatus, attach wires to the two
graphite terminals.
7. Observe the reaction for ~5 minutes. Record your observations.
8. Cautiously sniff each electrode.
Figure 1.46 Apparatus 9. Reverse the wire connections to the electrodes and repeat Step 7.
for plating copper onto 10. Wash your hands thoroughly before leaving the laboratory.

graphite electrodes.

Interpreting Evidence and Making Claims

1. Describe changes observed during the electrolysis.

2. Were you successful in plating copper onto the graphite rod? What
evidence supports your claim?

3. The cathode is the terminal (electrode) at which reduction occurs.

a. To which terminal of the battery was the cathode connected in the
electrolysis?

b. What change did you observe at the cathode?

c. Write a representation, similar to those you used in Modeling
Matter C.11, for the reaction that occurred at the cathode.

4. The other electrode, the anode, is where oxidation occurs.
a. Which electrode was the anode in the electrolysis?
b. What change did you observe at the anode?

c. Write a representation, similar to those you used in Modeling
Matter C.11, for the reaction that occurred at the anode.

Reflecting on the Investigation
5. Draw and label a diagram of the system that you used to deposit
copper.
6. Do you think that a metal could be substituted for one of the graphite
rods? Explain.
7. Do you think this method would be useful for large-scale copper
plating? Why?

C.13 ELECTROPLATING

The process you just used to cover graphite with copper involves using
direct-current (DC) electricity, which causes redox reactions to occur. This
general process is known as electroplating. As you have already learned,
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cations of most metallic elements can be reduced. This fact is exploited in
electroplating. For example, metal bumpers on trucks are often made of steel.
In wet or snowy climates, the exposed steel would quickly corrode, or rust.
Manufacturers protect the steel by coating it with chromium and nickel. See
Figure 1.47. Canadian 5-, 10-, and 25-cent coins are also plated with nickel
to resist corrosion.

Writing half-reactions, which separately represent the reduction and oxi-
dation parts of a redox process, can be helpful in understanding the plating
process. The reduction half-reaction for plating nickel metal on steel can be
written this way:

Ni**(aq) + 2 e — Ni(s)

Where do the electrons in this reduction reaction come from? Electroplat-
ing requires a power source, usually a battery or power supply when this
reaction occurs in the laboratory. The power source transports electrons to
the cathode (where reduction occurs). The ultimate source of electrons in
any electrochemical process is the anode. In electroplating, the anode is usu-
ally made of the metal to be plated onto the object. As metal cations are
reduced (removed from the solution) and deposited on the object attached to
the cathode, metal atoms at the anode are oxidized and dissolve into the Figure 1.47 Chrome
plating solution. Figure 1.48 illustrates this process. plating can protect
Thus, the other half-reaction for the plating system is an oxidation, the exposed steel surfaces.
reverse of the reaction shown above. Based on what you know about metal
reactivities, would you expect this oxidation-reduction process to proceed
on its own, without any external power source? Although systems that can
plate metals without applied electric current have been developed, they
must include a chemical reducing agent, which is sometimes more expen-
sive than electric current.
Platings are usually bonded to the surface of the electroplated object. This
is desirable because it keeps the metal finish firmly attached to the object.
After several layers of atoms have been deposited, the plating has the prop-
erties of the plating metal; therefore, it can impart the properties for which it
was selected. Electroplating is one
of many ways in which chemists Power supply
can modify materials to meet spe- + -
cific needs. Keep this idea in mind Electron flow( \
as you continue to consider the
composition and use of currency.

8 8
5 g
. 2 Cations -§

Figure 1.48 Electroplating is caused by an o e
oxidation-reduction process. The new coating is a —— Product being
layer of metal atoms deposited by reducing metal electroplated
ions from the electroplating solution. Rhodium is Anions
sometimes plated onto jewelry to increase shine Anode Cathode

and protect against wear. (Rh)
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C.14 THE LIFE CYCLE OF A MATERIAL

In designing a new product for human use, engineers and analysts consider
the full life cycle of the materials involved. A material's life cycle has sev-
eral distinct stages. Raw materials are first obtained and then refined and
synthesized into the desired material (materials acquisition). That material
is then used to make the product designed for a particular use (manufactur-
ing). The product is transferred to the consumer, used, and, depending upon
the product and circumstances, maintained or reused (use/reuse/mainte-
nance). When the product is no longer useful, the materials may be recov-
ered and recycled, or they may end up scattered in landfills (recycle/waste
management). Figure 1.49 illustrates this general life cycle.

In every stage of the cycle, energy and resources are used. Wastes and
emissions are also produced and must be included in assessing the overall
impact of the process. Because energy, resource use, and waste management
affect economics as well as the environment, each step in the life cycle of a
material becomes a factor to consider when chemists and engineers design a
new product.

Synthesis
and
Raw processing
materials \

Engineered
Recycle/Reuse materials

¢
« Product design
+ Manufacture

+ Assembly

¥
Applications
agriculture, construction,
environmental, defense,
information/communications,
transportation, energy, health,
extraction/production

Figure 1.49 A material’s life cycle. Paper, for example,

has a life cycle with several distinct stages.




The next activity will allow you to model this process for a familiar
product—a dollar coin.

I MAKING DECISIONS
C.15 LIFE CYCLE OF A COIN

So far in this unit you have considered properties that are necessary and
desirable for coins and bank notes. You have also learned about the sources,
uses, and properties of metals, and have begun to explore the life cycles of
products and materials. Now you will use this knowledge to consider the
life cycle of a particular metal product, the current U.S. dollar coin. Use Fig-
ure 1.35 (page 88) and Figure 1.49 to answer the following questions and
continue to evaluate the statements in the unit-opening Web page.

1. In Making Decisions A.11, you found the composition of the U.S.
one-dollar coin, and in Making Decisions C.1 you and your
classmates gathered information about several metals. Construct a
table similar to the one below to organize information about the
metals that compose the dollar coin. For each metal, enter the
following information into the table:

* Major areas/countries of origin

SECTION C Minerals and Moles

Metals

e Primary type of mining

v

e Primary type of refining/processing Origin
e Cost of the refined metal Mining type
e Competing uses of the metal Processing type

(Note: With the exception of cost, this informa- Cost

tion was collected in Making Decisions C.1.) Competing uses

2. Referring to Figures 1.35 and 1.49, make a list
of the steps involved in the life cycle of the U.S. one-dollar coin.

Using your table and the list you just created, answer the following questions:

3. Which steps in the life cycle of dollar coins consume energy? For
each, explain the particular energy needs.

4. Which steps (such as the reduction of a mineral in an ore to produce
the metal) require the use of other materials?

5. Which steps generate wastes or emissions? Explain.

6. How does the location or identity of the ore deposits affect the life
cycle of the coins?

7. As you know, coins have a limited lifespan.
a. How long do you expect each coin to stay in circulation?

b. What will happen to the materials when used coins are removed
from circulation?

8. Consider the cost of producing materials in the dollar coin. What

might happen if the materials in the coin were worth more than the
face value of the coin?
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SECTION C SUMMARY

Reviewing the Concepts

The resources for all human activities must
be obtained from Earth’s atmosphere,
hydrosphere, and outer layer of its
lithosphere. These resources are not
uniformly distributed.

1. List two resources typically found in each
of the three major “spheres” of Earth.

2. a. List and briefly describe three major parts
of the lithosphere.

b. Which layer serves as the main
storehouse of chemical resources used in
manufacturing consumer products?

3. Using Table 1.4 (page 85), identify the
nation that produces the most

a. silver. b. copper. c. tin.

4. According to information in Table 1.4 on
page 85, which of these four nations—the
United States, Australia, China, or Peru—
produces the largest masses of the eight
listed resources in the table?

The feasibility of mining and extracting
a mineral resource depends, in part, on
how easily a particular metal can be
processed and used, which largely
depends on its chemical reactivity.

5. How do minerals differ from ores?

6. What factors determine the feasibility of
mining a particular metallic ore at a certain
site?

7. A 19th-century gold mine, inactive for over
100 years, has recently reopened for further
mining. What factors may have influenced
the decision to reopen the mine?

8. What is meant by the quantity of “useful
ore” at a particular site?

9.

10.

11.

12.

13.

14.

15.

Why are active metals more difficult to
process and refine than are less active
metals?

Based on your results from Investigating
Matter B.12 (page 71), which metals
involved in that investigation would be the
easiest to process? Why?

Why do most metals exist in nature as
minerals rather than as pure metallic
elements?

Gathering information is a form of data
collection. Sources of information vary in
their reliability.

Consider the information that you gathered
in Making Decisions C.1 and Making
Decisions C.15.

a. What sources did you use?

b. How did you determine whether a source
provided accurate information?

c¢. Did you note bias in any of the sources
that you encountered? (A bias is a
tendency toward a particular belief or
perspective.) Did you choose to use these
sources? Explain.

What sources of information do you
consider to be consistently reliable? Why?

What are some potential consequences of
collecting inaccurate data or information?

One mole of substance contains

6.02 x 10% particles. The molar mass
of a substance can be calculated from
average atomic masses of the
component elements.

If you could spend a billion dollars (1 X 10°
dollars) per second, how many years would
it take to spend one mole of dollars?




16.

17.

18.

19.

20.

21.

Find the molar mass of each substance:
a. oxygen gas, O,

b. ozone, O,

c. limestone, CaCO,

d. a typical antacid, Mg(OH),

e. aspirin, CgHgO,

How is it that samples of 63.6 g copper
metal and 23.0 g sodium metal, with
different masses, volumes, and densities,

both correctly represent 1.00 mol of
substance?

A major advantage of the mole concept is
that it enables a chemist to “count by
weighing.” If one mole of potassium metal
has a mass of 39.1 g, how many atoms are in
a. 39.1 g potassium?

b. 19.6 g potassium?

c. 3.91 g potassium?

The percent composition of a material can
be calculated by determining the
proportion by mass of each constituent.
The percent composition of a substance
can be calculated from the relative
number of atoms of each element in

the substance’s formula.

Calculate the percent composition of the
U.S. quarter, which has a mass 0f 5.670 g
and contains 5.198 g Cu and 0.472 g Ni.

Find the percent metal (by mass) in each
compound:

a. Ag,S
b. Al,O,4
c. CaCO,

A 50.0-g sample of ore contains 5.00 g
lead(Il) sulfate, PbSO,.

a. What is the percent by mass:
i. lead (Pb) in PbSO,?
ii. PbSO, in the ore sample?
iii. Pb in the total ore sample?

b. Use a diagram to represent the proportions
of lead and lead(II) sulfate in the ore sample.

22.

23.

24.

25.

26.

27.

28.

SECTION C  Section Summary

In carbon dioxide, two-thirds of the atoms
are oxygen atoms; however, the percent
oxygen by mass is not 67%. Explain.

The processes of oxidation and reduction
occur together, resulting in oxidation—
reduction (redox) reactions.

Define oxidation and reduction in terms
of electron transfer.

Write an equation for each of the
following processes:

a. the reduction of gold(IIl) ions to gold metal

b. the oxidation of elemental vanadium to
vanadium(IV) ions

c. the oxidation of Cu* to Cu?* ions

Identify each of the following equations
as representing either an oxidation reaction
or a reduction reaction.

a. Fe** + 2¢- — Fe
b. Cr — Cr* + 3e”
c. AI** + 3¢ — Al

Consider the following equation:
Zn(s) + Ni**(aq) — Zn**(aq) + Ni(s)
a. Which reactant has been oxidized?
Explain your choice.

b. Which reactant has been reduced?
Explain your choice.

c. What is the reducing agent in this
reaction?

Consider the following equation:
2 K(s) + Hg**(aq) — 2 K*(aq) + Hg(s)
a. Which reactant has been oxidized?

Explain your choice.

b. Which reactant has been reduced?
Explain your choice.

c. What is the oxidizing agent in this reaction?
Write an equation for
a. the oxidation of Al metal by Cr®* ions.

b. the reduction of Mn?* ions by Mg metal.




Metal cations can be converted to
metal atoms by electrometallurgy,
pyrometallurgy, or hydrometallurgy,
depending upon the metal’s reactivity.

29. Explain how each of the following
processes converts metal cations to metal
atoms:

a. electrometallurgy
b. pyrometallurgy
c¢. hydrometallurgy

30. What processes would be most useful in
obtaining the following elements from their
ores?

a. magnesium

b. lead

What is the role of
chemistry in the life cycle
of metals?

As you conclude your study of this
section, look back on the essential
ideas. You have encountered life
cycles, moles, and metals, within the
context of Earth’s mineral resources.
How are these ideas connected?
Think about what you have learned,
then answer the question in your own
words in organized paragraphs. Your
answer should demonstrate your
understanding of the key ideas in
this section.

Be sure to consider the following
in your response: metal sources,
metal processing, metal recycling,
“counting by weighing,” and
percent composition.
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Connecting the Concepts

31.

32.

33.

34.

35

36.

37.

38.

39.

Describe two ways in which
electroplating is used in industry.

In Investigating Matter C.12 (page 107),

electricity was used to convert Cu®" ions to

Cu(s).

a. Was this chemical change an oxidation or
a reduction?

b. Rather than obtaining electrons from
electricity, you could use another metal
to provide electrons. Based on the metal
activity series (Table 1.3, page 75), name
two metals that could be used for this
purpose.

Can electroplating a rusty car bumper
protect it from further rusting? Explain.
How does access to mineral resources
contribute to a nation’s economic success?

. There are thousands of tons of gold in sea

water. Explain why it is unlikely that ocean
water will ever be “mined” for gold.

What information would you need to be
able to “count” exactly 1000 nails of the
same size by weighing them?
Chromium minerals are found at three
different mine sites in these forms:

Site 1: Chromite, FeCr,0,
Site 2: Crocoite, PbCrO,
Site 3: Chrome ochre, Cr,O,

Based only on percent composition of the
minerals, at which site would chromium
mining be most feasible?

Is there any connection between the process
used to reduce a metal cation and the
position of that element on the periodic
table?

Both Investigating Matter B.9 and
Investigating Matter B.12 dealt with
reactivity series. In each case, the more
reactive substance replaced the less reactive
substance in a compound. Explain this
behavior in terms of oxidation and reduction.




40. Suppose that you are serving on a
committee seeking to make your school
more “green.” The worn cafeteria tables
must be replaced and the committee has
been asked to choose between new tables
with steel (mostly iron) or aluminum
frames. Assuming performance is similar,
what life cycle questions would you ask to
determine which choice is “greener”?

41. A 10.0-g sample of sports drink powder
contains 7.0 g sucrose (C,,H,,0,,), 2.8 g
glucose (CgH,,05), and 0.20 g sodium
chloride (NaCl). Calculate the percent
composition (by mass) of
a. sucrose
b. glucose
c. NaCl

Extending the Concepts

42. Using the composition of the sports drink
in Question 41, calculate the percent
composition (by mass) of
a. sodium
b. carbon

43. Find and describe a historical example of
uneven distribution of mineral resources
and its impact on relations among nations.

44,

45.

46.

47.

SECTION C  Section Summary

History documents that copper has been

used by humans for 10 000 years, whereas

aluminum has been used for only about 100

years. Suggest and explain some reasons for

this difference.

The reactive metal aluminum is often

used in containers for acidic beverages.

Investigate and describe the technology that

makes this possible.

What is a patina? Explain its value both

aesthetically and chemically.

In your laboratory experiences, you may

encounter some compounds called

hydrates. Examples of hydrates include

(i) Na,S,0,°5H,0, (ii) CaSO,*2H,0, and

(iii) Na,CO4*10H,0.

a. Why are these compounds called
“hydrates”?

b. Calculate the molar mass of each listed
hydrate.

c. Calculate the percent water in each
hydrate.

d. Although hydrates contain significant
amounts of water, they are found as dry
solid substances at room temperature.
How is this possible?
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CECTION CONSERVATION AND
CHEMICAL EQUATIONS

How is conservation of matter
demonstrated in the use of resources?

In some chemical reactions, matter seems to be created—as a nail rusts,
a new material appears. In other reactions, matter seems to disappear—
a sheet of paper burns and apparently vanishes. In terms of fundamen-
tal particles, neither creation nor destruction of matter actually occurs.
In this section, you will learn what happens to atoms in chemical reac-
tions and how the atoms can be tracked through the use of chemical
equations. This information will help you consider the fate of Earth’s
resources as well as the materials and products developed from them.

GOALS

State and apply the law of conservation of matter.

Relate balanced chemical equations to the law of conservation
of matter.

Write and explain balanced chemical equations.
Distinguish between renewable and nonrenewable resources.
Identify methods of conserving Earth’s resources.

Describe how alloys and their constituent elements differ in
their chemical and physical properties.

concept check /

1. What information about a compound is contained in its

chemical formula?

2. What does it mean to “count by weighing”?
3. You have observed changes in matter as a result of chemical

reactions. What do you think happens at the particulate level
during these changes?




D.1 EXAMINING CHEMICAL
EQUATIONS

Throughout this unit, you have seen and used several chemical equations.
You learned in Section A (page 37) that chemical equations summarize the
results of chemical reactions and can be regarded as chemical sentences in
the language of chemistry. To review and extend what you know about
chemical equations, we will now examine carefully a chemical reaction from
one of this unit’s investigations.

In Investigating Matter B.9, you observed the reaction of chlorine with
sodium bromide solution. This reaction can be represented with the follow-
ing chemical equation:

Cl, + 2 NaBr — Br, + 2 NaCl
Chlorine Sodium bromide Bromine Sodium chloride
solution solution

Reactants Products

The reactants are chlorine and sodium bromide, written on the left side of
the equation. Sodium chloride and bromine, the products of this reaction,
are written on the right side of the equation. You already know that sodium,
chlorine, and bromine readily form ions and that sodium bromide and
sodium chloride are ionic substances. With that information, you can now
interpret the equation in words: one chlorine molecule (Cl,) and two sodium
bromide formula units (2 NaBr) react to produce (—) one molecule of
bromine (Br,) and two formula units of sodium chloride (2 NaCl).

You may have noticed that the subscript 2 is included every time that the
formula of a halogen (or H, and O,) is written. Although most uncombined
elements in chemical equations are represented as single atoms (e.g., Cu, Fe,
Na, and Mg), a handful of elements are diatomic molecules; they exist as two
bonded atoms of the same element.

Table 1.8 ements That Normally

Occur as Diatomic Molecules

Element Formula
Hydrogen H,
Nitrogen N,
Oxygen 0,
Fluorine F,
Chlorine cl,
Bromine Br,
lodine I,

SECTION D Conservation and Chemical Equations

"GEN-U-INE DIATOMICS”
serves as a useful
memory device for all
common diatomic
elements. The names of
all diatomic elements
either end in GEN or INE,
and U should remember
them!
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Oxygen and chlorine are two examples of diatomic molecules. Table 1.8
(page 117) lists all the elements that exist as diatomic molecules at normal con-
ditions. It will be helpful for you to remember these elements. Take a moment
to find the diatomic elements in the periodic table. Where are they located?

In the next activity, you will practice representing diatomic molecules, as
well as other reactants and products, as you increase your fluency in the
language of chemistry.

" MODELING MATTER
D.2 REPRESENTING REACTIONS

In Modeling Matter A.8 (page 38), you saw how chemical compounds
can be represented with formulas and pictures. As you move through
Section D, you will again be asked to model elements, compounds, and equa-
tions, and translate among symbolic, particulate, and macroscopic represen-
tations of substances.

Until now, we have focused on illustrating simple molecular compounds,
such as water and carbon dioxide. As you learned in Section B (page 66), rep-
resenting ionic compounds is more complex, since ionic compounds are found
in large crystals. Although the formula for sodium iodide, which you used in
Investigating Matter B.9, is written Nal, it is not made up of individual Nal
units. See Figure 1.50. The formula Nal indicates the relative number of atoms
in the larger crystal structure and represents a formula unit of sodium iodide.

Figure 1.50 Sodium iodide,
which is sometimes used to treat

iodine deficiency, is shown here

in a particulate representation.
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Sample Problem 1: Consider one of the reactions you
observed in Investigating Matter B.9. Sodium iodide and bromine
react to form sodium bromide and iodine. The equation for this
reaction can be written as follows:

Br, + 2Nal — I, + 2NaBr

How can we represent this equation using particulate models?

Sodium iodide and sodium bromide are ionic compounds. We can
use representations of formula units of each as long as we recognize
the limitations of these representations. So, using a key similar to
the one used in Modeling Matter A.8, we can write:

Model: @
N

Atom: Br a 1

The complete equation is represented as:

Binary compounds
Consider the substances you have used in investigations throughout this contain two different

unit. Many of these substances are more complex than the simple binary elements
compounds above. For instance, silver nitrate (used in Investigating Matter

B.12) contains a silver ion, Ag*, and a polyatomic nitrate ion, NO,™. Baking

soda, used in Investigating Matter A.1, contains sodium hydrogen carbonate,

NaHCO,. Although we must keep in mind the limitations of formula units

and individual drawings—as with any ionic compound—we can construct

simple drawings to represent compounds containing polyatomic ions.
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Sample Problem 2: Draw a particulate model for calcium

carbonate, CaCO,, the primary mineral in limestone.

Limestone i d . - q q
irlzs;j?ﬁz ?;em Using a key similar to the one used in Modeling Matter A.8 (page 38),

buildings and statues we have the following:

to antacid tablets.
Model: Q @
C (0] Ca

Atom:

A formula unit for CaCO, can be represented as:

Now it is your turn to represent substances and reactions.

1. Represent an atom, molecule, or formula unit of each of the following
using particulate models. Include a key.

a. MgO, substance created when magnesium burns
. CO,, product of combustion and respiration

. KCl, used in manufacturing fertilizer

o o o

. NaOH, also known as lye, one of the most important industrial
chemicals

. iron(Ill) oxide, a component of rust
silver nitrate, used in Investigating Matter B.12

. oxygen, gas essential to life

@ o

. MnCO,, the main component in the mineral rhodochrosite
(see Figure 1.51)

Figure 1.51 Large red crystals of pure
rhodochrosite are found in only a few
places on Earth, including Colorado, where
it is the official state mineral. Impure
rhodochrosite ranges in color from pink

to brown and is found worldwide.
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2. In Developing Skills C.9 (page 100) you determined the molar mass
of azurite, a copper-containing mineral with the formula
Cu,(CO,),(OH),.

a. Name the polyatomic ions within azurite. (Hint: Refer to Table 1.2,
page 70, if necessary.)

b. How many of each of the ions you listed above are represented
in one formula unit of azurite?

¢. How many total atoms would you need to create a particulate
model of a formula unit of azurite? (Note: You do not need to
create this model!)

3. Asyou observed in Investigating Matter A.10 (page 42), when an acid
reacts with an active metal, hydrogen gas and an ionic compound are
often formed. The following equation shows the reaction of
hydrochloric acid (HCI) with magnesium metal:

2HCl + Mg — H, + MgCl,

a. Write an interpretation of the statement in words.

b. Identify each reactant and product as either a compound
or an element.

c. Draw a particulate model of the chemical reaction.

D.3 KEEPING TRACK OF ATOMS

Think for a moment about what happens to molecules of gasoline as they
burn in an automobile engine (Figure 1.52). The carbon and hydrogen atoms
that make up these molecules react with oxygen atoms in the air to form
carbon monoxide (CO), carbon

dioxide (CO,), and water vapor

(H,0). These products are released

as exhaust and disperse in the

atmosphere. Thus, atoms of car-

bon, hydrogen, and oxygen origi-

nally present in the gasoline and

air have not been destroyed;

rather, they have become rear-

ranged into different molecules.

Figure 1.52 Where do the atoms in the
gasoline go as a car’s gas tank empties?




Figure 1.53 When a pile of coal

that made up the coal?
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In short, “using things up” means materials are chemically
changed, not destroyed. The law of conservation of matter, like
all scientific laws, summarizes what has been learned by careful
observation of nature: In a chemical reaction, matter is neither
created nor destroyed. Molecules can be converted and decom-
posed by chemical processes, but atoms are forever. In a chemi-
cal reaction, matter—at the level of individual atoms—is always
fully accounted for.

Because chemical reactions cannot create or destroy atoms,
chemical equations representing such reactions must always be
balanced. What does a “balanced equation” mean? Symbols or
formulas for the reactants are placed on the left of the arrow;
symbols or formulas for the products are placed on the right. In
a balanced chemical equation, the number of atoms of each ele-
ment is the same on the reactant and product sides.

Consider burning coal as an example (Figure 1.53). Coal is
mostly carbon (C). If carbon burns completely, it combines with
oxygen gas (0,) to produce carbon dioxide (CO,).

Here is a representation of the atoms and molecules involved
in this reaction:

Q- P - dD

1Carbon + 10Oxygen — 1 Carbon dioxide
atom (C) molecule (O,) molecule (CO,)

burns, what becomes of the atoms

Note that the numbers of carbon and oxygen atoms on the reactant side equal
the numbers of carbon and oxygen atoms on the product side. This indicates
that the equation is balanced.

The representation of the coal-burning reaction shows that one carbon
atom reacts with one oxygen molecule to form one carbon dioxide molecule:

Cls)  + 0,(g) — CO,(g)
Carbon and Oxygen React to Carbon
(in coal) gas produce dioxide gas

Consider the reaction that occurs when copper is heated in air, discussed
in B.13 (page 73). Copper metal (Cu) reacts with oxygen gas (O,) to form
copper(II) oxide (CuO). We can represent this process with the following:




oo - e® — 39

2 Copper 1 Oxygen 2 Copper(Il) oxide
atoms (Cu) molecule (O,) formula units (CuO)

Again, note that the numbers of copper and oxygen atoms on the reactant
side equal the respective numbers of copper and oxygen atoms on the prod-
uct side. Written as a chemical equation, the reaction is

2 Cu(s) + 0,(g) — 2 CuO(s)

Copper and  Oxygen React to Copper(II)
metal gas produce oxide

You may have noticed that numbers have been placed in front of the cop-
per and copper(Il) oxide formulas. A “one” is also implied for the O,. These
numbers are called coefficients. Coefficients indicate the relative number of
units of each substance involved in the chemical reaction. Reading this equa-
tion from left to right, you would say, “Two copper atoms react with one
oxygen molecule to produce two formula units of copper(Il) oxide.”

Study Figure 1.54, which represents the copper—oxygen reaction in
three ways. The photograph shows copper(Il) oxide that you can observe,
representing this reaction at the large-scale matter (or macroscopic) level.
The particulate-level drawings model individual atoms and molecules
for the reactants, and formula units within the ionic crystal of the product.
The chemical equation represents this reaction symbolically. The ability to
think about particles involved in chemical reactions and to repre-
sent reactions with symbols will help you link your observations
to what you are unable to see (that is, what happens with atoms,

SECTION D Conservation and Chemical Equations

It is standard procedure
to imply but not write
the coefficient *1."

Macroscopic
level

ions, and molecules) and keep track of reactants and products.
In the following activity, you will practice recognizing and
interpreting chemical equations.

Particulate level

Solid copper Oxygen gas Solid copper(ll) oxide

Figure 1.54 Chemists describe the reaction between copper and oxygen in several ways:
through symbolic equations, through models of what occurs at the particulate level, and
through macroscopic descriptions of the observed properties of reactants and products.

Copper(ll) oxide

Symbolic level
2 Cu(s) + Oy(g) — 2 CuO(s)
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DEVELOPING SKILLS
D.4 ACCOUNTING FOR ATOMS

Sample Problem: The combustion reaction between propane
(C;H,) and oxygen gas (O,) is a common source of thermal energy
for campers, recreational-vehicle users, and others. See Figure 1.55.
A chemical statement showing the reactants and products is

This chemical reaction
produces thermal energy, CiHglg) + O,(g) — CO,(g) + H,0O(g)
which can also be

considered a product.
: procu Interpret this reaction in terms of (a) words, (b) molecular models,

and (c) an atom inventory. (d) Is this a balanced chemical equation?

a. This statement can be interpreted in words as: “Propane
gas reacts with oxygen gas to produce carbon dioxide gas
and water vapor.”

b. Using to represent a propane

molecule, the chemical statement can be represented as:

000 oo ceo s

CyHy + 0, —  CO, +  H,0
1 Propane 1 Oxygen 1 Carbon dioxide 1 Water
molecule molecule molecule molecule

c. Counting the atoms on each side of the equation gives this
atom inventory:

Reactant side Product side

3 carbon atoms 1 carbon atom

8 hydrogen atoms 2 hydrogen atoms
2 oxygen atoms 3 oxygen atoms

d. The respective numbers of carbon, hydrogen, and oxygen
atoms are different in reactants and products. The original
statement is not a balanced chemical equation.
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For each of the following chemical statements,

-

a. write an interpretation of the statement in words,

b. draw a representation of the chemical statement (some structures
are provided),

c. complete an atom inventory of the reactants and products, and
d. decide whether the chemical statement, as written, is balanced.
Many people use natural gas as a source of household heat. Natural

gas contains methane (CH,), which burns with oxygen gas (O,) in air
according to the equation

CH, + 20, — CO, + 2H,0

Use to represent a methane molecule.

. When an acid reacts with an active metal, hydrogen gas and an ionic

compound are often formed. An expression for hydrobromic acid
(HBr) reacting with magnesium metal to form hydrogen gas and
magnesium bromide (MgBr,) is:

HBr + Mg — H, + MgBr,

Let % represent a formula unit of magnesium bromide
(MgBr,). (Note that formula units are potentially misleading, because,
under ordinary circumstances, ionic compounds are not found as
individual units, such as molecules, but as large crystals made up of
many ions. Thus this and similar representations of ionic compounds
are technically inaccurate; however, for an atom inventory, they will See page 66 in Section

suffice. Keep these limitations in mind.) B10toviewa
representation of an

ionic crystal structure.

Figure 1.55 In what ways could
you describe the reaction of propane
with oxygen?




You learned about the
refining of metals using
redox reactions on
page 101 in Section C.

There are nine

oxygen atoms in one
C3H5(NO3) 5 molecule.
Can you see why?

The law of conservation
of matter holds under
normal circumstances. You
may be familiar with the
equation £ = mc?,

which indicates that

small quantities of matter
(mass) can be converted
to large quantities of
energy within events such
as nuclear reactions.

For a complete listing
of elements found

as diatomic molecules,
see page 117.
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3. Hydrogen sulfide (H,S) and metallic silver react in air to form
silver sulfide (Ag,S), commonly known as silver tarnish, and water:

4Ag + 4H,S + O, — 2AgS + 4H,0

4. Iron can be extracted from the ore hematite (Fe,O,) by reduction
with carbon monoxide in a blast furnace according to
the equation.

Fe,0O, + 3CO — 2Fe + 3CO,

5. Aluminum cookware must be treated to prevent it from reacting with
acids found in foods. For example, aluminum can react with
hydrochloric acid as follows:

2Al + 6HGl — 2AICL, + 3H,

Try Questions 6 and 7 without drawing representations. (Why might this be
a good decision?)

6. Wood or paper, composed mainly of cellulose, C;H,,0;, can burn in air,
forming carbon dioxide and water vapor.

CGH,0, + 60, — 6C0O, + 5H0

7. Nitroglycerin, C;H;(NO,),, the active constituent of dynamite,
decomposes explosively, forming N,, O,, CO,, and water.

2CH,NO,), — 3N, + 0, + 6CO, + 5H0

D.5 NATURE'S CONSERVATION:
BALANCED CHEMICAL EQUATIONS

The law of conservation of matter is based on the notion that atoms are
indestructible. All changes observed in matter can be interpreted as rear-
rangements among atoms. Correctly written (balanced) chemical equations
represent such changes. In the preceding activity, you practiced recognizing
balanced chemical equations. Now you will learn how to write them.

As an example, consider the reaction of hydrogen gas with oxygen gas
to produce gaseous water. First, correctly write the reactant formula
or formulas to the left of the arrow and the product formula or formulas to
the right, keeping in mind that hydrogen and oxygen gas are diatomic (two-
atom) molecules.

@D - —

Hz{g) + Oz[g} - Hzo(g)




Check the preceding expression by completing an atom inventory: Two
hydrogen atoms appear on the left side and two on the right. Thus, hydrogen
atoms are balanced. However, two oxygen atoms appear on the left and only
one on the right. Because oxygen is not balanced, the expression requires
additional work.

Here is an incorrect way to complete the equation:

@G - —

H,(g) + 0,(g) — H,0,(g) Incorrect!
1 Hydrogen 1 Oxygen 1 Hydrogen
molecule molecule peroxide molecule

Although this chemical statement meets an atom-inventory check (there
are two hydrogen and two oxygen atoms on both sides), this chemical expres-
sion is quite wrong. By changing the subscript of O from 1 to 2 in the prod-
uct, the identity of the product has been changed from water (H,O) to hydro-
gen peroxide (H,0,). Because hydrogen peroxide is not produced by this
reaction, the chemical expression is incorrect. When balancing chemical
equations, subscripts remain unchanged once correct formulas have been
written for reactants and products. Coefficients (the numbers placed in front
of formulas) must be adjusted to balance equations instead.

Additional hydrogen, oxygen, and water molecules must be added to the
appropriate sides of the equation to balance the numbers of oxygen and
hydrogen atoms. Another oxygen atom is needed on the product side to bring
the number of oxygen atoms on both sides to two. Therefore, a water mole-
cule is added:

> -9
H, + 0, — H,0 + H,0

1 Hydrogen 1 Oxygen 2 Water molecules
molecule molecule

As aresult, two oxygen atoms appear on each side of the equation. Unfor-
tunately, hydrogen atoms are no longer balanced: Now there are two
hydrogen atoms on the left side and four atoms on the right. How can two
hydrogen atoms be added to the reactant side? You are correct if you said by
adding one hydrogen molecule to the left side:

®+® ' @_)@+@
+ 0, — HO + HO

H, + H,

2 Hydrogen 1 Oxygen
molecules molecule

2 Water molecules

The atoms are now balanced. Count them to verify that!

SECTION D Conservation and Chemical Equations

Under certain conditions,
H, reacts with O, in a
violent explosion.
However, the reaction
can be controlled and, in
fact, powers some types
of rockets (Figure 1.56).
Used in fuel cells, this
reaction can generate
electricity.

Figure 1.56 Some
rockets are propelled
by the thrust generated
when liquid hydrogen
and liquid oxygen react
to form gaseous water
and considerable
thermal energy.

Chemical expressions
are symbolic statements
describing chemical
reactions that may or
may not be balanced.
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It is neither convenient nor efficient to draw representations for every
reactant and product in every chemical reaction. Thus this information is
usually summarized in a chemical equation:

2H,(gl + O,(gg — 2H,0O(g)

This equation can be “read” as indicating, “Two molecules of hydrogen gas
react with one molecule of oxygen gas to produce two molecules of water
vapor.” See Figure 1.57.
The following additional suggestions may help you as you write correctly
balanced chemical equations:
¢ If polyatomic ions, such as NO,~ and CO,*", appear as both reactants
and products, treat them as units, rather than balancing their atoms
individually.
e If water is involved in the reaction, balance hydrogen and oxygen
atoms last.
¢ Re-count all atoms after you think an equation is balanced—just to
be sure!

Figure 1.57 The primary reaction powering this hydrogen fuel cell vehicle
is 2 H, + O,. You will learn more about hydrogen fuel cells in Unit 3.




DEVELOPING SKILLS

D.6 WRITING CHEMICAL EQUATIONS

Sample Problem: The reaction of methane gas (CH,) with
chlorine gas (Cl,) occurs in sewage treatment plants and often in
chlorinated water supplies (Figure 1.58). Common products are
liquid chloroform (CHCI,) and hydrogen chloride gas (HCI). Write
a balanced chemical equation for this reaction.

A chemical statement describing this reaction follows. As you can
see from a quick glance, the equation is not balanced.

& D-PH)-®

CH,(g + Cly(g — CHCL) + HCl(g)

Methane Chlorine Chloroform Hydrogen
chloride

To complete this chemical equation, you can follow this line of
reasoning: One carbon atom appears on each side of the arrow, so
carbon atoms balance. Thus, the coefficients in front of CH, and
CHCI, are regarded (at least for the moment) as “1.” We will write
it in explicitly, just as a reminder, but the coefficient 1 is removed
from the final equation.

@@D@@

1CH, + — 1 CHCl, +

Methane Chlorine Chloroform Hydrogen
chloride

SECTION D Conservation and Chemical Equations

Figure 1.58 A water-treatment
plant, a portion of which is
shown here, often uses chlorine
to purify municipal water.

For convenience, the
symbols (g) and (/) are
removed. They will
reappear in the final
equation
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Four hydrogen atoms are on the left, but only two hydrogen atoms
are on the right (one in CHCl,, a second in HCI). To increase the
number of hydrogen atoms on the product side, the coefficient of
HCI can be adjusted. Because two more hydrogens are needed on
the right, the number of HCl molecules must be changed from 1 to
3. This gives four hydrogen atoms on the right:

@
5 @
5t

1CH, + Cl, — 1CHCl + 3HG
Methane Chlorine Chloroform Hydrogen
chloride

Now both carbon and hydrogen atoms are balanced. What about
chlorine? Two chlorine atoms appear on the left and six on the right
side. These six chlorine atoms (three in CHCl,, three in 3 HCI) must
have come from three chlorine (Cl,) molecules. Thus 3 must be the
coefficient of CL,.

The chemical equation appears to be balanced. An atom inventory
verifies that the equation is complete and correct as written.

888
0Oe

CHy(g) + 3Cl(g — CHCll) + 3HCl(g)

Methane Chlorine Chloroform Hydrogen
chloride
Reactant side Product side
1 C atom 1 C atom
4 H atoms 4 H atoms (1 in CHCl,, 3 in HCI)

6 Cl atoms (in 3 Cl,) 6 Cl atoms (3 in CHCl,, 3 in HCI)

Copy the following chemical expressions onto a separate sheet of paper,
and balance each if needed. For Questions 1—4, draw a representation of
your final equation to verify that it is balanced. Structures unfamiliar to you
will be provided.




1. Two blast furnace reactions are used to obtain iron from its ore:

a. C(s) + O,(g) > 2CO(g)
b. Fe,0,(s) + CO(g) — Fe(l) + 3 CO,(g)

Let represent a formula unit of Fe,O,.

Let m represent a molecule of CO,.

. The final step in the refining of a copper ore is:

CuO(s) + C(s) — Cu(s) + CO,(g)
Let (). represent a formula unit of CuO.

. Ozone (O,) can decompose to form oxygen gas (O,):

Let m represent an ozone molecule.

. Ammonia (NH,) in the soil reacts continuously with oxygen gas (O,):

NH;(g) + O,(g) — NO,(g) + H,0(l)

. As you observed in Investigating Matter B.12, copper metal reacts
with silver nitrate solution to form copper(Il) nitrate solution and
silver metal:

Cu(s) + AgNO,(aq) — Cu(NO,),(aq) + Ag(s)

(Hint: Look at the formula for copper(Il) nitrate, Cu(NO,),. The sub-
script of two outside the parentheses indicates that this formula con-
tains two nitrate (NO,7) anions. So one formula unit of Cu(NO,), con-
tains one copper ion, two nitrogen atoms, and six oxygen atoms.)

. Combustion of gasoline in an automobile engine can be represented
by the burning of octane (CgH,):

CgH (1) + O,(g) — CO,(g) + H,0(g)

concept check 8

1. Why must chemical equations always be balanced?

2. Is it possible to balance a chemical equation by changing
subscripts? Explain.

3. What does it mean for a resource to be renewable?

SECTION D Conservation and Chemical Equations




A controlis an
untreated sample
that can be
compared to
treated samples.

A
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B INVESTIGATING MATTER
D.7 STRIKING IT RICH

Preparing to Investigate

Seeing is believing—or so it is said. In this investigation, you will study the
effects of heat and chemical treatment on pennies. As you do so, keep in
mind what you have learned about chemical and physical changes and con-
servation of matter, as well as the choices you will make in the unit project.

Before you begin, read Gathering Evidence to learn what you will need to
do and note safety precautions. Gathering Evidence also provides guidance
about when you should collect and record data. Construct a data table appro-
priate for recording the data you will collect.

Gathering Evidence

1. Before you begin, put on your goggles, and wear them properly
throughout the investigation.

2. Obtain three pennies. Use steel wool to clean each penny until it is
shiny. Record the appearance of the pennies.

3. Set aside one of the clean pennies to serve as a control.

4. Weigh a 2.0-g to 2.2-g sample of granulated zinc (Zn) and place itin a
250-mL beaker.

5. Use a graduated cylinder to measure 25 mL of 1 M zinc chloride (ZnCl,)
solution. Add the solution to the beaker containing the granulated zinc.
(Caution: 1 M zinc chloride solution can damage skin. If any
accidentally spills on you, ask a classmate to notify your teacher
immediately, and wash the affected area with tap water immediately.)

6. Cover the beaker with a watch glass and place it on a hot plate. Gently
heat the solution until it just begins to bubble, then lower the
temperature to sustain gentle bubbling. Do not allow the solution to
boil vigorously or heat to dryness. (Caution: Note the warning in Step
5 about zinc chloride solution.)

7. Carefully remove the watch glass, then use forceps or tongs to
carefully lower two clean pennies into the solution in the beaker. To
avoid causing a splash, do not drop the coins into the solution. Put the
watch glass on the beaker and boil gently for two to three minutes.

8. Carefully remove the watch glass, then use forceps or tongs to remove
the two coins from the beaker. Rinse under running tap water, then
gently dry with a paper towel. Set one treated coin aside for later
comparisons and use the other treated coin in Step 9.




10.

11.

12.

13.

Set a hot plate to medium-high heat. Using the tongs, place the
second treated penny on the hotplate and count to five. Use the
tongs to flip the coin and count to

five again. Repeat until you observe

a color change (see Figure 1.59).

Pick up the coin from the hot plate
surface with the tongs, rinse the
heated coin under running tap
water, and gently dry it with a paper
towel. Record your observations.
Observe and compare the
appearances of all three pennies.
Record your observations.

Discard the used zinc chloride
solution and solid zinc as directed
by your teacher.

Wash your hands thoroughly before
leaving the laboratory.

Interpreting Evidence

1.

Compare the color of the three coins—untreated (the control),
heated in zinc chloride solution only, and heated in zinc chloride
solution and then on a hot plate.

Do the treated coins appear to be composed of metals other than
copper? If so, explain.

Making Claims

3.

If someone claimed that a precious metal was produced in this
investigation, how would you decide whether the claim was
correct?

What happened to the copper atoms originally present on the surface
of the treated pennies? Provide evidence to support your answer.

Reflecting on the Investigation

5.

Identify at least two practical uses for metallic changes similar to
those you observed in this investigation.

Do you think the treated pennies could be converted back to ordinary
coins? If so, what procedures would you use to accomplish this?
(Caution: Do not perform any laboratory work without your teacher’s
approval and direct supervision.)

SECTION D Conservation and Chemical Equations

Figure 1.59 Heating the treated penny on a hot plate.
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D.8 COMBINING ATOMS: ALLOYS

The investigation you just completed demonstrated how metallic properties
can be modified by creating an alloy, a solid combination of atoms of
two or more metals. The immersion of a penny in hot zinc chloride solution
produced a silvery alloy of zinc and copper called brass. When you heated the
penny on the hot plate, the zinc and copper atoms mixed more completely.
The overall mixing of zinc and copper atoms to form brass is depicted in Fig-
ure 1.60. The resulting solid solution has a different concentration of zinc and
copper and is known as one form of brass. Most brass materials have a golden
color, unlike either copper or zinc. Brass is also harder than copper metal.

Figure 1.60 The steps to Some other common alloys with familiar names are listed in Table 1.9.

forming a brass layer onto a
penny (a-c). Unlike a metal or (a) (b) (c)
a chemical compound with

a specific formula, an alloy’s
composition can vary. Brass
samples contain from 10 to
40% zinc (by mass). What is
the remaining material?

It is clear that one way to modify the properties of a particular metal is to
A mixture is a combination form it into an alloy, just as you did when you produced a gold-colored

of materials in which each penny. Often the results of alloying metals are unexpected, as you are about

ma‘ter\a? retains \Fs to discover.
separate identity. You will

learn more about mixtures
in upcoming units.

CHEMQUANDARY
FIVE CENTS” WORTH

A U.S. nickel is composed of an alloy of nickel and copper. Based on
your familiarity with the appearance of that common five-cent coin, you
might be surprised to learn it is composed of more copper
than nickel! Specifically, each U.S. five-cent coin
contains only 25% nickel and 75% copper by mass.
What does this suggest about the difference
between an alloy and a simple mixture of powdered
copper and powdered nickel?




Table 1.9
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Alloy and Composition

Examples (composition
in mass percent)

Comments

Red brass
(90% Cu, 10% Zn)

Properties of brass vary with
the proportion of copper and
zinc used and with addition

Brass Yellow brass of small amounts of other
Copper and zinc (67% Cu, 33% Zn) elements.
Naval brass Brass is used in plumbing
(60% Cu, 39% Zn, 1% Sn) and lighting fixtures, rivets,
screws, and ships.
; Bronze is harder than brass.
Coinage bronze Its properties depend on the
Bronze (95% Cu, 4% Sn, 1% Zn) proportions of its

Primarily copper with tin,
zinc, and other elements

Aluminum bronze
(90% Cu, 10% Al)

Hardware bronze
(89% Cu, 9% Zn, 2% Pb)

components.

Bronze is used in bearings,
machine parts, telegraph
wires, gunmetal, coins,
medals, artwork, and bells.

Steel

Primarily iron with carbon
and small amounts of other
elements

Steel
(99% Fe, 1% C)

Nickel steel
(96.5% Fe, 3.5% Ni)

Stainless steel
(90-92% Fe, 0.4% Mn,
<0.12% C, Cr (trace))

Properties of steel are often
determined by carbon
content. High-carbon steel is
hard and brittle; low- or
medium-carbon steel can be
welded and shaped.

Steel is used in automobile
and airplane parts, kitchen
utensils, plumbing fixtures,
and architectural decoration.

Other common alloys

Pewter
(85% Sn, 6.8% Cu,
6% Bi, 1.7% Sb)

Pewter is often used for
figurines and other
decorative objects.

Mercury amalgams

(50% Hg, 20% Ag, 16% Sn,
12% Cu, 2% Zn)

Mercury amalgams
have often been used
for dental fillings.

14 Carat gold
(58% Au, 14-28% Cu,
4-28% Ag)

14-carat gold is
popular in jewelry.

White gold (90% Au, 10% Pd)

White gold is also
principally used
for jewelry.




Resources such as
petroleum are regarded as
nonrenewable resources,
because they take millions
of years to form.
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Some other useful alloys have a constant, definite ratio of metallic atoms.
One example is Ni;Al, a low-density, strong metallic alloy of nickel and alu-
minum used as a component of jet aircraft engines. A very hard chromium-
platinum alloy, Cr,Pt, forms the basis of some commercial razor blade edges.
And a special group of alloys, including the niobium-tin compound Nb,Sn,
displays superconductivity—the ability to conduct an electric current with-
out any electrical resistance—if cooled to a sufficiently low temperature.

D.9 CONSERVATION IN THE
COMMUNITY

Now that you have seen how conservation works at the particulate level, and
have learned how to express that conservation using chemical equations, it
is time to think about conservation at the macroscopic level. The law of con-
servation of matter applies at all levels, a fact you will need to take into
account as you consider the implications for resources in your choices about
currency.

As you read more about resources, consider how chemistry is related to an
idea you may have heard about—sustainability. Sustainable practices and
processes are those present-day activities that preserve the ability of future
generations to thrive and meet their resource needs on a habitable Earth.

Depleting Resources

In some ways, Earth is like a spaceship. The resources “on board” are all
that are available to the ship’s inhabitants. Some resources—such as fresh
water, air, fertile soil, plants, and animals—can eventually be replenished
by natural processes. These are called renewable resources. As long as nat-
ural cycles are not disturbed too much, supplies of renewable resources can
be maintained indefinitely. Other materials—such as metals, natural gas,
coal, and petroleum—are considered nonrenewable resources because they
cannot be readily replenished. If atoms are always conserved, why do some
people say that a resource may be “running out”? Can a resource actually
“run out”?

The answer can be found by first remembering that atoms are conserved in
chemical processes, but molecules might not be. For example, the current
production of new petroleum molecules in nature is much, much slower
than the current rate at which petroleum molecules are being burned to pro-
duce thermal energy, carbon dioxide, water, and other molecules. Thus, the
total inventory of petroleum on Earth is declining, but the total number of
carbon and hydrogen atoms on Earth remains constant.




A resource—particularly a metal—can be depleted in another way. As you
have learned, profitable mining depends on finding an ore with at least some
minimum metal content. This minimum level depends on the metal and its
ore: from as low as 1% for copper or 0.001% for gold to as high as 30% for
aluminum.

Once ores with high metal content are depleted, lower-grade ores with
less metal content are processed. Meanwhile, atoms of the metal that were
previously concentrated in rich deposits in limited parts of the world gradu-
ally become spread out (dispersed) over wider areas of Earth. This disper-
sion makes the used metal far less useful for new applications. Eventually,
the mining and extraction of certain metals may become prohibitively expen-
sive, thus making the metal too costly for general use. At that time, for practi-
cal purposes, the supply of that resource can be considered depleted.

Conserving Resources

Can such depletion scenarios be avoided? Can Earth’s mineral resources be
conserved? One strategy for conservation is to slow the rate at which resources
are used. This can be best addressed by considering the four Rs—rethinking,
reusing, reducing, and recycling.

Part of this strategy includes rethinking personal and societal habits and
practices involving resource use. Rethinking can take the form of re-examin-
ing old assumptions, identifying resource-saving strategies, and, perhaps,
uncovering new solutions to old problems. Rethinking can involve decisions
such as whether it is better to choose paper or plastic bags in grocery stores,
or, as is becoming more common, if it is even better to consider reusing gro-
cery bags or bringing your own cloth bags.

Another approach is reducing the use of a resource by finding substitute
materials with similar properties, preferably from renewable resources, or
simply using less of the resource. In addition, some manufactured items can
be refurbished or repaired for reuse rather than sent to a landfill. Common
examples include used car parts and printer cartridges, both of which can
often be reused after rebuilding or refilling. Possibly the fundamental part of
resource conservation and management is to consider the most direct
option—source reduction. That simply means decreasing the amount of
resources used. The fewer resources used now, the more remain available for
future generations.

Finally, certain items can be recycled, or gathered, for reprocessing. Such
recycling allows the resources present in the items to be used again. Figure
1.61 (page 138) illustrates the steps involved in recycling aluminum cans.

Recycling is one option for the final step in the life cycle of a material—a
topic you will now consider as you continue to evaluate how “green” the
forms of U.S. currency actually are.

SECTION D Conservation and Chemical Equations

Minimum profitability
levels for mining depend
not only on the metal’s
abundance in the ore, but
also on the metal's
chemical activity. Less
reactive metals (such as
gold) are often found in
their native, or
uncombined, state and
are more readily released
from their compounds to
form pure metal than are
more reactive metals
(such as aluminum).
Thus, more reactive
metals must usually be
mined from ores with
high metal content to be
profitable.

What other Rs have you
heard of in the context
of ecology?

Green Chemistry

is an approach k)
to chemistry that
aims to eliminate
pollution in industrial
settings by preventing

it from happening in
the first place through
enactment of one or
more of the four Rs,
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\

Use aluminum cans

Collect used
aluminum cans

for beverages and
other products

Deliver to
aluminum
recycling center

Process cans at
recycling center

« remove nonaluminum materials
« shred aluminum into chips

+ melt aluminum chips in furnace
« pour molten aluminum into

ingot molds

Manufacture new
aluminum cans

Figure 1.61 Why does
recycling aluminum require
less energy than producing
aluminum from its ore?

_—

Deliver aluminum
ingots for
aluminum-can
manufacture




I MAKING DECISIONS

D.10 RETHINKING, REUSING,
REDUCING, AND RECYCLING

In Section C (Making Decisions C.15), you considered the life cycle of the
U.S. one-dollar coin. In this activity, you will apply what you have learned
about conservation and product life cycles to the U.S. one-dollar bill. Use
your responses to Making Decisions A.11 and C.15 as you answer the follow-
ing questions.
1. First, consider the 4 Rs.
a. In what ways are dollar bills reused?

b. How could the resources necessary for dollar bill production be
reduced?

c. Are dollar bills recycled? If yes,
i. What products are made from recycled banknotes?
ii. About what percent of bills are recycled?
d. How could rethinking be applied to the life cycle of dollar bills?
2. Think about all of the materials and energy that are required to
produce dollar bills.
a. Which materials are renewable?
b. Which materials are not renewable?
¢. Which energy sources are renewable?
d

. Which energy sources are not
renewable?

e. Do the production and use of
dollar bills meet criteria for
sustainability? Explain.

3. Finally, use the answers to all of
your previous Making Decisions
activities and the questions in this
activity to sketch and label a life
cycle diagram for dollar bills. Be
sure to include all raw materials
and their sources, production,
use, and final disposition.

(Hint: Remember that recycled prod-
ucts also have a finite life span.)

SECTION D Conservation and Chemical Equations

Figure 1.62 Recycled-
content shingles can be made
from materials such as milk
jugs, used carpet, recycled
tires and reclaimed wood.
They are fire and impact
resistant, look like traditional
shingles, and last as long as
or longer than shingles made
from new materials.
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SECTION D SUMMARY

Reviewing the Concepts

A chemical equation represents a
reaction of one or more substances
to form one or more new substances.

1. Represent each chemical equation by
drawing particulate-level models of the
reactants and products. Use circles of
different sizes, colors, or shading for each
element.

a. H,(g) + Cl,(g) — 2 HCl(g)
b. 2 H,0,(aq) — 2 H,0(I) + O,(g)

Let 0“0 represent a hydrogen peroxide
molecule, H,0,.

c. Using complete sentences, write word
equations for the chemical equations
given in Questions 1a and 1b. Include the
numbers of molecules involved.

2. Write chemical equations that represent
these word equations:

a. Baking soda (NaHCO,) reacts with
hydrochloric acid (HCI) to produce
sodium chloride, water, and carbon
dioxide.

b. During respiration, one molecule of
glucose (C4H,,04) reacts with six
molecules of oxygen gas to produce
six molecules of carbon dioxide and six
molecules of water.

The atoms that compose matter are
neither created nor destroyed in a
chemical reaction.

3. State the law of conservation of matter.
4. What is a scientific law?

5. Complete atom inventories to decide
whether each of the following equations is
balanced:

a. The preparation of tin(II) fluoride, a
component of some toothpastes (called
stannous fluoride in some ingredient lists):

Sn(s) + HF(ag) — SnF,(aq) + H,(g)
Tin Hydrofluoric Tin(II) Hydrogen
metal acid fluoride gas

b. The synthesis of carborundum for

sandpaper:

SiO,(s) + C(s) — SiC(s) + CO(g)
Silicon Carbon Silicon Carbon
dioxide carbide monoxide

(sand) (carborundum)

¢. The reaction of an antacid with stomach
acid (hydrochloric acid):

Al(OH),(s) + 3 HCl(aq) — AlCl,(aq) + 3 H,0(I)
Aluminum Hydrochloric Aluminum Water
hydroxide acid chloride

6. Why are expressions such as “using up” and

“throwing away” misleading, considering
the law of conservation of matter?




Coefficients in a chemical equation
indicate the relative number of units of
each reactant and product involved.
Subscripts in a substance’s formula may
not be changed to balance an equation.

7. Consider this equation:
N,(g) + 3 H,(g)— 2 NH,(g)
a. What is the coefficient for hydrogen gas?
b. What is the coefficient for NH, gas?
c. What is the coefficient for nitrogen gas?

8. For each process below, draw a
representation of the chemical statement,
balance the representation, and verify your
answer.

a. Preparing tungsten from one of its
minerals:

_WO,+ _H, — _W + _H0
b. Heating lead sulfide in air:

_PbS + 0O, — _PbO + _SO,
c. Rusting (oxidation) of iron metal:

_Fe + 0, — _ FeO,

9. Balance each of these chemical expressions:

a. Preparing phosphoric acid (used in
making soft drinks, detergents, and other
products) from calcium phosphate and
sulfuric acid:

_ Ca,(PO,), + _H,S0,— _H,PO, + _CaSO,

b. Completely burning octane, CgH, 4, a
component of gasoline:

_ GH,pt O, — _CO, +_H,0
10. A student is asked to balance this
expression:

Na,S0, + KCl — NaCl + K,SO,

SECTION D Section Summary

The student decides to balance it this way:

11.
12.

13.

14.

17.

Na,S0, + K,Cl — Na,Cl + K,S0,

a. Complete an atom inventory of the
student’s answer. Are the atoms
conserved?

b. Did the student create a correctly
balanced chemical equation? Explain.

c. If your answer to Question 10b is “no,”
write a correctly balanced equation.

An alloy possesses properties that
differ, sometimes significantly, from the
properties of its constituent elements.

What is an alloy?

Give examples of two alloys you use
regularly. (Hint: See Table 1.9 on page 135.)

What nonmetal is a component of both steel
and stainless steel? (Hint: See Table 1.9 on
page 135.)

Give the formula, application, and
important physical property of an alloy that
is also a well-defined compound.

Resources are either renewable or
nonrenewable. Resources can be
conserved by recycling, reducing
(controlling rate of use), or replacing
them with substitute resources.

. What is sustainability?
16.

a. What is the difference between reusing
and recycling?

b. Give two examples of each, other than
those used in the textbook.

In addition to those found in the textbook,
list four examples of

a. renewable resources.

b. nonrenewable resources.




18. Classify each use as either recycling or
reusing:
a. storing water in used juice bottles for an
emergency.

b. converting plastic milk containers into
fibers used to weave clothing fabric.

c. packing breakable items with shredded
newspapers.
19. How would the life cycle of a light bulb
compare to that of a newspaper? Consider
material sources and disposal/recycling.

How is conservation of
matter demonstrated
in the use of resources?

In this section, you balanced
chemical statements and then, once
again, considered Earth'’s resources.
Think about how these ideas are
connected, then answer the question
in your own words in organized
paragraphs. Your answer should
demonstrate your understanding

of the key ideas in this section.

Be sure to consider the following
in your response: conservation of
matter, what it means to have a
balanced chemical equation,
sustainability, renewability, and
resource depletion.
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Connecting the Concepts

20.

21.

22.

23.

How is a scientific law, such as the law of
conservation of matter, different from a law
enacted by a government?

Earth has been compared to a space station.
a. In what ways is this analogy useful?

b. In what ways is it misleading?

Describe a real-world example of
conservation of matter.

Describe at least two benefits of discarding
less waste material and recycling more of it.

Extending the Concepts

24.

25.

26.

27.

Atoms that presently make up your body
may have once been part of the body of a
Tyrannosaurus rex, or even Alexander the
Great or Cleopatra. Explain how this is
possible.

Investigate recent advances and potential
applications in the field of
superconductivity.

What conclusions about materials can be
drawn from a study of substances used for
currency in ancient civilizations? Explain
your ideas by citing examples.

Why is aluminum metal more easily
produced from recycled aluminum cans
than from aluminum contained in clay,
bauxite, or aluminum oxide ore?




PUTTING IT ALL TOGETHER

MAKING THE CASE FOR CURRENCY

You probably realize that new products are not easily created and that even
the design process requires multiple stages. One common step in designing
a new product is soliciting proposals from several individuals or

teams. Once the proposals are submitted, a panel of experts or

consumers evaluates them to choose the best design. You will

follow a similar process in selecting the best “dollar recom-

mendation” from the proposals submitted by your classmates.

Each team will present its recommendations to the class,

which will also serve as the selection committee. Here is a

summary of essential features expected of your proposal:

PRESENTATION

Recommendation

Clearly outline your recommendations for printing and minting dollars in
the United States.

e Should both the dollar bill and dollar coin continue to be produced?
e Should one or the other be discontinued?

e Should the bill or the coin (or both) be made from different materials
or otherwise redesigned?

Rationale
Support your recommendations with evidence, including:

e The factors that most influenced your recommendations and why
they are important.

e Descriptions of the materials that make up the forms
of currency that you recommend.

e Details about the raw materials needed to produce
the currency, including

a. for metals:

o Where major deposits are located.

o Important ores of the chosen raw materials.
b. for all materials:

o How the materials are mined, collected, or harvested.
o How the materials are processed for use or production.
o Your rationale for choosing the selected materials.

o An analysis of both necessary and desirable properties of the
selected materials.
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Environmental Implications

Present an analysis of the life cycle of each form of currency to be retained
in your recommendation, including:

How obtaining the raw materials will impact local and global
environments.

What forms and relative quantities of energy will be required and
what wastes will be generated in production of the currency.

How long each form of recommended currency is expected to last in
general circulation.

How material(s) making up the recommended currency will be
treated after the useful life of the bill or coin (i.e., How will they be
recycled, reused, or disposed?)

How the life cycle of the bill or coin will be affected by your
suggested material modifications.

Advocacy Plan

Include a discussion that addresses how the general public and Congress
would be encouraged to support your recommendations. Be sure to address:

Identified concerns with the form or forms of currency that you
recommend and how they will be addressed. (Indicate whether your
suggested material modifications address any of these concerns.)
Benefits of, and possible incentives for, adopting your
recommendations.

Strategies to ease a transition to new or lesser used forms of
currency, if applicable.

Publication

Develop a web page or brochure that will inform others about your recom-
mendations and persuade them to adopt your plan. Include portions of your
presentation that are appropriate for the general public and that support
your conclusions.




LOOKING BACK AND LOOKING AHEAD

As you come to the end of this unit, pause and reflect on what you have
learned so far. You have learned some of the working language of chemistry,
such as symbols, formulas, and equations; laboratory techniques; and major
ideas in chemistry, such as the organization of the periodic table, the law of
conservation of matter, and the structure of atoms.

This knowledge can help you better understand some societal issues. Cen-
tral among these are the use and management of Earth’s chemical resources,
including water, metals, petroleum, food, and air.

Chemistry-related societal problems are far too complex for a simple techno-
logical fix. Issues of policy are not usually “either/or” situations, but often
involve weighing many considerations. As a voting citizen, you will deal
with issues that require some scientific understanding. Tough decisions may
be needed. The remaining chemistry units that you study will continue to
prepare you for that responsibility.

Unit 2 addresses gases, focusing on air in the atmosphere that surrounds and
sustains us. As you learn about the properties of the substances in Earth’s
atmosphere, you will also have the opportunity to design a scientific inves-
tigation to study an air-quality issue of your choice.







What information can
investigations provide
about gas behavior?

How are models and
theories useful in
explaining and predicting
behavior of gases?

SECTION A
Properties of Gases (page 151)

SECTION B
What does evidence Physical Behavior of Gases
reveal about properties (page 180)
of Earth’s atmosphere?
SECTION C
Interactions of Maﬁter and How are claims about air
Energy in Atmospheres i
(page 202) quality supported by

experimental evidence
and chemistry concepts?

SECTION D
Human Impact on Air Quality
(page 234)

As you read news online or in the local newspaper,
you probably notice that there are many stories
about the environment. One common theme that
you have almost certainly observed is Earth’s air

quality. Do air-quality articles trigger your concerns?
How does local and global air quality affect you?
Turn the page to begin exploring and investigating
air-quality issues.




The oil rig explosion and resulting oil spill in the
Gulf of Mexico in 2010 caused great concern
about how this oil would impact marine life.
One way to get rid of the oil (and thus reduce
its concentration in the ocean) was to burn it
off when it reached the surface of the water,

as shown here. What are some possible envi-
ronmental consequences of burning the oil?
Should we only be concerned with what we see
in the black smoke, or are there other, less
visible effects of this burning?

In most areas of the United States, this motorcycle
would be exempt from emissions testing. Is this a
reasonable exemption? Why could some counties
and states consider testing motorcycle exhaust?
What substances could be released from the
tailpipe above? Should we be concerned about
the nature or quantity of these emissions?

No, this isn't a foggy day . . . it's a smoggy day.
What conditions are necessary to create smog?
What could be done to clean up this air? In
cities where smog is a daily concern, many resi-
dents wear masks or bandanas over their mouth
and nose in order to breathe. How well does
this protect them against breathing in harmful
substances found in smog?




In June 2010, the U.S. Environmental
Protection Agency issued a one-hour health
standard for sulfur dioxide (SO,). Why would
the EPA be concerned about the quantity of a
pollutant emitted in a one-hour period rather
than over the course of a year? What other
emissions might be of concern if you lived
within sight of these smokestacks?

Community celebrations and special event:

S

often include a spectacular fireworks display. To
get the brilliant colors, makers of the fireworks
pack stars with compounds that include metals
such as barium, strontium, aluminum, and mag-
nesium. The pack must also include an oxidizer
and a source of chlorine. Why might these
components be of concern to workers, observ-
ers, and people living down-wind? What other
air-quality issues should be considered when a
fireworks display is proposed?

The plants in this photograph have been
adequately fertilized and watered, yet they are
failing to thrive. Could overall plant health be
related to the composition of the surrounding
air? How might plants be used as indicators

of air quality?
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What questions came to mind as you looked at the images and read the
captions on the previous pages? Did you wonder whether your air is safe to
breathe or if you should exercise outdoors? Did you think about effects on
wildlife? Perhaps you wondered whether emissions tests are useful or what
you can really do to help prevent air pollution.

Did you find any of the ideas unlikely, or did you ask yourself, “How do
they know?” If you did, you are already starting to think like a scientist. As
you learn about Earth’s atmosphere and the gases that make it up, you will
also be developing the skills of scientific inquiry.

At the end of this unit, you will report on an investigation that you have
designed to test an air-quality claim or product. As you progress through this
unit, you will develop a scientific question to guide your investigation, out-
line a procedure, and give and receive feedback on proposals within your
class. Your final report will include both a poster outlining your planned
investigation and a letter to those who would be interested in or affected by
the results of your investigation. As you begin studying gases, keep in mind
the thoughts you had as you viewed the opening photo essay and consider
which air-qualilty questions and issues make a difference to you.




SECTION

SECTION A Properties of Gases

PROPERTIES OF GASES

What information can investigations
provide about gas behavior?

The air that surrounds and sustains us—Earth’s atmosphere—is com-
posed of several gases. Any air-quality investigation, including the one
you will develop in this unit, must account for the behavior of gases in
the atmosphere. This section addresses the properties and behavior of
gases in general; other sections in this unit will focus on particular
gases, interactions among gases, and the structure of Earth’s atmo-
sphere.

In addition to considering the properties of gases, an air-quality
investigation must ask an answerable scientific question and gather
meaningful and reliable information. In this section, you will practice
developing good scientific questions and identifying the information
that investigations can provide. As you learn about gases and investiga-
tions, continue to think about an air-quality question that affects or
intrigues you. How might you address that question through scientific
investigation? In this section, you will apply knowledge of gas behavior
to help develop a question to guide your investigation. In later sections,
you will design procedures to gather evidence that could support an
answer to your question, and then refine these procedures before pre-
paring a scientific poster to describe your proposed investigation in
Putting It All Together.

GOALS

¢ Define and apply the concept of pressure, using various units.

e Describe and apply the relationship between pressure and
volume of a gas sample at constant temperature.

e Describe and apply the relationship between kelvin
temperature and volume of a gas sample at constant pressure.

e Describe and apply the relationship between pressure and
kelvin temperature of a gas sample at constant volume.

e Identify and write good scientific questions.

e Explain processes of and reasons for designing scientific
investigations.
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concept check 1

In this unit, you will be designing an investigation to test an air-quality

claim or product. As a first step, take a few minutes to observe the

atmosphere that surrounds you. Can you see, smell, or taste the

gases that make up the atmosphere? Is there anything that makes

you wonder whether gases are forms of matter?

1. What is “matter”?

2. What observations have you made in your daily life that suggest
that atmospheric gases are a form of matter? Explain.

B INVESTIGATING MATTER
A.1 PROPERTIES OF GASES

Preparing to Investigate

Before you begin, read Gathering Evidence to learn what you will need to do
and note safety precautions. Predict what you think will happen in each
of the nine investigations; write down your predictions. Plan for data collec-
tion and construct an appropriate data table.

Gathering Evidence

Five stations, A through E, have been set up around the laboratory. At each
station, you will complete the investigations indicated for that station. These
investigations can be done in any order; that is, work at Station D can be
completed before Station B investigations, and so on.

Before you begin, put on your goggles, and wear them properly through-
out the investigation.

Follow this general procedure:

Reread the instructions for the investigation.
Review your prediction.

Complete the investigation.

Record your observations.

Restore the station to its original condition.

Station A

Investigation 1

1. Draw some air into a syringe.

2. Seal the tip by placing the cap on the open end.
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Holding the cap in place, gently push the
plunger down with your thumb, as shown
in Figure 2.1.

Release the plunger.

Record your observations.

Investigation 2

1. Inflate and tie off two new balloons so
that they are approximately the same size,
about the size of a grapefruit.

2. Use tongs to submerge one inflated balloon ~ Figure 2.1 Manipulating a sealed
in an ice—salt water bath. syringe (Investigation 1).

3. Use tongs to submerge the other inflated
balloon in a container of hot tap water.

4. Record your observations.

Station B
Investigation 3

1. Inflate a balloon to approximately the size of a grapefruit and
tie off the end.

2. Place the inflated balloon on a balance, using a piece of tape to
hold it in place.

3. Record the mass of the balloon (and attached tape).

4. Remove the balloon from the balance. Use a pin to gently puncture
the balloon near the neck and release most of the gas within
the balloon.

5. Place the deflated balloon on the balance (with the tape still
attached) and record its mass.

6. Record your observations.

Investigation 4

1.

4.

As shown in Figure 2.2, insert
the rounded end of a new,
uninflated balloon part way
into an empty soft-drink bottle,
stretching the balloon’s neck
over the mouth of the bottle.

Try to blow up the balloon so
that it fills the bottle.

Remove and discard the used
balloon.

Record your observations. Figure 2.2 Placement of a balloon in a bottle (Investigation 4).
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Station C

Investigation 5

1.

Lower an empty drinking glass, with its open end facing downward,
into a larger container of water.

With the open end still under water, slowly tilt the glass.

Record your observations.

Investigation 6

1.
2.
3.

Fill a test tube to the rim with water.

Cover the test tube opening with a piece of stiff plastic.

Press down the plastic to make a tight seal with the mouth of the test
tube.

While continuing to press the plastic to the test tube, invert the test
tube above a sink or a pan.

Without causing any jarring, gently remove your hand from the piece
of plastic.

6. Repeat the process with the test tube half-full of water.

7. Record your observations.

Station D

Investigation 7

1.
2.
3.

Fill a test tube to the rim with water.
Cover the test tube opening with a piece of plastic wrap.

While continuing to press the plastic wrap to the test tube opening,
invert the test tube and partially immerse it in a container of water.

Remove the piece of plastic wrap.

Move the test tube up and down, keeping its lower (open) end under
water.

6. Repeat the process with the test tube half-full of water.

7. Record your observations.

Investigation 8

1.

ok W

Locate the plastic bottle with a small hole in its side.
Cover the hole in the side of the bottle with your finger.
Fill the bottle with water.

Replace the cap tightly.

Holding the bottle over a sink, remove your finger
from the hole.

6. Still holding the bottle over a sink, remove the cap.

7. Record your observations.
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Station E

Investigation 9

1. Place ~10 mL of water in a clean, empty aluminum

soft-drink can.

2. Place the can on a hot plate and bring the water to a

rapid boil.

3. Using tongs to handle the soft-drink can, quickly remove

the can from the heat and immediately invert it into a
container of ice-cold water, as shown in Figure 2.3.

4. Record your observations.

Interpreting Evidence

1.

Which of the previous investigations suggest that air is
composed of matter? Explain your choices, using
observational evidence to support your answer.

For each investigation, briefly describe how well your results
corresponded with your predictions and propose
explanations for any differences between your predictions
and the observed results of the investigations.

Making Claims

3. For any three investigations,

a. describe your observations in detail.

b. explain the role of air in the investigation.

4. Describe another investigation or experience

you have had that suggests that

a. air is matter.

b. air exerts pressure.

Complete this investigation at home (or

in the school’s lunchroom): Put one end

of a straw in a glass of water. Hold

another straw outside the glass. Place

the ends of both straws in your mouth

and try to drink the water through the

straw in the glass. See Figure 2.4.

a. Describe what you observed when
you tried this activity.

b. Based on your observations, what
makes it possible to drink liquid
through a straw?

Properties of Gases

Figure 2.3 Use tongs to quickly
invert a can containing boiling
water into a container of ice water
(Investigation 9).

Figure 2.4 What
will happen when
you try to drink water
through the straw
inside the glass?
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A.2 PRESSURE

In everyday language, the word pressure can have many meanings. Perhaps
you use it to mean that you feel too busy or that you feel forced to behave in
certain ways. The greater the pressure, the more “boxed in” you feel. To sci-
entists, pressure also refers to force and space, but in quite different ways.
In science, pressure refers to the force applied divided by the surface

area:
Force

Area

Pressure =

The force (or weight) of any object depends on its mass and gravitational
attraction. Area refers to the total surface of an object. For a square or a rect-
angular surface, area is calculated by multiplying the lengths of its two adja-
cent sides. The unit of length is the meter (m). Area is expressed as m X m,
or square meters (m?). You can see from the equation that as force increases,
pressure also increases. Thus we can say that pressure is directly propor-
‘ on s tional to the force applied. By contrast, as area increases, the pressure
mathematical relationship decreases. This means that pressure is inversely proportional to the area
where an increase in one
variable results in a decrease upon which the force acts.
of the other variable. To illustrate these relationships, think back to a common experience:
Someone steps on your foot. The pressure (or maybe even pain) that you feel
depends on the two variables involved in the equation above—force and
area. You surely can feel the difference between a 120-pound person or a
180-pound person stepping on your foot, assuming that both people
have the same size foot and wear similar shoes. The larger the force,
in this case weight, the more pressure that is exerted. To illustrate
the inverse relationship between area and pressure, suppose the
same person stepped on your foot two different times. The first
time, she wears sneakers; the second time, she is wearing high
heels. In each case, the applied weight (force) is the same,
but the area over which the force is applied differs. As the
area of the shoe decreases, the pressure exerted on your foot
increases. Consider how the “shoes” in Figure 2.5 relate to
the concepts of force, area, and pressure.

An inverse proportion is a

Figure 2.5 If someone were
to accidentally step on your
foot, which “shoes” would
you prefer that person wore?
Explain your choice in terms of
the concept of pressure.




In the same way that someone exerts pressure on your foot, gas molecules
exert pressure on the walls of their container and on other objects. You
observed this in Investigating Matter A.1. For instance, in Investigation 6
(page 154), you may have concluded that air pressure holds the piece of
plastic against the water in an inverted test tube. How much pressure did the
air exert on the piece of plastic, and how could you measure this pressure?

You probably are familiar with several units used to report pressure. For
example, U.S. weather forecasters report barometric air pressure in inches
of mercury. When you check air pressure in car or bicycle tires, most likely
your tire gauge reads pounds per square inch, or psi. Other pressure units
you may have already heard of are millimeters of mercury (mmHg), and
atmospheres (atm). With so many different units available for measuring and
reporting pressure, how do scientists communicate with one another?

Scientists have agreed to use certain units when communicating results.
This system of units, called the International System of Units (SI), allows
scientists from around the world to communicate clearly with each other.
Table 2.1 (page 158) lists some SI units. Note that some, such as mass and
length, are base units; they express the fundamental physical quantities of
the modernized metric system. Others, such as area, force, volume, and pres-
sure, are derived units; they are formed by mathematically combining two or
more base units.

Recall that pressure can be expressed as force per area. It is useful to
understand the SI units of force and area before learning about the SI derived
unit for pressure. The SI derived unit for force is the newton (N). To visual-
ize one newton of force, imagine holding a personal-sized bar of soap (with
a mass slightly greater than 100 g) in your open hand. That bar of soap
“pushes” downward on your open hand with a force of about one newton
(1 N). Figure 2.6 provides other examples of objects that exert about one
newton of force.
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Scientists have established
standards upon which all
measurements are based.
These include units of
temperature, length,

time, and mass. For
example, the standard

for length (the meter)

is currently based on the
distance traveled by

light in a vacuum during
1/299 792 458 of

a second.

The abbreviation Slis
based on Systéme
International d'Unités,
its official French name.

Is the SI unit for density a
base unit or a derived unit?

Figure 2.6 A wireless mouse, a
medium-sized apple, and a stick of
butter each exert about 1 N of force.




Pascal is pronounced so
it rhymes with rascal.

Some automobile tires
specify inflation pressure
in kilopascals (kPa)

in addition to pounds
per square inch (psi).

Another volume
unit with which

you are familiar:
the milliliter (mL)—
is equal to 1 cm?
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When a one-newton (1-N) force is exerted upon an area of one square
meter (1 m?), the pressure equals one pascal (Pa). The pascal (Pa) is the SI
derived unit of pressure. One pascal (1 Pa) is a relatively small pressure; it is
roughly the pressure exerted downward on a slice of bread by a thin layer of
soft butter spread on its top surface. Because a pascal is so small, the kilo-
pascal (kPa), a unit 1000 times larger than the pascal, is commonly used.

Table 2.1

The Seven Base

Quantities of SI Name Symbol

Length meter m
Mass kilogram kg
Time second s
Electric current ampere A
Thermodynamic temperature | kelvin K
Amount of substance mole mol
Luminous intensity candela cd
Some Derived Quantities

square meter m?
Area

square centimeter cm?
Volume cubic meter m3

cubic centimeter cm’®
Force newton N (equal to kgem/s?)
Pressure pascal Pa (equal to N/m?)

concept check 2

Figure 2.7 shows two bricks of the same mass lying on the ground.
1. Is each brick exerting the same total force on the ground?

Explain.

2. |s each brick exerting the same pressure on the ground?

Explain.
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DEVELOPING SKILLS
A.3 APPLICATIONS OF PRESSURE

Sample Problem: As a preliminary step in calculating the
pressure (in pascals) exerted on the ground by the brick on the right
side of the photo in Figure 2.7, determine the area of the brick that
is in contact with the ground. The dimensions of the brick surface
touching the ground are 9.3 cm X 5.5 cm.

To answer this, first note that one pascal has units of one N/m?.
(Why is this true? If you are not sure, review Section A.2.) Thus,
area must be expressed in square meters. First, convert each length
from c¢m to m:

Recall that 0.0051
and 5.1 X 1073 are
5.5 cm X 1 m/100 cm = 0.055 m equivalent expressions.
If you need to review
scientific notation, see

9.3 cm X 1 m/100 cm = 0.093 m

Multiply these lengths together to get area in square meters:
Appendix B.

0.093 m X 0.055 m = 0.0051 m? = 5.1 X 1073 m?

Using what you have learned about pressure, answer the following
questions.
1. The brick on the right side of the photo in Figure 2.7 is exerting a
force of 18 N. Use the results of the Sample Problem to calculate the
pressure, expressed in pascals, that this brick exerts on the ground.

2. The brick on the left side of the photo weighs the same as the brick
on the right side. Calculate the pressure,
expressed in pascals, that the brick on the left
side of the photo exerts on the ground. The
dimensions of the brick surface touching the
ground are 9.3 cm X 21.3 cm.

3. Compare the pressure values you calculated
for each brick. Do your results make sense in
light of your reasoning in Concept Check 27
Explain.
4. You need to chop some wood to build a fire.
You—quite obviously—reach for an axe
rather than a hammer to complete this task.
Explain your choice in terms of the concept Figure 2.7 Two similar bricks lie on the ground. Are
of pressure. they exerting the same pressure upon the ground?




Figure 2.8 Tornados
are powerful reminders of
atmospheric pressure.
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A.4 ATMOSPHERIC PRESSURE

You have just learned what pressure means to a scientist, and how it can be
expressed in quantitative units. On a typical day at sea level, air in the atmo-
sphere exerts a force of about 100 000 N on each square meter of your body;
resulting in air pressure of about
100 kPa. This pressure is also
roughly equal to one atmosphere
(1 atm), which is another unit
commonly used by scientists and
one with which you will become
familiar. One atmosphere is equal
to 101.3 kPa. You observed the
effects of atmospheric pressure
(see Figure 2.8) several times in
Investigating Matter A.1. For
instance, atmospheric pressure
caused water to remain in the
sealed 2-L bottle despite the hole
in its side.
Recall that in Investigating
Matter A.1, you covered a test
tube filled with water and
inverted it into a container of
water. You then uncovered the
test tube. What did you notice
about the level of water in the
tube? What force supported the
weight of the column of water in
the test tube? Now imagine repeating the laboratory activity with taller and
taller test tubes. If the test tube were tall enough, water would no longer
remain at its initial level when inverted in a container of water. This puz-
zling effect was first observed in the mid-1600s. Scientists discovered that
1 atm of air pressure could support a column of water only as tall as about
10.3 m (33.9 ft). If the activity were tried with even taller inverted tubes, the
water column still would reach only the 10.3-m level.

A barometer (a device that measures atmospheric pressure) based on a

tube filled with water would be much too tall to be useful (see Figure 2.9a).
Therefore, scientists replaced the water with mercury, a liquid 13.6 times
denser than water. The resulting mercury column, illustrated by the barom-
eter depicted in Figure 2.9b, is shorter than the water column by a factor
of 13.6.
At one atmosphere of pressure, the mercury column has a height of 760 mm:
1 atm = 760 mmHg. This means that pressure can also be expressed in units
of mmHg, or inches of mercury, corresponding to the height of a column of
mercury supported by that pressure.




Figure 2.9a Visualize the height of a column of water that can
be supported by 1 atm of air pressure. For instance, think of the
average height of your friends. If they stood on each others’
shoulders, how many people would be needed in order to hold
the top of the tube? Would you need to stand on a two-story
house or a three-story house to hold the top of the tube?
Describe or draw your mental picture. Pictured here is the
world's largest barometer, the Bert Bolle Barometer in the
Denmark Visitor Center in Denmark, Western Australia.

A.5 PRESSURE-VOLUME
BEHAVIOR OF GASES
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Height

of column
proportional
to external
pressure

Pressure of
atmosphere

W
L 2R

Mercury

Figure 2.9b A mercury barometer. On
a typical day at sea level, the atmosphere
will support a column of mercury 760 mm
high. The pressure unit of atmospheres
is related to pressure expressed in mil-
limeters of mercury: 1 atm = 760 mmHg.
What common object could represent
the height of a column of mercury that is
supported by 1 atm of air?

When you pushed down on a sealed syringe filled with air in
Investigating Matter A.1, you observed that a gas sample can easily
be compressed. A gas can be compressed much more easily than a
liquid or solid; that is, the volume of a gas sample easily changes
when an external pressure is applied to it. See Figure 2.10.

Figure 2.10 A student pushes a plunger into a closed syringe. What's

keeping him from pushing it in all the way?




1atm

Figure 2.11 As pressure
increases, the volume of
gas trapped in the syringe
decreases proportionally.

You will have more
opportunities to visualize
gas molecules in Section B.
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Consider your experience with the syringe. The more pressure you applied
to the plunger, the smaller the volume of gas held inside the syringe became.
Consequently, the pressure of the gas sample trapped below the plunger
increased. Think of it this way: as the syringe volume within which the par-
ticles are confined continues to become smaller, the particles of gas collide
with each other and with the syringe walls more frequently. The net force
exerted by all those collisions across the interior walls of the syringe, or

pressure, increases.

Assume that the pressure of gas inside the syringe was 1 atm
before you started pushing on the plunger (at this point, the atmo-
sphere was exerting the only pressure on the plunger). If, by push-
ing on the plunger, the volume of gas in the syringe were then low-
ered to one-half of its original volume, the pressure of the gas
sample would be doubled. If the gas volume in the syringe were
reduced to one-fourth of its original value, the gas pressure would
become four times larger. In each case, the gas pressure inside the
syringe increases as the gas volume decreases. Figure 2.11 illus-

The Pressure-Volume Relationship

trates this relationship between gas pressure and its volume.

How can we visualize this relationship at the molecular level? Gas molecules
are in constant, random motion; gas pressure is caused by molecules collid-

ing with the walls of their container.

The relationship between the volume and
pressure of a gas sample at constant tempera-
ture can be described in several ways. The
changes in volume and pressure for a partic-
ular gas sample at constant temperature can
be described with words or pictures, such as
those in Figures 2.11 and 2.12. These changes
can also be described graphically, as shown
in Figure 2.13. Note the shape of the curve.
This shape indicates that gas pressure is
inversely proportional to volume.

This relationship is useful for predicting
the new gas pressure or volume resulting
from a change in one of these two variables.

Figure 2.12 As the volume of a sample of gas is reduced, the total number

of molecular collisions with the container wall—and thus the gas pressure—

increases proportionally. The gas molecules in each syringe have been greatly
magnified to depict the relative distances among them, and thus to account

for the more frequent collisions with the container wall (and, thus, higher gas

pressure) in the syringe on the right.

—




Again, consider the syringe in Figure 2.11. If
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initially a gas sample occupies a volume of 240 \
8.0 mL and exerts a pressure of 1.0 atm, how

200
would the pressure of the gas sample change

if its volume were increased to 10.0 mL? Take
a few moments to think about this question,

160 \

120 \

using your own experiences with the syringe

Pressure (mmHg)

and the illustrations in Figure 2.11 to guide 80 — |

your thinking. If you increase the volume of 40 ——

the syringe by pulling out on the plunger,

what will happen to the gas pressure within © 0 0.020 0.040 0060  0.080 0.100
the syringe? Will the new pressure be less Volume (L)

than or greater than the initial pressure?

Did you reason that the new pressure
would be lower than 1.0 atm? That is the correct conclusion. By now, you
probably have gained an understanding of the relationship between gas vol-
ume and pressure that can guide you in predicting the general results of
such changes. Now you're ready to learn how to make quantitative predic-
tions of this type of gas behavior.

Boyle’s Law

Robert Boyle, an English scientist who studied gases, was the first to propose
a quantitative law based upon the volume—pressure relationship for gases.
He found that, for a sample of gas at constant temperature, the product of its
measured pressure (P) and volume (V) remains the same, or P X V = k. This
relationship is known as Boyle’s law. When either the pressure or volume of
that same sample of gas is changed, the product of pressure multiplied by
volume will still be equal to that same value (k) if the temperature and
amount of gas are kept constant:

P, X V, =k

Boyle’s law expresses an inverse relationship. When changes in volume
and pressure are made to a gas sample at constant temperature, a relation-
ship can be expressed between the initial and final conditions of the gas
sample. If P, and V| represent the initial pressure and volume of a sample
of gas, and P, and V, represent its final values, then this equation can be
written:

P, XV, =P, XV,
Or, simply,
PV, = PV,

This equation, which is an expanded expression of Boyle’s law, can be
used to analyze the gas sample problem you considered earlier.

Figure 2.13 The volume (V)
of a gas sample, maintained
at constant temperature and
amount, is inversely pro-
portional to its pressure (P).
Therefore P x V is constant. A
plot of pressure versus volume
for any gas sample at constant
temperature and amount will
be similar to this one.

Look closely at

the mathematical
relationship P X V = k.
Does it make sense to
you that Pand Vare
inversely proportional?
What happens to P

as Vincreases?

As V decreases?

Note that P X V = k
holds true only when
temperature and amount
of gas are kept constant.
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In Section A.2, you
learned that pressure

is inversely proportional
to area. Note that the
product of the two
inversely proportional
variables remains

the same.

P, = 1.0atm — P, = 7atm
V, = 80mL — V, = 10.0mL
PV, = PV,
(1.0 atm) X (8.0mL) = (P,) X (10.0 mL)
B (1.0 atm)(8.0 mt)
2 10.0 mE

P, = 0.80 atm

The final gas pressure (0.80 atm) is less than the initial gas pressure: As the
volume of the syringe in Figure 2.11 increases, the gas pressure decreases.
Does that match your original prediction?

In the following activity, you will explain several common observations
based on what you know about the relationship between gas pressure and
volume. You will also have the opportunity to apply Boyle’s law to solve
several pressure—volume problems.

DEVELOPING SKILLS

A.6 PREDICTING GAS BEHAVIOR:
PRESSURE-VOLUME

Sample Problem: A weather balloon with a volume of 4200 L at
1.0 atm is tested by placing it in a chamber and decreasing external
pressure to 0.72 atm. What will be the final volume of the balloon?

In this case, we know the initial volume, V, and pressure, P,, as
well as the final pressure, P,. Applying Boyle’s law:

P, = 1.0atm — P, = 0.72 atm
V, = 4200L — V, = ??
PV, = PV,
(1.0 atm) X (4200 L) = (0.72 atm) X (V,)
(1.0 atm)(4200L)
2 0.72 atm

V, = 5800 L

1. Explain each of the following observations:

a. Even if they have ample supplies of oxygen gas, airplane
passengers experience discomfort when the cabin undergoes a
drop in air pressure.

b. New tennis balls are sold in pressurized containers.
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c. After descending from a high mountain, the capped, half-filled
plastic water bottle from which you drank while standing at the
summit now appears dented or slightly crushed.

2. You buy helium gas in small pressurized cans to inflate party
balloons. The can label indicates that the container delivers 7100 mL
of helium gas at 100.0-kPa pressure. The volume of the gas container
is 492 mL.

a. Do you think that the initial pressure of helium gas inside the can
before use is greater or less than 100.0 kPa? Explain.
b. Calculate the initial pressure of helium gas inside the container.

c. Was your prediction in Question 2a correct?

3. Two glass bulbs are separated by a closed valve (see Figure 2.14). The
0.50-L bulb on the left contains a gas sample at a pressure of 6.0 atm.
The 1.7-L bulb on the right is evacuated; it contains no gas:

Figure 2.14 What will
happen to the gas pressure if
someone opens the middle
valve?

Filled with gas Empty

a. Predict, in general, what will happen to the total volume of the
gas sample if you open the middle valve. Explain.

b. Predict, in general, what will happen to the total pressure of the
gas sample if you open the middle valve. Explain.

c. Calculate the actual pressure of the gas sample after the valve
is opened.

A.7 DESIGNING SCIENTIFIC
INVESTIGATIONS: GETTING
STARTED

The predictions you just made about pressures and volumes of gases are pos-
sible because scientists have investigated these relationships. Why do scien-
tists conduct investigations? How do they design and carry out investiga-
tions? These questions will be addressed throughout this unit, as you develop
and practice the skills necessary for designing scientific investigations.




Testable questions are
those that can be
disproved through

experimentation.
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Asking Good Scientific Questions

Scientists conduct investigations for many reasons. They may wish to make
new discoveries about the natural world, such as new life forms on this and
other planets. They may hope to explain a wide range of phenomena or to
develop a model that accounts for a set of observations. Scientific investiga-
tions are also conducted to test ideas, hypotheses, or claims, such as those
featured in the unit-opening photo essay.

Often, an investigation begins with a question that is meaningful to a sci-
entist or group of scientists. Questions can arise from analyzing results of
prior or current investigations, making an unexpected observation, or sim-
ply by thinking, “What if we tried this? How would changing that variable
affect our results?” While writing a scientific question may seem like a triv-
ial task, writing a “good scientific question” can be quite challenging. To
begin to pose “good scientific questions,” we need to focus on what it means
for a question to be “scientific” and then what it means to be “good.”

We ask a lot of important questions during our lifetime, but not all of them
can be addressed by science. For instance, you may wonder, “What is my
purpose in life?” or “Why is green my favorite color?” Those types of ques-
tions may be fundamental or interesting, but they cannot be answered
through scientific investigation. Instead, scientific questions focus on the
natural world and often target organisms, processes, events, objects, and
structures. Such questions provide a framework for gathering and analyzing
data that will ultimately result in being able to describe, explain, or predict
natural phenomena.

In order for a scientific question to be “good” (or useful), it must be both
testable and answerable using current scientific knowledge and evidence
from investigations. Some questions are too broad to be answered with only
one or even several investigations. An example in chemistry might be, “How
do gases behave?” A more focused question, and thus a better question for
framing an individual investigation, would be, “What relationship exists
between volume and pressure of a gas?” Scientific questions help the
researcher to focus on the variables involved, and suggest a design for col-
lecting and analyzing data.

Gathering Evidence: Collecting Data and
Making Observations

Developing a good scientific question often coincides with designing an
investigation to address that question. The goal of the investigation design
is to produce the best possible evidence to support claims based upon the
investigation. Evidence includes qualitative observations or quantitative
data, and its quality depends on how carefully and systematically observa-
tions are made, the tools and instruments available for making measure-
ments, and whether the investigation can be repeated with similar results.
Investigations in chemistry often use an experimental design; that is,
they rely on making measurements on one variable while changing another
variable. An example of a question that implies an experimental design is
“How does change in pressure of a gas affect its volume?” This question sug-
gests that pressure will be the independent variable, which is manipulated
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by the investigator, and that volume will be the response or dependent vari-
able. The dependent variable in an experiment is measured or observed in
order to draw conclusions about effects of changes to the independent vari-
able. Through analysis and interpretation of collected evidence, good scien-
tific questions can be answered and scientific claims can be supported.

DEVELOPING SKILLS

A.8 DESIGNING AN EXPERIMENT TO
INVESTIGATE TEMPERATURE-
VOLUME RELATIONSHIPS

Sample Problem: What are the variables in Investigating
Matter A.97

Step 5 of Gathering Evidence indicates that temperature and air-
column length will be measured. Thus, temperature and air-column
length are the variables in this investigation.

Read Preparing to Investigate and Gathering Evidence in Investigating
Matter A.9 Exploring Temperature—Volume Relationships. Then return here
to apply what you have learned about experimental design to this upcoming
investigation by answering the following questions:

1. Write a good scientific question that frames the investigation in
Investigating Matter A.9.

2. Compare your scientific question to the question or questions written
by your laboratory partner or group.

a. How are your questions similar?
b. How do your questions differ?
c. Write a consensus scientific question for your laboratory group.
3. Which variables must be held constant? How do you know?
4. Describe how each variable will be measured. For each:
a. Identify the variable.
b. Describe whether the variable is a dependent or independent
variable.
c. Describe how the variable will be measured or manipulated,
and in what units it will be recorded and reported.
5. Why do you think that a hot oil bath will be used instead of a hot
water bath?
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The procedure calls for measurement of the length of the air bubble
within the tube, not the volume of the bubble.
a. Why do you think that length will be measured instead

of volume?
b. Will measuring length instead of volume provide adequate

data to address the investigation question? Explain.
Do you think the tests you will perform will provide enough
evidence to answer the question you posed in #1? Explain.

B INVESTIGATING MATTER

A.9 EXPLORING TEMPERATURE-

VOLUME RELATIONSHIPS

Preparing to Investigate

Most matter is observed to expand when heated and contract when cooled.
As you observed in Investigating Matter A.1, gas samples expand and shrink
to a much greater extent than either solids or liquids. In this investigation,
you will study how temperature changes influence the volume of a gas sam-
ple, assuming pressure and amount of gas remain unchanged. To do this,
you will heat a thin glass tube containing a trapped air sample and record
changes in volume as the air sample cools.

Before you begin, read Gathering Evidence again to review what you will
need to do and note safety precautions.

Gathering Evidence

1.

Before you begin, put on your goggles, and wear them properly
throughout the investigation.

Using two small rubber bands, fasten a capillary tube to the lower
end of a thermometer. (See Figure 2.15.) Place the open end of the
tube close to the thermometer bulb and 5 to 7 mm from the bulb’s tip.

Immerse the tube and thermometer in a hot oil bath that has been
prepared by your teacher. Be sure the entire capillary tube is
immersed in oil. Wait for your tube and thermometer to reach the
temperature of the oil (~100 °C). Record the temperature of the bath.
After your tube and thermometer have reached a steady temperature,
lift them up until only about one quarter of the capillary tube is still
in the oil bath. Pause for ~3 seconds to allow some oil to rise into the

Figure 2.15 Apparatus for studying how gas volume changes with temperature.




tube. Then quickly place the tube and thermometer on a paper towel
(to avoid dripping) and carry them back to your desk. (Caution: Be
careful not to touch the hot end of the thermometer or the drips of
hot oil.)

. Lay the tube and thermometer on a clean piece of paper towel on the
desk. Make a reference line on the paper at the sealed end of the
capillary tube. Also mark the upper end of the oil plug, as shown in
Figure 2.15. Alongside this mark, write the temperature at which the
mark was made corresponding to that air-column length.

. As the temperature of the gas sample drops, make at least six marks
to represent the length of the air column trapped above the oil plug at
various temperatures. Write the corresponding temperature next to
each mark. Allow enough time so the temperature drops by 50 to

60 °C.

. When the thermometer shows a steady temperature (near room
temperature), make a final observation of length and temperature.
Discard the tube and the rubber bands according to your teacher’s
instructions. Wipe the thermometer clean.

. Measure the length (in millimeters) from each marked line to the
mark for the sealed end of the tube. Record each length of the gas
sample. Ask your teacher to check your data before you discard your
paper towel. Your teacher may ask you to submit your paper towel
along with your report, so be sure to get specific instructions before
disposing of the towel.

. Wash your hands thoroughly before leaving the laboratory.

Analyzing Evidence

1. Plot the length—temperature data for your air sample with length on

the vertical axis and temperature on the horizontal axis. The y-axis
(length) should range from 0 to 10 cm; the x-axis (temperature)
should include values from —350 to 150 °C. Label your axes, and
arrange the scales so the graph nearly fills the space available.

. Draw the best straight line through your plotted points with a
ruler. Using a dashed line, extend this straight graph line so that it
intersects the x-axis. Use your completed graph to help you answer
the following questions.

. Renumber the temperature scale on your graph, assigning the value
“zero” to the temperature at which your plotted graph line intersects
the x-axis. The new scale now expresses temperature in kelvins (K)—
the Kelvin temperature scale. One kelvin is the same size as one
degree Celsius. However, unlike zero degrees Celsius, zero kelvins

is the lowest temperature theoretically possible. It is called absolute
Zero.

SECTION A Properties of Gases
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Interpreting Evidence

1. Locate the intersection of your extended graph line with the x-axis.
a. At what temperature does the line intersect the x-axis?

b. What would be the volume of your gas sample at that
temperature?

c. Could the gas sample actually reach the predicted volume?
Explain.

2. Based on your renumbered (K) graph,
a. what temperature in kelvins (K) would correspond to 0 °C, the
freezing point of water?
b. what kelvin temperature would correspond to 100 °C,
the normal boiling point of water?

Making Claims

3. Describe the relationship between gas volume and temperature at
constant pressure. Support your answer with evidence from this
investigation.

4. Revisit your consensus scientific question developed in Section A.8.
a. What was your question?

b. Can the question be answered based upon the evidence you
gathered in this investigation?

c. If yes, provide an answer to the question and support it with
evidence. If no, what additional evidence is required to answer
the question?

A.10 TEMPERATURE-VOLUME
BEHAVIOR OF GASES

Your plotted data from Investigating Matter A.9 should indicate a relation-
ship between volume and temperature for a sample of gas at constant pres-
sure. The volume—temperature relationship for gases was also demonstrated
in Investigation 2 of Investigating Matter A.1 (page 153), when you placed
two balloons of equal size into water baths of differing temperatures. As you
observed, increasing or decreasing the temperature of a gas sample results in
changes in its volume (Figure 2.16).

In the 1780s, French chemists (and hot-air balloonists) Jacques Charles
and Joseph Gay-Lussac studied the changes in gas volume caused by
temperature changes at constant pressure. Data for oxygen gas and nitrogen
gas are shown in Figure 2.17. The plots for different gases and different
sample sizes have different appearances. However, if all the graph lines are




Figure 2.16 The gas held in hot-air balloons expands when heated.
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smoothly extended down to the x-axis (an extrapolation), the lines meet at
the same low temperature. Lord Kelvin (an English scientist) used the work
of Charles and Gay-Lussac to establish a simple mathematical temperature—
volume relationship for gases, known as Charles’ law. Lord Kelvin based his
own new temperature scale on this relationship.

Doubling the kelvin temper-
ature of a gas sample doubles
its volume at constant pressure
and amount of gas. Reducing
the kelvin temperature by one
half causes the gas volume to
decrease by one half, and so on.
These relationships are sum-
marized in Charles’ law. At
constant pressure and amount
of gas, the volume (V) of a gas
sample divided by its tempera-
ture in kelvins (7) is always a
constant value:

T=k
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Figure 2.17
Temperature-volume
measurements of
various gas samples
at 1.0 atm pressure.
Extrapolation has
been made for
temperatures below
liquefaction.




K=°C+ 273
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where k is a constant. This is true even when the temperature and volume of
that same sample of gas are changed, as long as pressure and amount of gas
are kept constant:
Vy

T, = k
Because both expressions are equal to the same value (k), a temperature—
volume relationship can be expressed between the initial and final state of
the gas sample:

Vi Vy

T,
This expression of Charles’ law is useful in predicting changes in gas vol-
ume and temperature at constant pressure and amount of gas.

DEVELOPING SKILLS

A.11 PREDICTING GAS BEHAVIOR:
TEMPERATURE-VOLUME

Sample Problem: Since temperature will affect weather
balloons, consider the same weather balloon you investigated in
Developing Skills A.6 (page 164). At constant pressure, this weather
balloon, with an initial volume of 4200 L, is tested by placing it in a
chamber and decreasing temperature from 20 to -60 °C. What will
be the final volume of the balloon?

In this case, we know the initial volume, V;, and temperature, T,
as well as the final temperature, T,. First, convert both
temperatures to kelvins by adding 273 to the temperatures
measured in degrees Celsius: T; = 20 + 273 = 293 K and
T,=—60 + 273 = 213 K. Then, applying Charles’ law:

T, = 203K — T, = 213K
V, = 4200L — V, = ??

v _ "

T, T,
4200L W,
293K ~ 213K

(4200 L)(213 K)
2= 293 K

V, = 3100 L
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Apply Charles’ law to answer the following questions. For some questions, it
may be necessary to convert temperatures to kelvins.

1. What will happen to the volume of an inflated balloon, originally at
20 °C, if you take it outdoors where the temperature is 40 °C?
Assume that pressure is constant and no gas escapes from
the balloon.

2. In planning to administer a gaseous anesthetic to a patient,

a. why must the anesthesiologist take into account the fact that
during surgery the gaseous anesthetic is used both at room
temperature (18 °C) and at the patient’s body temperature (37 °C)?

b. what problems might arise if the anesthesiologist did not allow for
the patient’s higher body temperature?

3. An air bubble trapped in bread dough at room temperature (291 K)
has a volume of 1.0 mL. The bread bakes in the oven at 623 K
(350 °C).
a. Predict whether the air-bubble volume will increase or decrease
as the bread bakes.

b. Calculate the new volume of the air bubble, using Charles’ law.
(Hint: Remember that Charles’ law only applies to temperatures
expressed in kelvins.)

4. You buy a 3.0-L helium balloon in a mall and place it in a car
sitting in hot summer sunlight. The temperature in the air-
conditioned mall is 22 °C, and the temperature inside the closed
car is 45 °C.

a. What will you observe happening to the balloon as it sits in the
warm car?

b. What will be the new volume of the balloon?

c. What do you think is happening to gas atoms within the balloon
as it warms?

concept check 3

Use your own words to describe each of the following:

1. The relationship between temperature and volume of a
sample of gas at constant pressure.

2. The relationship between pressure and volume of a sample
of gas at constant temperature.

3. How the relationships described in your answers to Questions 1
and 2 differ.




Figure 2.18 Scuba divers
in the Arctic ocean (top)
and in the tropics (bottom).
Assuming the cylinders

are of equal volume and
contain the same amount
of gas, which of the cylinder
pressure-gauge readings
will be higher?
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A.12 TEMPERATURE-PRESSURE
BEHAVIOR OF GASES

Picture a closed cylinder of gas, such as a deep-sea scuba tank
where volume is constant. See Figure 2.18. What would
happen to the motion of gas molecules in the cylinder if
you were to heat the tank? How would this affect the gas
pressure?

If you concluded that raising the temperature of the
gas at constant volume should cause an increase in gas
pressure, you are correct. Increasing temperature increases
the kinetic energy (and thus the average velocity) of the
gas molecules. Because the molecules, on average, are

traveling faster, the number of molecular collisions with

the container walls increases, and the energy involved with

each collision also increases. These effects cause a correspond-

ing increase in gas pressure. The mathematical expression for this
relationship is:

where k is a constant. Particular changes in gas pressure and temperature
at constant volume can be found, using this equation:

DEVELOPING SKILLS
A.13 USING GAS RELATIONSHIPS

Sample Problem: As you drive up a mountain pass, you hear
a loud “pop” from the rear of the car. Later, you discover that your
previously unopened bag of potato chips is now open. You have
maintained a constant, comfortable temperature in the vehicle, so
what happened?

As you ascend, the atmospheric pressure within and outside of the
vehicle decreases, while the pressure within the potato-chip bag
remains constant. As a result, the volume of the bag increases until
the strength of the seal is exceeded and the bag “pops” open.
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Solve the following problems using appropriate gas relationships:

1. If the kelvin temperature of a gas sample held in a steel tank
increases to three times its original value, predict what will
happen to the pressure of the gas. Will it increase or decrease?
By what factor do you expect the gas pressure to change?

2. A gas sample at a constant pressure shrinks to one-fourth its
initial volume. What must have happened to its temperature? Did
it increase or decrease? By what factor did the kelvin temperature
of the gas change?

3. Explain why automobile owners in severe northern climates often
add air to their tires in wintertime and release some air from the
same tires in the summertime.

4. Incandescent light bulbs are filled with inert (unreactive) gas.
When the light is turned on, what will happen to the gas pressure
inside the bulb? Why?

5. Use gas laws to explain why a weather balloon expands in size as
it rises from Earth’s surface.

6. Why does the label on an aerosol container caution you not to
dispose of the container in a fire?

Il MAKING DECISIONS

A.14 ASKING QUESTIONS AND
GATHERING EVIDENCE

Part I:
Suppose that you wished to design an investigation to test the relationship
between the temperature of a gas and its pressure.

1. Write a scientific question that frames the investigation.

2. Identify the variables of interest.

3. a. What conditions must be held constant?

b. How would you design your investigation so that these conditions
remain constant?

4. Consider how you might measure each variable. For each:
a. Identify the variable.
b. State whether the variable is a dependent or independent variable.

c. Describe how the variable will be measured or manipulated, and
what units will be reported.
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Part II:

Now that you have a little experience analyzing and designing scientific inves-
tigations, it is time to begin developing your own air-quality investigation. In
this activity, you will think about scientific questions that could guide your
investigation, sometimes called “beginning questions” or “guiding questions.”
Remember that your ultimate goal is to design and refine an investigation to
test an air-quality claim or product. Although you probably will not actually
conduct experiments and gather evidence, you will create a scientific poster
to report on the investigation and its design at the end of the unit.

5. Reread the captions in the unit opener. Which air-quality issues or
claims highlighted there interest you or are important in your
community?

6. What other air-quality issues or claims (not represented in the unit
opener) interest you or are important in your community?

7. Choose two issues or claims that you identified in Questions 5 and 6.
For each issue or claim, write a good, scientific, testable question.

8. Share your questions with a partner or group as directed by your
teacher.

a. What common features do these questions have?

b. On the basis of constructive feedback from your peers, refine and
rewrite each question.
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SECTIONA SUMMARY

Reviewing the Concepts

Pressure involves a force applied over

a particular area. Air pressure is often
expressed in units of atmospheres (atm),
kilopascals (kPa), or millimeters of mercury
(mmHg).

. It is much easier to slice a piece of pie with
the edge of a sharp knife than with the edge
of a pencil. Explain this in terms of applied
pressure.

. Heavy vehicles that must move easily over
loose sand are often equipped with special
tires.

a. Would you expect these tires to be wide
or narrow?

b. Explain your answer using the concept of
pressure.

. U.S. weather reports generally express air
pressure in units of inches of mercury.
During a severe storm, the barometric
pressure can drop as low as 27.2 inches of
mercury. Convert this air-pressure value to:

a. millimeters of mercury (mmHg).
(Hint: 1 inch = 25.4 mm)

b. atmospheres (atm).
c. kilopascals (kPa).

. Which is more likely to cause damage to a
wooden floor: A 1068-N (240-pound)
basketball player in athletic shoes (floor-
contact area = 420 cm?) or a 534-N (120-
pound) sports reporter standing in high
heels (floor-contact area = 24 cm?). Support
your answer with suitable pressure
calculations.

The volume of a sample of gas in a
flexible, impermeable container will
increase if external pressure is reduced,
and decrease if external pressure is
increased.

. Explain why a sealed bag of potato chips

“puffs out” (increases in volume) if it is
carried from sea level up to a high mountain
pass.

. If the same bag of chips (see Question 5)

were carried under water by a scuba diver,
what would happen to its volume as the
sealed bag descended into deep water?

. A small quantity of the inert gas argon (Ar)

is added to incandescent light bulbs to
reduce vaporization of tungsten (W) atoms
from the solid filament. What volume of
argon gas measured at 760 mmHg is needed
to fill a 0.21-L light bulb at a pressure of
1.30 mmHg? Assume the argon gas
temperature remains constant.

. A party-supply store sells a helium-gas

cylinder with a volume of 1.55 x 1072 m®. If
the cylinder provides 1.81 m? of helium for
balloon inflation (at 0 °C and 1 atmosphere),
what must be the pressure inside the
cylinder?




Scientific investigations are conducted for
many reasons, including explaining natural
phenomena, developing models, and
testing hypotheses or claims. Most
scientific investigations are based upon

a testable scientific question.

9. List at least three sources of questions for
beginning a scientific investigation.
10. Identify each of the following questions as
scientific or not scientific.
a. Why is my favorite color blue?
b. Why is the sky blue?

c. How should this new organism be
classified?

d. Why did this new organism evolve?
e. Are gases matter?

f. Are there gases on Mars?

g. Which gas is most important?

11. List two “good scientific questions”
regarding physical properties of gases.

Scientific investigations are designed

to produce evidence that will support
claims or conclusions, using observations,
data, or both.

12. What is evidence?

13. List three factors that affect the quality of
evidence obtained in a scientific
investigation.

14. Explain the role of each of the following in
an experimental investigation:

a. independent variable
b. dependent variable

c. testable question

Unit 2 Air: Designing Scientific Investigations

15.

16.

17.

18.

19.

20.

The volume of a sample of gasin a
flexible, impermeable container at
constant pressure will increase if its
temperature is increased and decrease
if its temperature is decreased.

A 2.50-L balloon at 25 °C is inflated with
helium. At constant pressure, the
temperature of the balloon is then lowered
to =5 °C. What will be the balloon’s volume
at this new temperature?

What do you think a marshmallow,
composed mainly of small pockets of air,
would look like at temperatures close to
absolute zero? Explain your answer.

The pressure exerted by a sample of gas
in a rigid, impermeable container will
increase if its temperature is increased,
and decrease if its temperature is
decreased.

Experts recommend measuring automobile
tire pressure when the tires are cold rather
than just after driving for several hours.
Why?

Soccer players often notice that kicking the
ball feels different on cold days compared to
warm days. Explain why this might be so.

A steel tank at 299 K contains 0.285 L of
nitrogen gas at 1.92-atm pressure. The tank
is capable of withstanding a maximum
pressure of 7.34 atm. At what temperature
will the tank burst?

An oxygen gas sample in a rigid container is
heated from 15 to 30 °C. By what factor will
the oxygen gas pressure increase?
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Extending the Concepts
What information can 23. Some people suggest that they could dive to

. . . . the bottom of a swimming pool and stay
|nvest|gatlons prOVIde there, breathing through an empty garden

about gas behavior? hose that extends above the water surface.
A (Caution! Do not try this!) How would you

In this section, you have been
argue against this plan?

introduced to experimental design,

as well as the behavior of gases in 24. The gas behavior described by Boyle’s law
several contexts. Think about what is a matter of life and death to scuba divers.
you have learned and how these On the water surface, the diver’s lungs, tank,
ideas are related, then answer the and body are at atmospheric pressure.
question in your own words in However, under water, a diver’s body
organized paragraphs. Your experiences the combined pressures of the
answer should demonstrate your atmosphere and the water.

understanding of the key ideas in a. Why do scuba divers need to use

this section. pressurized tanks?

b. What would happen to the tank volume
if it were not strong enough to withstand
the pressure of the outside water?

Be sure to consider the following in
your response: properties of gases,
pressure (including atmospheric

pressure), scientific questions, and c. How do the problems of a diver compare

relationships among temperature, with those of a pilot climbing in an

pressure, and volume of a gas. unpressurized airplane to a higher
altitude?

Connecting the Concepts

21. If the temperature of one mole of gas
increases while its volume decreases, would
you expect the gas pressure to increase,
decrease, or remain the same? Explain your
answer in terms of the gas laws.

22. The volume of a hot-air balloon remains
constant, while the temperature of the gas
in the balloon changes. How is this
possible?
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PHYSICAL BEHAVIOR
OF GASES

How are models and theories useful in
explaining and predicting behavior of
gases”?

Throughout the 17th and 18th centuries, scientists conducted investi-
gations that provided important information about the properties and
behavior of gases. This behavior was summarized in scientific laws that
mathematically described the results of changing gas pressure, temper-
ature, and volume. Laws and observations, however, provide only some
of the answers that scientists seek. To predict novel behavior and design
new investigations, scientific explanations are needed. This section
introduces some of these explanations, including the kinetic molecular
theory.

As you explore these theories and models, think about how they help to
explain the behavior of gases in Earth’s atmosphere. Stay focused as well
on the air-quality investigation that you began to design in Section A.
The models and theories you will encounter in this section can help
you refine your guiding question and start to construct a procedure for
collecting evidence to support an answer to that question.

GOALS

e State and apply postulates of the kinetic molecular theory.
e State and explain Avogadro’s law for gases.
e Use the ideal gas law in problems involving gases.

¢ Describe conditions under which the assumptions of the ideal
gas law are not valid.

e Distinguish between temperature and heat.

e Describe changes matter undergoes as energy is added or
removed.

e Describe similarities and differences among scientific laws,
theories, and models.

concept check 4

1. Using what you learned about pressure in Section A,
explain how you are able to draw soda up a straw.

2. Why does every tea kettle have a vent?

3. What happens to the molecules in a sample of gas
as it is heated?




B.1 ATOMS AND MOLECULES
IN MOTION

As you get up on a cold winter morning, you look out your window to see
clouds of exhaust coming from cars, trucks, and buses driving past your
home. Your hand recoils from hot spray coming from the shower head; it is
too uncomfortable for you to enjoy your morning shower. Turning on too
much cold water, however, leads to a chilling experience.

Your experiences with gases, liquids, and solids are all at a sensory level;
that is, you observe matter and its changes through your senses of sight,
smell, touch, taste, and hearing. In so doing, you arrive at some generaliza-
tions about the world around you. Making observations is the first step in
“doing science.” A more difficult task is crafting a theory that explains all
observations and that also can be used to predict outcomes of experiments
yet to be completed. Scientific theories and models attempt to offer “how”-
type explanations of phenomena in the natural world.

One such theory concerns the motion of atoms and molecules within all
states of matter. What do you already know about the three states of matter
from observing them? You know that a solid has a definite shape and that its
structure is rigid. Experience also tells you that a liquid flows and, unlike a
solid, depends on a container to define its shape. A sample of gas, likewise,
does not have a definite shape. If you have blown up a balloon and then let
go of it without tying it off, you also know that air rapidly leaves the balloon
and the balloon changes shape.

The atoms, molecules, or ions that make up solids are held tightly to
one another. Although the particles in solids vibrate about a position, they
are tightly packed and cannot move past one another. The molecules and
ions within liquids are more mobile. They can move past each other, but
intermolecular attractive forces prevent them from moving too far apart. The
arrangement and motion of particles in solids and liquids are depicted in
Figure 2.19.
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You will learn more
about intermolecular
forces later in this
section. For now, just
think of these as the
forces that cause
molecules to stick to
each other.

Figure 2.19 You can observe the
properties of solids (zinc, left) and
liquids (mercury, right) using your senses.
Models help explain how atoms interact
with each other and their surroundings.




10 km/h = 6.3 miles
per hour.

Einstein's special theory
of relativity is based upon
postulates.

Two of these
postulates are really
approximations used

to simplify discussions
of gas behavior. You
will encounter situations
later in this section

for which these
approximations

are not valid.
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Most molecules in the gaseous state are not strongly attracted to each
other. In contrast to particles in solids and liquids, particles in gases are very
far apart. In fact, their size is negligible compared to the great distances that
separate them. Gas molecules move in straight-line paths at very high speeds
and change direction only when they collide with each other or with another
object. Collisions of gaseous particles with container walls produce gas pres-
sure in the container. Figure 2.20 illustrates the motion of particles in a gas
sample. Compare this model of gases to the models of solids and liquids in
Figure 2.19.

Gas molecules move at average speeds that depend on how much kinetic
energy they possess. Kinetic energy, sometimes called energy of motion,
is the energy associated with any moving object. Its value depends on both
the mass of the moving object and its velocity. Traveling at the same velocity,
a more massive object has greater kinetic energy than does a less massive
object. Thus, a baseball has much greater kinetic energy than a ping-pong
ball when both are traveling at the same speed. If two moving objects
have equal mass, the object moving faster has greater kinetic energy. This
helps explain the difference in damage to a car bumper when it taps the wall
of a parking garage at 10 km/h compared to colliding with the same wall at
30 km/h.

The behavior of moving gas molecules can be explained by the idea of
kinetic energy. This explanation is based on several postulates, some of
which you have just considered. A postulate, also called an axiom, is an
accepted statement used as the basis for developing an argument or explana-
tion. Many scientific and mathematical theories begin with postulates. Since
postulates may be approximations or simplifications, their validity is some-
times tested through experiments.

The following list summarizes these postulates:

e Gases consist of tiny particles (molecules) whose size is negligible
compared with the great distances that separate them from each
other. On average, the separation between gaseous particles at 1-atm
pressure and 0 °C is about 11 times greater than the diameter (size)
of the particles.

¢ Gas molecules are in constant, random motion. They collide with
each other and with the walls of their container or surrounding
objects. Gas pressure is caused by molecular collisions with
container walls.

e Molecular collisions are elastic. This means that although individual
molecules in a gas sample may gain or lose kinetic energy, there is
no gain or loss in total kinetic energy from all of these collisions.

e At a given temperature, gas molecules have a range of kinetic energies.
However, the average kinetic energy of the molecules is constant and
depends only on the temperature of the gas sample. Therefore,
molecules of different gases at the same temperature have equal
average kinetic energies. As gas temperature increases, the average
velocity and kinetic energy of the gas molecules also increase.
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¢ Gas molecules only interact during collisions. Attractive or repulsive
forces among gas particles are negligible.

These postulates serve as the basis of kinetic molecular theory (KMT) of
gases, which can be used to explain the gas behaviors you investigated in
Section A. It is useful to describe a gas sample that follows all of these pos-
tulates as an ideal gas. In the next few sections, you will learn more about
both ideal gas behavior and conditions under which these postulates are no
longer valid.

Scientific American Conceptual lllustration

Figure 2.20 Particulate-level model of gases. A helium-filled balloon soars above the landscape. In magnification,
helium atoms are depicted within the balloon, He(g). Nitrogen molecules (N,, blue) and oxygen molecules, (O,, red),
representing 98% of air, are shown outside the balloon. What does this model suggest about spacing and movement
of gas particles compared to those in liquids and solids
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1 MODELING MATTER

B.2 UNDERSTANDING KINETIC
MOLECULAR THEORY

Previously, you modeled the structure of matter and changes in matter using
pictures and symbols. Another way that matter can be modeled is through
the use of analogies. An analogy can help you relate certain features of an
abstract idea or theory to a situation that is familiar to you. Read the analogy
provided in the next paragraph and answer the questions that follow con-
cerning the kinetic molecular theory of gases.

Imagine that you cause several highly elastic, small “super-bounce balls”
(see Figure 2.21) to bounce randomly around inside a box that you steadily
shake; this serves as an analogy for gas molecules randomly bouncing around
inside a sealed container. See Figure 2.22.

Figure 2.21 Super-bounce balls Figure 2.22 Super-bounce balls moving
can model gas-molecule behavior. about randomly in a box.

1. Decide which of these four gas variables—volume, temperature,
pressure, and number of molecules—best matches each of the
following, and explain each choice.

a. the number of super-bounce balls in the box
b. the size of the box

c. the vigor with which you shake the box

d.

the number and force of collisions with the box walls of the
randomly moving super-bounce balls
2. How does each of the following changes relate to what you have
learned about gas behavior?

a. The vigor of shaking and the number of super-bounce balls remain
the same, but the size of the box is decreased.




b. The size of the box and the number of super-bounce balls remain
the same, but the shaking becomes more vigorous.

c. The size of the box and the vigor of shaking are kept the same, but
the number of super-bounce balls is increased.

3. Imagine that you make the box smaller, and smaller, and smaller.
Which postulate or postulates of KMT might no longer be represented
by this analogy? Explain.

4. Suggest another situation similar to those in Question 2 that can
serve as an analogy for the behavior of gases. Explain how the
situation is analogous.

5. All analogies have limitations. For example, the super-bounce ball
analogy fails to represent some characteristics of gases. Gas
molecules travel at very high velocities (on the order of 6000 km/h),
whereas the super-bounce balls move much more slowly (on the
order of 1 km/h). Suggest two other characteristics of actual gases
that are not properly represented by this super-bounce ball analogy.

6. Describe your own analogy that might be useful for modeling gas
behavior.

a. Identify features of your analogy that relate to features of KMT
and T-V-P relationships (Section A) for gases.

b. Point out some key limitations of your analogy.

B.3 SCIENTIFIC THEORIES, MODELS,
AND LAWS

In Section A, you learned about scientific questions and some of the reasons
that scientists conduct investigations. A primary goal of science is to under-
stand how the natural world works. When a coherent set of ideas explains
many related observations or events within the natural world, it is known as
a scientific theory. KMT is an example of a scientific theory. Theories explain
observations and data and can be used to predict results of investigations.
Explanations are regarded as theories once they are widely accepted among
scientists as a result of their predictive ability, agreement with experimental
data, and consistency with other accepted theories and knowledge.

The opening question for this section asks you to consider the role of
scientific models and theories in predicting and explaining gas behavior.
Scientists and philosophers of science do not all agree on the distinctions
between scientific models and scientific theories. For our purposes, a scien-
tific model is a representation of either a part of the natural world or of a
scientific theory. Scientific models are developed either from observations
and data or from the formal statements and postulates of a scientific theory.
In a sense, models provide a bridge between theory or data and the observ-
able, testable world.

SECTION B Physical Behavior of Gases
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Scientific theories and models not only explain the results of past
investigations, they are important guides for designing future investigations.
Models may influence the types of questions investigators ask or the forms
of evidence they seek. All theories and models are dynamic or fluid; that is,
they are subject to revision or rejection based upon further investigation.
Later in this unit, you will think about how the theories and models you have
encountered in this section will influence your air-quality investigation.

You might wonder how the visualizations you have constructed in Model-
ing Matter activities relate to scientific models as discussed here. Although
physical replicas and drawings are types of models, they cannot themselves
explain phenomena. Such simple models are, however, powerful tools for
learning and constructing your own understanding of natural phenomena.

Unlike models and theories, scientific laws do not provide explanations
for observed behavior. Laws, like Boyle’s law, describe the behavior of mat-
ter in nature, sometimes expressed as a single mathematical expression.
Statements are usually considered scientific laws only after they are con-
firmed by many investigations. Boyle’s law holds only under the conditions
of constant temperature within a closed system; such restrictions are com-
mon for scientific laws.

B.4 THE IDEAL GAS LAW

So far, you have considered gas behavior under differing conditions of vol-
ume, pressure, and temperature. Another variable that must be included in a
comprehensive model of gas behavior is the actual amount of the gas sample;
that is, the number of gas molecules contained in a particular gas sample. If
you have the same volumes of oxygen gas, nitrogen gas, and carbon dioxide
gas in three different balloons at the same temperature and pressure, how do
the numbers of gas molecules compare? See Figure 2.23.

0, o, N,

Figure 2.23 These three
equally sized balloons contain
three different gases at the same
temperature and pressure. Are
the total gas molecules in each
balloon the same or different?




That same question was investigated in the early 1800s by the Italian law-
yer and mathematical physics professor Amedeo Avogadro. By making care-
ful observations of gas samples like those you have worked with, he pro-
posed: Equal volumes of all gases at the same temperature and pressure
contain the same number of molecules. This important statement is com-
monly known as Avogadro’s law.

Starting on page 161, you learned about a relationship between the pres-
sure and volume of an ideal gas sample, if its temperature is held constant
(Boyle’s law). Similarly, you are now familiar with the relationship between
the temperature and volume of an ideal gas sample (Charles’ law) and the
relationship between the amount of gas (in moles) within a sample and the
volume of the gas sample (Avogadro’s law).

In 1834, a more general equation—the ideal gas law—was derived from
the experimentally based laws of researchers such as Boyle and Charles. All
of the variables represented in the laws of Boyle, Charles, and Avogadro are
included in the ideal gas law:

PXV=nXRXT
or
PV = nRT

where P = pressure, V = volume, n = moles (amount) of gas, R = a constant,
and T = temperature.

As you probably noticed, the ideal gas law contains a constant (R). In
order to apply this equation, the value of the constant, R, must be known.
This value depends on the units in which pressure, volume, temperature,
and amount of gas are expressed. The value of R given below is used when
pressure is expressed in atmospheres, volume is measured in liters, tempera-
ture is given in kelvins, and amount of gas is expressed in moles. Several
values of R are listed in Table 2.2 (page 188).
atm X L
mol X K

Under specific circumstances, the ideal gas law can be reduced to each of
the gas laws upon which it is based. Boyle discovered that for a gas sample
at constant temperature, the product of its measured pressure (P) and vol-
ume (V) remains the same, or:

PX V=k (Boyle’s law)

R =0.0821

In this case, a relationship between pressure and volume is apparent when
both the temperature and the amount of gas are kept constant. Consider these
variables as you reexamine the ideal gas law:

PXV=nXRXT

If n and T are both held constant, then the product n X R X T must also be
equal to a constant value. In other words, the equation could be rewritten as
Boyle’s law:

PXV=k
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Avogadro's complete
name was Lorenzo
Romano Amedeo Carlo
Avogadro, Conte di
Quaregna e di Cerreto.

Recall that an ideal gas is
one that follows all of the
postulates of the kinetic
molecular theory as
described in Section B.1




Reporting data as if it were
collected at standard
conditions (STP) makes it
easier for scientists to
compare data taken at
different locations under
varying conditions.

Figure 2.24 What would you
need to know to estimate the
number of molecules of gas
inside this basketball?

approximately 1 mole of gas.

Unit 2 Air: Designing Scientific Investigations

Figure 2.25 Ifthese 11 2-L bottles
were filled with air, they would contain

The ideal gas law can be similarly simplified to Charles’ law when P and
n are held constant and to Avogadro’s law when P and T are held constant
(see Figure 2.24). This simplification to Avogadro’s law leads to an impor-
tant consequence—all ideal gases have equal molar volumes if they are mea-
sured at the same temperature and pressure. The molar volume is the vol-
ume occupied by one mole of a substance. To see this, calculate the volume
of 1 mole of gas at 0 °C and 1 atmosphere; these conditions are commonly
called standard temperature and pressure (STP).

_nXRXT

v P

L
_ 1.00 met X 0.0821 morr i X 273K
1.00 atar

14

V=224L

Thus, at conditions of 0 °C and 1 atm, the ideal gas law predicts that the
molar volume of any ideal gas sample is 22.4 L (see Figure 2.25). There is no
corresponding simple relationship between moles of various solids or liquids
and their corresponding volumes.

Table 2.2 Values of the Ideal Gas Constant, R,
in Common Units

Pressure Unit R Value and Units
mmHg X L
mmHg (torr) 624 — K
atm X L
atmosphere 0.0821 |
P inHg X L
inHg 2455 ol X K
. psi X L
pounds per square inch 1206 | K
bar 0.0831 barxL
- mol X K
Pa XL
pascal 8311.8




DEVELOPING SKILLS
B.5 USING THE IDEAL GAS LAW

Sample Problem: What pressure would be exerted by
2.5 moles of nitrogen gas in a 3.5-L tank at 25 °C?

Because this problem is not about changes in conditions, it is
appropriate to use the ideal gas law.

Rearranging the ideal gas law to solve for pressure gives:

nXRXT
\%

P =

Substituting the given values we obtain:

p_ (2.5m0f) X (0.0821 Locatm o (298 K)
35k
P =17 atm

Solve the following problems using the ideal gas law.

1. A 0.50-L canister of hazardous sarin gas was discovered at an old,
abandoned military installation. To properly dispose of this gas,
technicians must know how much gas is held in the canister. The gas
pressure is measured as 10.0 atm at room temperature (25 °C). How

many moles of sarin are held inside the canister?

2. What volume will 2.0 mol H,(g) occupy at 40.0 °C and 0.50-atm

pressure?

3. When the volume of a gas sample is measured, its pressure and

temperature must also be specified.

a. Why?

b. That practice is normally not necessary for measuring
the volumes of liquids or solids. Why?

4. What volume would be occupied by
a. 1.0 mol of CO,(g) at STP?
b. 3.5 mol of CH,(g) at STP?
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Remember that when
gas laws are applied,
temperature must
always be expressed
in kelvins.

Why is
_ L X atm
R =0.0821 XK

used in this problem?
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concept check 5

1. What makes Charles’ law a scientific law?

2. Why does the pressure of a gas sample in a closed container
increase as its temperature is increased?

3. What would happen to the pressure exerted by a gas sample
if both the temperature of the gas and the volume occupied
by the gas were doubled, while holding the amount of gas
constant?

4. What can cause a gas to transform into a liquid?

B.6 NON-IDEAL GAS BEHAVIOR

All gas relationships considered up to now have related to ideal gases.
As you know, a gas sample that behaves under all conditions as the kinetic
molecular theory predicts is called an ideal gas. Most gas behavior approxi-
mates that of an ideal gas and is satisfactorily explained by the kinetic
molecular theory. However, at very high gas pressures or very low gas
temperatures, real gases do not behave ideally. That is, the gas laws
you have considered do not accurately describe gas behavior under all
conditions.

Why do some gases behave in ways that seem to “violate” the ideal gas
law? You learned earlier that the following two postulates of the kinetic
molecular theory are assumptions that are not always valid:

e Gases consist of tiny particles (molecules), whose size is negligible
compared with the great distances that separate them from each
other.

e Gas molecules only interact during collisions. Attractive or repulsive
forces among gas particles are negligible.

Can you think of conditions that could cause these assumptions to be
invalid? Consider a situation of very high gas pressure. At very high pres-
sures, gas particles are very close together. Thus, the volume of a gas particle
may no longer be negligible compared to the empty space around it. Also,
the weak attractive or repulsive forces between gas molecules may no longer
be negligible.

Now think about decreasing the temperature of a gas sample. As the
gas cools, the average kinetic energy of the gas molecules decreases. If
gas molecules move very slowly, the weak attractive forces between the
particles may again become important. These attractions cause non-ideal
gas behavior.




Finally, for most substances that are gases at room temperature and pres-
sure, the assumptions of the kinetic molecular theory are valid and we can
apply the ideal gas law. However, some gases, such as carbon tetrachloride
(CCl,), have relatively strong intermolecular forces, resulting in inaccurate
predictions when applying the ideal gas law.

B.7 TEMPERATURE, HEAT, AND
PHASE CHANGES

In everyday conversation, the words heat and temperature are commonly
interchanged, even though they mean different things. A similar mistake
is to use the terms weight and mass interchangeably. Many students—and
others—do not understand the difference between heat and temperature.
Think about these two terms. What differences can you identify between
temperature and heat?

One difference you may have noted is that temperature can be easily

measured. As you know, atoms and molecules in all states of matter
are constantly moving. Temperature is a
measure of the average kinetic energy
associated with this molecular motion.
So more motion at the molecular level—
more internal energy—results in a higher
temperature. Temperature is often mea-
sured with a thermometer, which relies
on the change of a physical property in
response to temperatures. Mercury and
alcohol-filled thermometers (see Figure
2.26) use the variation in liquid density
with temperature. By constrast, electronic
thermometers usually rely on a change in
electrical resistance with temperature.

Figure 2.26 Bulb thermometers filled with
mercury (left) and colored alcohol (right).

The liquid in a bulb thermometer expands as
external temperature increases, causing it to
move up the tube within the thermometer.

The height of the liquid column can then be
marked at known temperatures (such as the
freezing and boiling points of water) to calibrate
the thermometer.
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The mercury
thermometer, no longer
commonly used in
schools, was invented by
German physicist Daniel
Gabriel Fahrenheit.




Energy of molecular motion
within an object is known
as thermal energy when it

is not being transferred

How would you explain
why adding energy to a
liquid can cause it to
turn into a gas?
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How is temperature different from heat? To answer this, we first need to
develop some ideas about heat. Consider what happens if you let two objects
touch that are at different temperatures—perhaps your hand and cold water
in a swimming pool. The water feels cold on your hand. At the molecular
level, the average kinetic energy of the molecules in the cold water is lower
than the average kinetic energy of the molecules in your skin. When the two
meet, some energy from the molecules in your hand is transferred and mol-
ecules in the water then move faster. As a result, the molecules in your hand
have less energy than before the interaction, and the molecules in the water
have a little more energy. This transferred energy from one object to another
due to temperature difference is called heat. The definition of heat implies
the flow of energy from a warmer object to a cooler object.

Think about what happens when you hold something hot. Which way is
the energy moving? The difference between heat and temperature may seem
subtle or not all that important. However, it is always important to be as
clear as possible and to use accurate language when describing the natural
world or scientific investigations.

Now that you can distinguish heat from temperature, consider one of the
potential outcomes of non-ideal gas behavior. Think about what happens as
a gas is cooled. As energy is transferred away from the gas, the gas particles
move more slowly. The temperature of the gas decreases as energy (in the
form of heat) flows away from it. At some point, the gas particles do not have
enough kinetic energy to overcome the attractive forces among themselves
and begin to “stick together.” Once the molecules are no longer moving
rapidly and independently, they cannot be considered to be in the gas phase.
Cooling a gas such that it turns into a liquid in this way is called condensa-
tion. The reverse of this process, heating a liquid until it turns into a gas,
is called vaporization. During these changes, the chemical identity of
the substance is not altered, so they are physical changes. Physical changes
that alter the state of a substance are known as phase changes. Common
phase changes are illustrated in Figure 2.27.

gas

freezing
. . —_— .
liquid ————— solid
melting

Figure 2.27 Phases and transitions between them are identified in this illustration.




B INVESTIGATING MATTER
B.8 PHASE CHANGES

Preparing to Investigate

In this investigation, you will observe the effects of adding energy, in the
form of heat, to a sample of ice. Before reading Gathering Evidence, think
about how you might carry out this investigation. What would you need to
measure and record? Record your thinking before continuing.

Now read Gathering Evidence carefully. Also, note safety precautions and
plan necessary data collecting and observations.

Making Predictions

Predict what you think will happen as you gather evidence and write down
your predictions.

Gathering Evidence

1. Before you begin, put on your goggles, and wear them properly
throughout the investigation.

2. Fill a 100-mL beaker about 2/3 full with crushed ice. Put as much ice
in the beaker as possible without breaking the beaker (it should be
packed tightly).

3. Place the beaker on a
hot plate.

4. Insert a thermometer or
temperature probe into
the ice and clamp it in
place as shown in
Figure 2.28. Make sure
the thermometer is not
touching the sides or
bottom of the beaker.

Figure 2.28 Secure the
beaker of ice on a hot plate
using a ring stand.
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5. Turn the hot plate on and record the temperature.

6. Record the temperature of the sample and the time as well as a
description of the contents of the beaker at regular time intervals.

7. Continue to make measurements until the water has been boiling for
four measurements. Be careful to not boil all the water from the
beaker.

8. Remove the beaker from the hot plate and turn off the hot plate.
9. Wash your hands thoroughly before leaving the laboratory.

Analyzing Evidence

1. Plot the time—temperature data for your investigation with time
on the horizontal axis and temperature on the vertical axis. Label
your axes, and arrange the scales so the graph nearly fills the space
available.

2. Label the points on your graph at which ice (1) began to melt
and (2) had completely melted.

3. Indicate the point on your graph at which water began to boil.

4. Draw a curve through your plotted points.

Interpreting Evidence
Refer to your completed graph as you answer the following questions.
1. What do you notice about the graph?

2. How well did your actual results correspond with your
predictions? Propose explanations for any differences between
your predictions and observed results.

Making Claims

3. What scientific claims can you make as a result of this investigation?

4. For each claim listed in your answer to Question 3, cite evidence
from the investigation to support your claim.

5. Consider the phase change from ice to water:
a. What is the name of this phase change?
b. What do the data, that is, temperature measurements, tell
you about energy required or released by this phase change?
c. What do your observations tell you about this phase change?
6. Specific heat capacity is a characteristic property of a material.
It is defined as the quantity of heat needed to raise the temperature
of one gram of the substance by one degree Celsius.
a. What feature of your graph would provide information about the
specific heat capacity of water?
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b. The specific heat capacity of liquid water is ~4.2 J/(g+°C) (joules
per gram per °C). What additional information would you need
to calculate this value from your graph?

c. Is the specific heat capacity for ice the same as the specific heat
capacity for liquid water? How do you know?

Reflecting on the Investigation

7. Why is it important that the temperature probe or thermometer not
touch the sides or bottom of the beaker?

8. Why is it important to make both measurements and observations
during an investigation? (Hint: What could happen if you made only
observations without measurements or vice versa?)

B MAKING DECISIONS

B.9 USING KMT TO REFINE YOUR
AIR-QUALITY INVESTIGATION

In Section A, you began developing an air-quality investigation by writing
beginning questions. Since then you have learned more about gases and their
behavior, and about a model used to explain gas behavior. You also have
some experience making measurements with gases. Using your new knowl-
edge, revisit the beginning questions you developed—and start to think
about the procedures that you will describe in upcoming sections—as you
answer the following questions:

1. Do you still find your questions relevant, interesting, and engaging
enough to serve as the basis for your unit project? If not, draft new
questions and get feedback from your group members to improve
them as you did in Making Decisions A.14.

2. a. How could knowledge of kinetic molecular theory improve
your questions?

b. Revise your questions to reflect your knowledge of KMT.

3. Think about the gases that you would study in your investigation.
Are those gases well-represented by an ideal gas model or would
you need to use a real/non-ideal gas model to represent them?
Explain.

4. Would you be able to make measurements on the actual system
or phenomenon of interest in your investigation? If not, could a
model be used to represent the system of interest? Explain.

5. Could your investigation be helpful in constructing a scientific
model of an air-quality phenomenon? Explain.




Unit 2 Air: Designing Scientific Investigations

SECTION B SUMMARY

Reviewing the Concepts

The kinetic molecular theory states that
gases are composed of particles of
negligible size that are in constant motion
and that undergo elastic collisions. The
average kinetic energy of a gas sample is
directly related to its kelvin temperature.

1. Use KMT to explain each of these
observations:

a. Decreasing the volume of a gas sample at
constant temperature causes the gas
pressure to increase.

b. At constant volume and constant amount
of gas, the pressure of a gas sample
changes if its temperature is changed.

2. Think of a pool table as a model (analogy)
for gas behavior.

a. How would you use pool balls to
demonstrate the effect of an increase in
the temperature of a gas sample?

b. How would you use this model to
demonstrate the effect of adding more gas
molecules to the sample?

c¢. In what ways is the pool-table model
unsuccessful and misleading in modeling
gas behavior?

3. Sketch the gas particles in
a. a balloon submerged in hot water.

b. a balloon submerged in ice water.

10.

11.

12.

For a given gas sample, the ideal gas law
expresses the relationship among its
volume, pressure, temperature, and
amount of gas present.

. Determine the pressure exerted by 0.122 mol

oxygen gas in a 1.50-L container at room
temperature (25 °C).

. At what temperature will 2.5 mol nitrogen

gas exert a pressure of 10.0 atm in a 2.0-L
container?

. How many moles of gas are contained in a

sample that exerts a pressure of 5.5 atm in
a 4.6-L container at 300.0 K?

. What volume will be occupied by a balloon

containing 0.65 mol H, at 25 °C and 1.0-atm
pressure?

Equal numbers of gas molecules at the
same temperature and pressure occupy
the same total volume. One mole of a gas
sample at 0 °C and 1 atm occupies a
volume of 22.4 L.

. What volume would 8.0 g helium (He) gas

occupy at 0.0 °C and 1.0 atm?

. How many moles of gas molecules would be

in a 2.0-L bottle of air at 0.0 °C and 1.0 atm?

a. How many moles of oxygen gas would be in
a 1.0-mL gas sample at 0.0 °C and 1.0 atm?

b. Express your answer to Question 10a in
molecules.

What would be the mass of gas inside a
3.0-L balloon at 0 °C and 1.0 atm filled with
a. He(g)? b. CO,(g)? c. CH,(g)?

If the three filled, tied-off balloons from
Question 11 were released, would each
balloon rise or fall?




13.

14.

15

16.

17.

Scientific theories and models explain
observations and data. Scientific laws
describe, but do not explain, natural
phenomena.

Recall Investigating Matter A.9 (page 168).

a. Give an example of a scientific law that
describes this phenomenon.

b. Describe how KMT helps to explain this
phenomenon.

You may have heard someone say, “It’s just

a theory” in an everyday conversation.

a. What does this phrase imply about the
person’s understanding or definition of a
theory?

b. How does this everyday use of the term
theory differ from the definition of a
scientific theory?

. Some people perceive scientific theories as

“immature laws,” meaning that theories will
eventually develop into laws if adequate
evidence is provided.

a. Comment on the validity of this view.

b. Why might this perception perpetuate the
“it’s only a theory” sentiment in everyday
conversation?

In Modeling Matter B.2, you used an

analogy—a type of model—to better

understand kinetic molecular theory. Why
is it useful to construct models to represent
theories?

In your own words, explain why the ideal
gas law is an example of a scientific law
rather than a scientific theory.

18.

19

20.

21.
22.

23.

24.

25.

26.
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Under certain conditions, real gases do
not behave as predicted by the kinetic
molecular theory.

Referring to postulates of the kinetic
molecular theory, explain why gases do not
behave ideally under each of the following
conditions:

a. very high gas pressure

b. very low gas temperature

. Describe changes in motion of gas particles

as a gas is cooled.

Why is the ideal gas law so widely used
when it is not always valid?

Temperature is a measure of the average
kinetic energy of a sample of matter, while
heat is a form of energy that transfers from
one “object” to another due to a
difference in temperature.

Explain how temperature is measured.

Will heat transfer between two objects with
the same temperature? Explain.

Consider the statement, “The hot rock
contains a lot of heat.”

a. Is this an accurate statement?

b. What would be a better way to describe
the hot rock?

Transitions among the physical states of
a substance, called phase changes,
require the addition or release of energy.

Indicate whether energy is required for or
released by each of the following phase
changes:

a. vaporization d. melting

b. sublimation e. deposition
c. condensation f. freezing

Why are phase changes considered physical
changes?

What happens to the temperature of a
substance as it undergoes a phase change?
Explain.
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How are models and
theories useful in
explaining and predicting
behavior of gases?

Section A introduced several gas
laws that were discovered by
scientific experimentation. This
section introduced tools for
explaining and extending these
laws. Think about what you have
learned and how these ideas are
related, then answer the question
in your own words in organized
paragraphs. Your answer should
demonstrate your understanding
of the key ideas in this section.

Be sure to consider the following in
your response: the kinetic molecular
theory of gases; scientific models,
theories, and laws; non-ideal gas
behavior; and phase changes.

Connecting the Concepts

27. Locate three Modeling Matter activities you
have completed in Unit 1 or Unit 2. For
each, describe what you represented (data,
theory, observations). Explain how these
activities fit with your understanding of the
use of models in science.

28. A sample of a pure gas has a mass 0of 6.7 g

and exerts a pressure of 1.5 atm on a 2.5-L
container at 298 K. What is the gas?

29.

30.

31

32.

33.

Based on your knowledge of gas properties,
predict what will happen to the density of a
100.0-g helium gas sample if you heat it
from room temperature to 62 °C at constant
pressure.

If air at 25 °C has a density of 1.28 g/L and
your classroom has a volume of 2.0 X 10° L,

a. what mass of air is contained in your
classroom?

b. assume that the room temperature is
increased. How would that affect the
total mass of air contained in the room,

i. if the room were tightly sealed?

ii. if the room were not sealed?

. Heat is often described as “lost energy.” For

instance, automobile engines release about

75% of the energy from gasoline

combustion as heat. Explain this idea of

energy loss in terms of your understanding

of heat.

Consider Investigating Matter B.8, Phase

Changes.

a. What would be an appropriate beginning
question for this investigation?

b. What are the variables of interest?

Given what you now know about the

ideal gas law, consider an investigation to

determine the identity of an unknown

pure gas.

a. What would be an appropriate beginning
question for this investigation?

b. What variables would you need to
measure?

c. What variables, if any, would you need to
control?

d. How could you measure each of the
variables you identified in Question 33b?
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Extending the Concepts

34. Consider the behavior of an ideal gas as
described by the postulates of the kinetic
molecular theory. For each postulate,
predict how gas behavior might change if
the postulate did not hold.

35. The Kelvin temperature scale is used
extensively in theoretical and applied
chemistry work.

a. Find out how closely scientists have
approached a temperature of zero kelvins
(0 K) in a laboratory setting.

b. Results from research in cryogenics
have suggested intriguing applications
of low-temperature chemistry and
physics concepts. Report on activities
in this field.




CHEMISTRY

&A

History isn’t just a class you take in school. It’s all around us!
Almost every city in the United States is loaded with places and
objects much older than you and your classmates—combined.
Every day, these historical artifacts and buildings are under pres-
sure from chemical forces that threaten to age them. Read on to
see how one chemist is working to save history by stopping time
in its tracks.

Q. What is historic preservation, and how does
chemistry fit in?

A. Historic preservation is the process of preserving,
conserving, or protecting historic sites or buildings, statues,
or monuments. Materials constantly undergo chemical reac-
tions with surrounding air and precipitation that cause them
to deteriorate, stain, or age. Using chemistry, we can slow
these changes.

Q. How did you get interested in chemistry?

Elfreth’s Alley in Philadelphia is one of the oldest
residential streets in the country, dating back to the
early 1700s.

A. Both my parents were scientists. My mom was a chemist,
and my dad was a biologist, so science runs in the family. I
started off thinking I'd be a chemist, but I also wanted to
spend time outdoors doing field work. In college, I

did an independent study project with a geochemist, a scien-

tist who combines the study of chemistry with geology. I

learned that I could study chemistry at sea. I worked for a

year at an oil field research company, then got my master’s

degree in marine chemistry. This field studies how ocean

water is affected by natural processes, such as what rivers

add, or human activities, such as agricultural and industrial

runoff. I got my doctoral degree in marine geology.

Q. How did you get involved in historic
preservation?

A. While in graduate school, I started making personal
choices about how to minimize my impact on the environ-
ment. I decided that if I lived in an old house instead of a new
house made of new materials, I could greatly reduce the effect
I have on the environment. Later, in an effort to save a neigh-
borhood landmark from demolition, I got to know other com-
munity members who were involved in historic preservation.
I began looking for ways that my scientific degree could make
a difference in the historic preservation field.




Q. What does your job entail?

A. T work for the National Center for Preservation Technology and Training (NCPTT),
a part of the National Park Service. NCPTT does research to develop preservation tech-
nologies. My group is mostly involved with finding new ways to preserve monuments

and structures made of marble or limestone. These materials are especially susceptible
to acid rain.

Q. What is acid rain, and how does it affect these
stones?

A. Carbon dioxide and sulfur dioxide, which mostly come from
burning fossil fuels, produce acid when they combine with water.
Marble and limestone are made of calcium carbonate. When acid
rain interacts with calcium carbonate, an acid-base reaction takes
place that deteriorates the stone. Want to see how acid affects cal-
cium carbonate? Try putting an antacid tablet in a glass of vinegar

The vinegar breaks down the antacid. We want to protect monu-
ments from the same fate.

Q. How do you protect these monuments?

A. One way is by using consolidants, such as synthetic sealants,
to strengthen the surfaces of stones. There’s a fine line between
sealing a surface and protecting it, though. You don’t want to
create an impermeable surface that traps moisture that can cause
further degradation. Some consolidants work by chemically bind-

ing with the surface and helping to strengthen it, the way fluoride in toothpaste protects

your teeth. Others provide a protective coating on the surface, which limits the effects of
the environment on the surface of

the stone. Since every historic
object is different, we evaluate
different consolidants to see
which works best in each
situation.

Q. How do I become a
preservation chemist?

A. Tt is important to have a strong
background in chemistry. Some
people in this field have degrees
in historic preservation, materials
science, or art conservation. But
there are lots of unconventional
paths to this kind of job, like mine!

I got here because I was looking for a way to use my scientific background to make a
more direct difference in environmental issues. If we learn how to preserve and continue
to use sites, objects, and structures, then we won’t have to use as many new resources
and materials and ultimately we will have less of an effect on the environment. I think
you have to do what you enjoy—otherwise, why do it?
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CECTION INTERACTIONS OF
MATTER AND ENERGY
IN ATMOSPHERES

What does evidence reveal about
properties of Earth’s atmosphere?

As you posed and refined the guiding question for your air-quality
investigation, you may have noted that the study of Earth’s atmosphere
is quite complex. You have begun to understand some of the variables
in this complex system by collecting evidence about gas behavior in
Sections A and B. To be able to make specific claims about air-quality
issues, however, one must often study and collect evidence about inter-
actions among variables within the system. In Earth’s atmosphere, this
means considering mixtures and reactions of atmospheric gases, as well
as the role of solar radiation.

As you explore the complexity of Earth’s atmosphere in this section,
start to decide which components and interactions you will need to
include in your air-quality investigation. Remember that you will design
procedures to gather evidence that could support an answer to your
question, and then refine these procedures before preparing a scientific
poster to describe your proposed investigation in Putting It All
Together.

GOALS

Describe the major components of Earth’s atmosphere.
Describe the relationships among electromagnetic radiation’s
energy, frequency, and wavelength and identify types of
electromagnetic radiation.

Explain how Earth’s atmosphere interacts with solar radiation,
including how the greenhouse effect works.

Apply Avogadro’s law in calculations, including stoichiometric
problems.

Explain the effect of a catalyst on a reaction using the collision
theory.

Describe how evidence gathered from scientific investigations
is used to make claims about the natural world.
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concept check 6

1. According to the ideal gas law, which of the properties of gases—
pressure, volume, temperature, and number of moles—are directly

proportional?

2. What does Avogadro’s law state regarding equal volumes of gases?

3. Use KMT to explain why
a. gases expand to fill the space available.

b. gas pressure is proportional to temperature at constant volume.

4. What are the key components of Earth's atmosphere?

C.1 GASES IN OUR ATMOSPHERE

Throughout this unit, you have studied gases and their behavior, often within
closed or controlled systems. In fact, most of Earth’s gaseous substances are
found within its atmosphere. Derived from the Greek words for vapor and
sphere, an atmosphere is the collection of gases held by a planet or other
astronomical body through gravitational attraction. Although many planets
and some moons are known to have atmospheres, far more is known about
Earth’s atmosphere than any others. Scientists study atmospheres for varied
reasons: geologists can learn about the geological history of a planet from
its atmosphere; meteorologists can understand its climate; and biologists
can evaluate the likelihood of past, present, or future life. Chemists study
atmospheres primarily to understand interactions of substances within atmo-
spheres. On Earth, these interactions are affected significantly by the actions
of living organisms, particularly human beings.

CHEMQUANDARY

TRAVELING THE ATMOSPHERE

Suppose it were possible for you to fly from Earth’s surface up to

Recall that a system refers
to the part of the world
that we want to study. In
terms of Earth and
atmospheric systems, it
also refers to a group of
interrelated materials and
processes. Both definitions
are helpful in considering
gas behavior.

the farthest regions of the atmosphere (see Figure 2.29 on page 204).
What do you think you would encounter as you traveled 5, 10, or
50 km away from Earth? Would the air temperature change? Would

you be surrounded by the same mixture of gas molecules as your

altitude increased?




The only components of
the atmosphere visible from
space are condensed water
vapor in the form of clouds

and, at times, traces of
colored nitrogen oxide
(NO,) pollutants near
urban areas.
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Figure 2.29 Just how thin is the atmosphere that surrounds us?
Looking up from Earth, the skies can seem endless. This view
highlights the narrow strip of atmosphere that separates Earth
from space.

Although you cannot take a trip such as the one described in the ChemQuan-
dary right now, you can find answers to many questions about the atmo-
sphere. Technology allows scientists to measure a range of air characteristics
at different altitudes. In the following activity, you will analyze atmospheric
data collected at altitudes up to 80 km. As you do so, think about how these
data are used to describe the properties of Earth’s atmosphere.

DEVELOPING SKILLS
C.2 GRAPHING ATMOSPHERIC DATA

Sample Problem: Predict the shape of the graph for a y versus x
plot of air temperature versus altitude.

With increasing altitude, air temperature decreases, then increases,
then decreases again. The graph will not be linear or regular; it will
go down, then up, then down again.

Table 2.3 summarizes atmospheric data gathered at various altitudes. Use
the information to answer the questions that follow:
1. Predict the shape of the graph for a y versus x plot of air pressure
versus altitude.
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Table 2.3
Air J
Temperature Air Pressure Mass (g) of Molecules in
Altitude (km) (°C) (mmHg) 1-L Air Sample | 1-L Air Sample

0 20 760 1.20 250 X 10°

5 -12 407 0.73 150 X 102°
10 -45 218 0.41 90 X 102°
12 -60 170 0.37 77 X 10%°
20 -53 62 0.13 27 X 10%°
30 -38 18 0.035 7 X 102
40 -18 5.1 0.009 2 X 102°
50 2 1.5 0.003 0.5 X 102°
60 -26 0.42 0.0007 0.2 X 10%°
80 -87 0.03 0.00007 0.02 X 10%°

2. Prepare graphs according to the following instructions:
a. Plot air temperature versus altitude data.
b. Plot pressure versus altitude data.

c. Draw a best-fit line through the plotted points for each graph. (Note: The
graph line may be straight or curved.)

3. Consider your graphs.
a. Does the shape of either graph differ from your prediction? If so, how?
b. Which graph follows a more regular pattern? Why?
c. Explain the trend of your air pressure versus altitude graph using KMT.

4. Based on the data in Table 2.3, would you expect air pressure to rise or fall if
you traveled from sea level (0 km) to

a. Pike’s Peak (4301 m above sea level)?
b. Death Valley (86 m below sea level)?
5. Suppose you gathered 1-L samples of air at several altitudes.
a. How would the following values change with altitude?
i. mass of the air sample
ii. total molecules in the air sample

b. If you were to plot air-sample mass versus the number of molecules
contained in the sample, what would the graph look like? Why?

c. If you were to plot air pressure versus the number of molecules contained
in the sample, what would the graph look like? Why?

d. Would each sample have the same composition? How do you know?

The unit mmHg,
millimeters of
mercury, is a
common unit of
gas pressure
(see page 160).




The word troposphere is
based on the Greek
words tropos, which
means "turn,"

and sphaira, which
means "sphere."

The amount of water
vapor in air determines
its humidity.
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6. Scientists often characterize Earth’s atmosphere as being composed of
four general layers.

a. Mark the graphs you prepared in Question 2 with lines at
appropriate altitudes to indicate where you think the general
transitions between atmospheric layers might be.

b. How confident are you in marking these transitions on your
graph? Explain.

¢. Which of these layers will your planned experiment investigate?

C.3 STRUCTURE OF EARTH'’S
ATMOSPHERE

As you learned in Developing Skills C.2, scientists have identified four dis-
tinct layers of Earth’s atmosphere. In order, the four layers are the tropo-
sphere (nearest Earth’s surface), the stratosphere, the mesosphere, and the
thermosphere (outermost layer). Trends in measurements of atmospheric
properties such as temperature change with altitude (as in Developing Skills
C.2), chemical composition, density, and patterns of movement allow the
layers to be distinguished from one another. Most of the atmosphere’s mass
and all of its weather are located within 10 to 15 km of Earth’s surface in the
layer known as the troposphere. This is a very small distance compared to
the size of Earth. If Earth were roughly the size of a softball, the troposphere
would be about the thickness of a coat of varnish or paint applied to the ball.
Put another way, the highest point on Earth, Mt. Everest, is 8.8 km high. If it
were only twice as tall, it would reach the top of the troposphere.

Gases mix continuously in the troposphere, so its composition is reason-
ably uniform around the world. This mixture is what we commonly refer to
as air. Table 2.4 lists the main components of the troposphere. The relative
abundance of a component in a mixture is described by its concentration,
which expresses the quantity of a substance in a specified quantity of mix-
ture or other substance. In gaseous mixtures, concentration is often mea-
sured in terms of percent by volume. For example, if a sample of natural gas
(a common fuel) contains 700 cubic meters (m?) of methane (CH,) in 1000 m®
of gas, it has a methane concentration of 70%. Smaller concentrations may
be expressed in parts per million (ppm), which for gases means 1 cm® (1 mL)
of substance in 1 m® (1000 L) of gaseous mixture.

In the mixture of gases we call air, nitrogen is the most abundant compo-
nent, followed by oxygen and substantially lower amounts of argon and car-
bon dioxide. In addition to the gases listed in Table 2.4, air samples can
contain up to 5% water vapor; in most locations the water vapor range is
from 1 to 3%. Other gases naturally present in air at concentrations below
0.0001% (1 ppm) include hydrogen gas (H,), xenon (Xe), ozone (O,), nitro-
gen oxides (NO and NO,), carbon monoxide (CO), and sulfur dioxide (SO,).
Chemical analysis reveals that ancient air trapped in glacial ice has about
the same chemical makeup as does our current atmosphere (Figure 2.30).
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Figure 2.30 Analysis of gases
trapped in glacial ice shows that the
composition of the atmosphere has not
changed much since ancient times.

This finding suggests that there has been little change, except for carbon
dioxide concentrations, in tropospheric air over a very long time.

Human activity and natural phenomena such as volcanic eruptions can
alter the concentrations of some trace gases and add other substances to air.
This may lead to decreased air quality, as you will learn later in this unit. In
the next activity, you will construct models of gaseous mixtures in order to
make a macroscopic substance (air) that is usually invisible a little easier

j Table 2.4

to imagine.
Percent of All Gas
Substance Formula Molecules
Major components
Nitrogen N, 78.08
Oxygen o, 20.95
Minor components
Argon Ar 0.93
Carbon dioxide co, 0.033
Trace components
Neon Ne 0.0018
Ammonia NH, 0.0010
Helium He 0.0005
Methane CH, 0.0002
Krypton Kr 0.0001




A heterogeneous
mixture is a combination
of two or more materials

that are not uniform in
composition.
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1 MODELING MATTER
C.4 MIXTURES OF GASES

Think back to the models that you have constructed so far in this course.
You have drawn atoms and molecules, modeled the movement of electrons,
represented reactions, and illustrated movements of gas molecules. In this
activity, you will combine the skills and concepts you have learned in ear-
lier activities with some ideas about mixtures to draw models of gaseous
mixtures that might be found in the laboratory or in the atmosphere.

To begin, consider this example: Suppose you want to draw a model of
two gaseous compounds in a homogenous mixture. We first need to look
closely at this description. You know that compounds are composed of atoms
of two or more different elements linked together by chemical bonds. The
fact that the compounds are in the gaseous state tells us that the molecules
are relatively far apart and moving rapidly. A mixture is created when two or
more substances combine, yet each retains its individual properties. A homo-
geneous mixture is uniform throughout, so the two compounds in this exam-
ple should be intermingled and evenly distributed.

Suppose a molecule of one of these gaseous compounds contains two dif-
ferent atoms. To represent this molecule, you could draw two differently
shaded or labeled circles to denote atoms of the two elements and a line con-
necting the atoms to indicate a bond, like this:

—Q

Suppose the other compound is composed of molecules made up of three
atoms, and that two atoms are of the same element. You now need to decide
on the order that the atoms should be connected: the unique atom (Y) could
be in the middle, X-Y-X, or on the end, X—X-Y. As long as you draw this
imaginary compound in the same way every time, it doesn’t matter which
way you do it for this activity. However, the way in which atoms are con-
nected in real compounds does, in fact, make a difference; X—Y-X would be
quite a different molecule from X-X-Y.

a b c

oo |2
I ogl | &
oy

@ o &
©
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Examine the three models (a, b, and ¢) in the illustration on page 208.
Which best represents a homogeneous mixture of the two compounds just
described? You are correct if you said that b is the best visual model. The
two types of molecules are uniformly mixed, and the atoms are shaded to
indicate that they represent different elements. In a the mixture is not homo-
geneous because the molecules are not uniformly mixed. Model ¢ contains
three different compounds instead of two. Notice that in a, bonded atoms in
each molecule are connected by lines. In b and ¢, bonded atoms just touch
each other. Both representations are used by chemists; either one is accept-
able in this activity. Note that it was the key features of each model pro-
vided—the number of distinct substances and their distribution in the con-
tainer—that allowed you to choose the best representation.

Now it is your turn to create and evaluate visual models of gaseous matter.

1. Draw a model of a homogeneous mixture composed of three

different gaseous elements.

2. What kind of matter does the following model represent?
Explain your answer.

3)&
O/K

3. Draw a model of a container full of each of these samples of matter.
a. a mixture of gaseous elements X and Z
b. a two-atom gaseous compound of X and Z
c. a four-atom gaseous compound of X and Z
4. Compare each visual representation that you created in Question 3
with those of your classmates.
a. What are the key features of the models?
b. Although the models may look a little different, does each set
depict the same type of sample? Comment on any similarities and
differences.

c. Do the differences help or hinder your ability to visualize the type
of matter being depicted? Explain.
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5. Draw a model of a sample of tropospheric air containing at least 20
molecules. Refer to Table 2.4 (page 207) for appropriate proportions
of substances. Remember that you cannot draw partial molecules, so
some trace components may have to be omitted from your drawing.
Also, recall that some elements in air are diatomic, meaning that they
normally exist as a two-atom molecule.

6. Another student was asked to draw a model of a mixture composed
of an element and a compound:

® %0

..@OO..

Comment on the usefulness of the student’s drawing.

7. You have been interpreting and creating 2-D models of 3-D

molecules.

a. What are some limitations of flat, 2-D models?

b. What particular difficulties are involved in representing gases?

¢. What are some characteristics that good models of matter should
have?

d. How do these models help you understand the behavior of gases
in the laboratory and the atmosphere?

e. How could models be helpful as you design your investigation?

f. How could you use models to help others understand your
investigation?

As you continue studying chemistry, you will encounter visual models of

matter similar to those in this activity. When you see them, think about their
usefulness as well as their possible limitations.

concept check /

1. How do scientists distinguish the layers of the atmosphere?

2. Would you consider the atmosphere a heterogeneous or
homogeneous mixture? Explain.

3. Do gases in the atmosphere ever react with one another?
How do you know?
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C.5 COLLISION THEORY

In Section B, you were introduced to the kinetic molecular theory (KMT) as
a way to explain gas behavior. One postulate of KMT includes the idea that
atoms and molecules collide with one another and with the container
in which they are stored. When a gas behaves ideally, all such collisions are
elastic; that is, a molecule bounces away from the container wall or other
molecule with no loss of energy. Experience tells us, however, that under
some conditions gas molecules do not just “bounce off,” but react to form
different substances. For instance, methane gas burns in oxygen to produce
carbon dioxide and water, and nitrogen gas can combine with hydrogen
gas to produce ammonia. In each of these processes, gas molecules collide
with enough energy and at an angle that results in bond-breaking in the
starting substances. The “released” atoms can form new bonds, making
different compounds. Energy is required to break the bonds between two
atoms, whereas energy is released when bonds are formed. This exchange
of energy can be illustrated using a potential energy diagram, as shown in
Figure 2.31.

Activation energy —»|

Potential Energy

Reactants

—

Products

Because gas molecules must have a certain energy and orientation to react
upon collision, reactive collisions tend to be rare under standard conditions.
This results in a very slow rate of reaction or product formation. Industrial
chemists are concerned about controlling the rate of chemical reactions—
often in order to make more product in less time—and thus may introduce a
catalyst into a reaction between gases. A catalyst is a material that speeds up
a chemical reaction that would otherwise proceed far more slowly. Enzymes
that aid in digesting food and in promoting other bodily functions are organic
catalysts. Although a catalyst participates in the chemical reaction, it is not
considered a reactant because it emerges unchanged when the reaction is
complete.

How can a catalyst speed up a reaction and remain unchanged? Collision
theory states that reactions can occur only if molecules collide with
sufficient energy and with suitable orientation to disrupt chemical bonds.

Potential energy can

be considered “stored
energy.” In this case, the
energy is stored within
molecules. You will learn
more about energy and
chemical bonds in Unit 3.

Figure 2.31 Potential energy
diagram for a typical chemical
reaction. The activation energy
represents the minimum energy
needed to start the reaction.
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Potential Energy ———

Activation energy

with catalyst

Reactants

«— Activatipn energy —)

Products

Figure 2.32 The catalyst provides an alternative pathway with lower activation energy.

The minimum energy required for such effective collisions is called the
activation energy. You can think of the activation energy as an energy bar-
rier that stands between the reactants and the products. See Figure 2.32.
Reactants must have enough energy to get over the barrier before a reaction
can occur. That is, the reactants must have sufficient kinetic energy to par-
ticipate in effective molecular collisions. When the energy barrier is high,
few molecules will have sufficient energy to get over it and the overall reac-
tion will proceed slowly. A catalyst works by providing a different reaction
pathway, one with lower activation energy. In effect, the catalyst lowers
the energy barrier. The result is that more molecules have sufficient
energy to react and form products within a given period of time.

Since the Clean Air Act of 1970 was passed, the Environmental Pro-
tection Agency (EPA) has set emissions standards for automobiles. The
EPA sets allowable limits for hydrocarbons, nitrogen oxides, and carbon

monoxide emissions. One major contribution toward meeting
those standards was the development of the catalytic

Catalytic converter

Figure 2.33 A catalytic converter
(top) is installed in an automobile’s
exhaust system (bottom).

converter, which is a reaction chamber built
into the exhaust system of motor vehicles, as
shown in Figure 2.33. In automotive catalytic
converters, a few grams of platinum, palla-
dium, or thodium embedded in a noncatalytic
material such as aluminum oxide (Al,O,) act
as the catalyst.
In the catalytic converter, exhaust gases and
outside air pass over several solid catalysts
that help speed the conversion of potentially
harmful gases to harmless products—nitrogen

oxides to nitrogen gas, carbon monoxide to carbon dioxide, and hydrocar-

bons to carbon dioxide and water. Exhaust gases enter the catalytic converter,
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where, for example, nitrogen oxides and carbon monoxide are removed as
shown below:

2NO(g) + 2 CO(g) &4t N,(g) + 2 CO,(g)

Despite improvements made by catalytic converters, transportation is still a
major air-pollution source in many states (see Figure 2.34).

Figure 2.34 Many cities and
towns, and some states, require
annual testing of exhaust
emissions.

C.6 REACTIONS OF GASES

In order for automobile companies to evaluate the success of a catalytic con-
verter, they must be able to measure the amount of gases produced from the
reactions within the engine of the car. You may also need to measure the
amount of gas produced by a gaseous reaction in your air-quality investiga-
tion. Recall from your study of Avogadro’s law (page 187) that all gases have
the same molar volume under the same conditions. This realization greatly
simplifies our thinking about chemical reactions involving gases and allows
industrial chemists to measure the emissions from the tailpipe. For example,
consider the following chemical equations that involve gaseous reactions:

N,(g) + O,(g) — 2NO(g)

2H,(g) + O,(g) — 2H,0(g)
You have learned that coefficients in chemical equations indicate the
relative numbers of molecules or moles of reactants and products. Based on

Avogadro’s law, similar calculations also involve volumes of gaseous reac-
tants and products.

The reaction of N,(g)
and O,(g) to form NO(g)
occurs within the
cylinders of internal
combustion engines.
Catalytic converters

later transform NO(g)
back to N,(g).




Although nitric oxide
(NO) in the environment
is a precursor to both
smog and acid rain
(which you will learn
more about in Section
D), in the human body it
is important in
transmitting information
between cells.

Figure 2.35 Two volumes
of H,(g) combine with one
volume O,(g) to form two
volumes H,O(g).

Stoichiometry is the
quantitative interpretation
of chemical equations.

Unit 2 Air: Designing Scientific Investigations

Hence, the equation representing the reaction between nitrogen and oxy-
gen gases can now be interpreted: 1 volume of N,(g) and 1 volume of O,(g)
combine to form 2 volumes of NO(g), assuming all gases were measured at
the same conditions of temperature and pressure.

Similar relationships hold for the volumes of all gaseous reactants and
products: Using Avogadro’s law, you can interpret the coefficients in terms
of gas volumes.

1 volume N,(g) + 1 volume O,(g) — 2 volumes NO(g)

2 volumes H,(g) + 1 volume O,(g) — 2 volumes H,0(g)

The measured volumes could be expressed in any convenient units,
such as liters (L) or cubic centimeters (cm?®). In the second equation, which
represents the formation of water, you could combine 200.0 L H,(g) and
100.0 L O,(g) and expect to produce 200.0 L. H,O(g), if all gases were mea-
sured at the same conditions. Note that, unlike mass, gas volumes are not
necessarily conserved in a chemical reaction—using the second reaction,
note that 200 L + 100 L of reactants generates 200 L of product and not
300 L. See Figure 2.35.

DEVELOPING SKILLS

C.7 STOICHIOMETRY IN REACTIONS
OF GASES

Sample Problem 1: In the following equation, what volume of
C,H,(g) is needed to produce 12 L CO,(g)? (All measurements are
made at the same temperature.)

2 C,Hy(g) + 7 0,(g) — 4 CO,(g) + 6 H,0O(g)

From the chemical equation, we know that 2 L. C,Hg(g) will produce
4 L. CO,(g). If we want to produce 12 L of CO,(g), which is three
times more than is represented in the equation, then we must start
with three times as much C,Hg(g), or 6 L C,Hg(g).
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Sample Problem 2: Using the same scenario as Sample
Problem 1, how many liters of O,(g) would be needed to produce
12 L CO,(g)? Think through this question and make a prediction.

Problems such as this can also be solved using ratios made from
coefficients from the balanced equation. If we know from the
previous equation that

7L 0,(g) — 4 L CO,(g)

and we want to know how many liters O,(g) are needed to produce
12 L CO,(g), we can set up a ratio to solve for the answer:

7L 0O,

?TLO, = 12L€6, X W

=21L0O,

According to this calculation, 21 L O,(g) are needed to produce
12 L CO,(g). Was your prediction correct?

Now it is your turn to check your understanding of this concept.

1. In a gaseous reaction, 2 mol NO react with 1 mol O,:
2NO(g) + O,(g) — 2NO,(g)
a. Given the same conditions of temperature and pressure, what

volume of O,(g) would react with 4 L. NO gas?

b. How might chemists use their knowledge of molar volumes to
monitor the progress of this reaction?

2. Toxic carbon monoxide (CO) gas is produced when fossil fuels, such

as gasoline, burn without sufficient oxygen gas. The CO can
eventually be converted to CO, in the atmosphere. Automobile
catalytic converters are designed to speed up this conversion:

Carbon monoxide gas + Oxygen gas —> Carbon dioxide gas

a. Write the balanced equation for this conversion.

b. How many moles of oxygen gas would be needed to convert
50.0 mol carbon monoxide to carbon dioxide?

¢. What volume of oxygen gas would be needed to react with 968 L

carbon monoxide? (Assume both gases are at the same
temperature and pressure.)
3. A common way to produce ammonia (NH,) is by the catalyzed
reaction:

Catalyst
—_—

Hydrogen gas + Nitrogen gas Ammonia gas

a. Write the balanced equation for this conversion.

b. How many moles of hydrogen gas would be needed to convert
20.0 mol nitrogen to ammonia?

¢. What volume of hydrogen gas would be needed to react with

182 L nitrogen gas? (Assume both gases are at the same
temperature and pressure.)




Figure 2.36 This chart
shows the composition
of the gases in the
atmosphere. Notice
that carbon dioxide is a
very small component
of the air we breathe.
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B INVESTIGATING MATTER
C.8 GENERATING AND ANALYZING CO,,

Preparing to Investigate

As you have learned, air is a mixture of nitrogen gas (N,) and oxygen gas (O,)
together with much smaller amounts of carbon dioxide and other gases (see
Figure 2.36). Each of the gases within air has distinct physical and chemical
properties.

0,,2095% NH;, 0.001%

He, 0.0005%

Ar, 0.93%

7
CO,,0.033%
Trace components,
0.0036% — —
Ne, 0.0018%

CH,, 0.0002%
Kr, 0.0001%

In this investigation, you will generate carbon dioxide and explore some
of its properties. To generate carbon dioxide, you will use the same reaction
that you observed in Investigating Matter A.1 in Unit 1:

NaHCO,(s) + HC,H,0,(ag) — NaC,H,0,(aq) + H,0(]) + CO,(g)

Before you begin, read Gathering Evidence to learn what you will need to do
and note safety precautions. Plan for data collection, and construct an appro-
priate data table.

Making Predictions

Predict what you think will happen in each of the tests in Part II and write
down your predictions.

Gathering Evidence
Part I: Generating Carbon Dioxide

1. Before you begin, put on your goggles, and wear them properly
throughout the investigation.
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Use a balance to measure a 0.22-g sample of sodium hydrogen
carbonate (baking soda), NaHCO,. Place the sample into a vial cap.

Obtain a syringe and remove the plunger and syringe cap. Hold
your finger over the tip of the syringe and fill the syringe with
water.

Float the vial cap containing the NaHCO, on top of the water in
the syringe. See Figure 2.37.

While holding the syringe over a sink or a beaker, remove your
finger from the syringe tip, allowing the vial cap to lower into
the syringe. See Figure 2.38.

Figure 2.37 A vial cap floating on

top of water in a syringe barrel.

Figure 2.38 The vial cap (left) is lowered by allowing the water to drain out of the syringe
(center) leaving it seated at the base of the syringe barrel (right).

. Replace the plunger in the syringe and lower until the vial cap sits

firmly in the depression at the base of the syringe.

. Dispense some dilute acetic acid solution (vinegar), HC,H,0,(aq),

into a small beaker or other container.

. Draw 5 mL of vinegar into the syringe. Be careful not

to tip the vial cap, as that may cause the reaction to
begin before you are ready. See Figure 2.39.

. Securely place the syringe cap on the tip of the

syringe.
Shake the syringe vigorously. The reactants will
mix, causing the reaction to proceed.

Observe the reaction until no more bubbles are
formed.

Tip the syringe up, remove the syringe cap, then tip
the syringe down and discharge the liquid into the
sink or a beaker by pressing gently on the plunger.
(Note: Do NOT push the plunger completely down,
as this will discharge the CO, along with the liquid.)

Figure 2.39
Draw 5 mL
acetic acid into
the syringe and
then attach the
syringe cap.
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13. Wash the CO, by drawing 5 mL of water into the syringe, replacing
Washing removes excess the syringe cap, and shaking the syringe vigorously. Discharge the
acetic acid from the CO,,. liquid as in Step 12. Repeat the washing process.

14. Replace the syringe cap. Label the syringe as “CO, gas” and store it
until you are ready to perform investigations in Part II.

Part II: Analyzing Carbon Dioxide

Investigation 1
1. Obtain or generate a syringe of CO, as described in Part I.

2. Dispense a few milliliters of calcium hydroxide solution (limewater),
Ca(OH),(aq), into a small beaker.

3. Remove the syringe cap from
your CO, gas sample and attach
a5 to 10 cm piece of rubber
tubing to the syringe.

4. Bubble a small amount (<5 mL)
of gas from the syringe into the
limewater. See Figure 2.40.

5. Record your observations.

6. Bubble an additional 5 mL
of gas from the syringe and

observe the results. Figure 2.40 After attaching the tubing,

7. Record your observations. bubble CO, through the Ca(OH), solution.

Investigation 2
1. Obtain or generate a syringe of CO, as described in Part I.

2. Place ~30 mL of pH indicator solution (prepared by your teacher)
into a small beaker.

3. Record the color and the pH of the solution.

4. Discharge 5 to 10 mL of CO, gas onto the surface of the solution in
the beaker.

5. Record the color and the pH of the solution.

Investigation 3
1. Obtain or generate a syringe of CO, as described in Part I.

2. Dispense some sodium hydroxide solution, NaOH(ag), into a small
beaker.

3. Remove the syringe cap and draw 5 mL of NaOH solution into the
syringe.

4. Securely place the syringe cap on the tip of the syringe.
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Shake the syringe.

Record your observations.

Investigation 4

1.
2.

Obtain or generate a syringe of CO, as described in Part L.
Tape a candle to a glass

stirring rod.

Hold the syringe upright with

cap in place and plunger up.

Ignite the candle.

Remove the plunger from the

syringe and carefully lower

the lit candle into the

syringe. See Figure 2.41.

Record your observations.

Interpreting Evidence and Making Claims

1.

A precipitate is an insoluble solid that separates from a liquid
mixture. Was a precipitate formed in any of these investigations? How
do you know?

Consider your results in Investigation 1.

a. What do you think caused the changes that you observed?

b. If the products formed in this investigation are calcium carbonate,
CaCO,(s), and water, write a balanced equation for the reaction that
takes place.

c. The procedure in Investigation 1 is commonly used as a test for the
presence of CO, gas. If a gas is bubbled through limewater and no
cloudiness is apparent, would it be reasonable to claim that the gas
is not CO,? Explain.

Consider your observations during Investigation 2.

a. Does CO, dissolve in the indicator solution? How do you know?

b. How does CO, affect the pH of the solution?

Think about your results in Investigation 3.

a. What claim could you make about the interaction of CO, and NaOH?

b. What evidence supports your claim?

Compare your observations to your predictions for each investigation.

For each prediction, explain why your reasoning was correct or

incorrect. Be sure to address the property responsible for the
experimental results.

Figure 2.41 A candle is
attached to the base of a
stirring rod and lowered into
the syringe. (An unlit candle is
shown here for illustration only.)
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6.

10.

11.

Reflecting on the Investigation

Why was it important to remove excess acetic acid from the CO, you
generated?

If Earth’s atmosphere contained a higher concentration of CO,, what
might be some consequences?

8. Carbon dioxide is used in some types of fire extinguishers. Explain.

9. You may have learned that human lungs expel carbon dioxide.

Describe two procedures that could provide evidence to support
this claim.

What do you think would happen if you repeated the investigations
in Part II using O, instead of CO,? Explain.

Now consider the design of your air-quality experiment.
a. Will it be necessary to generate a gas in your investigation?
b. Which, if any, gases will you study in your investigation?

c. How are the properties of the gases you identified in b similar to
the properties of CO,? How are they different?

d. How will the properties of the gases you plan to study affect the
design of your experiment?

e. Will any of the procedures used in this investigation be
necessary or applicable to your experimental design? Explain.

concept check 8

1.How does Avogadro’s law help to interpret chemical equations
involving gases?

2. What two requirements for the reaction of gas molecules are
identified by collision theory?

3. What is a greenhouse gas?

C.9 THE ELECTROMAGNETIC

SPECTRUM AND SOLAR
RADIATION

In Developing Skills C.2, you constructed a graph of atmospheric tempera-
ture versus altitude. As you know, the temperature of a substance or mixture
depends upon the average kinetic energy of its molecules. What is the
source of energy for air molecules? Why does this energy vary with altitude?
How do energy and matter—specifically air pollutants—interact within
Earth’s atmosphere? To answer these questions, and gain additional tools for
posing your own questions, read on.
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The Sun’s radiant energy and the gases that
make up Earth’s atmosphere combine to main-
tain a hospitable climate for life on this planet.
Without Earth’s atmosphere, midday sunshine
would heat a rock hot enough to fry an egg and
the Sun’s ultraviolet rays would burn exposed
skin quickly; nights would be so cold that car-
bon dioxide gas would become solid.

Along with its vital role in storing the gases
necessary for life, Earth’s atmosphere provides

Figure 2.42 Because the protection from some of the Sun’s ultraviolet
Moon lacks an atmosphere, it radiation. Additionally, the atmosphere helps
has very different temperatures  moderate Earth’s temperature by controlling
on its Sun-facing side than it how much solar radiation is trapped close to
does on its other side. Earth’s surface (see Figure 2.42).

The enormous quantity of energy produced
by the Sun, which is Earth’s main external source of energy, is a result of the
fusion of hydrogen nuclei into helium. Nuclear fusion (discussed in Unit 6)
is the combining of two nuclei to form a new, heavier nucleus, with the
accompanying release of energy. Nuclear fusion occurs at high temperature
and pressure, powering the Sun and other stars (see Figure 2.43).

Electromagnetic Radiation

Some energy liberated through nuclear fusion in the Sun travels to Earth
as electromagnetic radiation. Electromagnetic radiation is composed
of photons, or bundles of energy. Photons travel as waves and, as you might
expect, move at the speed of light. Unlike sound waves or ocean waves,
electromagnetic waves do not require a medium, or substance, to support
their movement. Electromagnetic radiation can move through a vacuum as
well as through air and other media (Figure 2.44).

Solid carbon dioxide,
CO,(s), is often called,
somewhat misleadingly,
dry ice.

Figure 2.43 The Sunis
powered by nuclear fusion—

a process that releases huge
quantities of energy. This energy
is used by growing plants, drives
the hydrologic cycle, and warms
Earth’s atmosphere.

The speed of light is
about 3.0 X 108 m/s.

Figure 2.44 Electromagnetic radiation is useful in a wide variety of applications including operation of household

appliances and computers, collection of satellite data using radio telescopes, and chemiluminescent detection of

forensic evidence.
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Several types of electromagnetic radiation make up the electromagnetic
spectrum, with each type representing a particular energy range. Figure 2.45
shows major types of electromagnetic radiation. Radio waves and micro-
waves are at the low-energy end of the spectrum; X-rays and gamma rays are
at the high-energy end of the spectrum. Between these extremes are infrared
and ultraviolet radiation and the familiar visible spectrum, which is the only
type of electromagnetic radiation that the unaided human eye can see.

Frequency, v (Hz) Visible light
1022 1020 1018 1076 / 10 10 1010 108 106 104
! ! ! | ! ! ! ! | !
Ultraviolet
Microwaves
Gamma rays
X-rays
Infrared
Radio waves
T T T T T T T T T T
0% 1072 107 1078 10-¢ 1074 102 1 102 104
Wavelength, A (meters)
Decreasing energy >

Figure 2.45 The electromagnetic spectrum.

Wavelength and
frequency are
inversely proportional.

Photons in each of these types of electromagnetic radiation have charac-
teristic energy ranges related to their wave properties. All waves, including
photon waves, involve oscillation. The rate of oscillation, or the number of
waves that pass a given reference point per second, is called frequency. The
frequency of a wave is directly proportional to its energy; high-frequency
radiation is also high-energy radiation.

Another characteristic of waves is wavelength, shown in Figure 2.46. The
distance between the tops (or any corresponding parts) of successive waves

Wavelength

Amplitude

Wavelength

Figure 2.46 Parts of a wave.
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is the wavelength. The wavelength and energy of a photon are inversely
proportional; radiation with longer wavelengths is less energetic than is
radiation with shorter wavelengths.

Photons can transfer their energy as they collide and interact with matter.
The photon’s energy, and thus its wavelength or frequency, largely deter-
mines its effect on living things and other types of matter.

The complete solar spectrum is shown in Figure 2.47. Most of the radiant
energy emitted by the Sun is spread over a large portion of the electromag-
netic spectrum: About 45% is in the infrared (IR) region, 46% is in the visi-
ble region, and 9% of this radiation is in the ultraviolet (UV) region. In the
following paragraphs, you will consider these three regions of the solar spec-
trum in more detail. Less than 1% of solar radiation falls outside of these
three regions.

Color spectrum
(violet—indigo-blue-green—yellow—orange-red)

‘ _~ Absorbed
05

lby
e

Absorbed
by O,

Increasing intensity

> Increasing wavelength >
(and)
- Decreasing energy '

Figure 2.47 The solar spectrum. Intensity, plotted on the y-axis, is an expression of the
quantity of radiation at a given wavelength.

CHEMQUANDARY
ALWAYS HARMFUL

How accurate is the following
statement: “All radiation is harmful
and should be avoided”?




Microwave radiation has
a frequency similar to that
of infrared radiation,

but it causes some
molecules to vibrate

more energetically, also
increasing temperature.

In the 1860s, John Tyndall
demonstrated the ability of
CO, and of gaseous H,0O
to absorb radiant heat.

Photon—electron
interactions also occur in
molecules within your
eyes, making it possible
for you to see.
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Infrared Radiation

Electromagnetic radiation with a frequency slightly lower than that of red
visible light is called infrared (IR) radiation. Infrared radiation causes some
bonded atoms to vibrate more energetically, causing an increase in the mate-
rial’s temperature. For this reason, infrared heat lamps are sometimes used
to keep cooked food warm before serving. Most of the infrared radiation from
the Sun cannot reach Earth’s surface because it is absorbed by CO, and gas-
eous H,O molecules in Earth’s atmosphere. However, some of the shorter-
wavelength (higher-energy) solar radiation absorbed by Earth is transformed
and reradiated as infrared energy. This re-radiated energy is reflected back
and retained by the atmosphere, a fact that will be important later when we
consider the role of CO, in the atmosphere.

Visible Radiation

On a clear day, more than 90% of the visible portion of solar radiation
directed toward Earth travels down to Earth’s surface. The scattering of this
portion of the Sun’s radiation by water, air, and dust is the cause of red sun-
sets and blue skies, such as those depicted in Figure 2.48.

Visible radiation can energize electrons in some chemical bonds. An exam-
ple of this is the interaction of visible light with electrons in chlorophyll
molecules, which provides the energy needed for photosynthesis reactions.

Ultraviolet Radiation

There are three subcategories of ultraviolet (UV) radiation, all of which pos-
sess greater energy than does visible light. Of the three, UV-A radiation has
the longest wavelengths and, thus, the lowest energy. UV-B radiation has
more energy; it can cause sunburn, and with long-term exposure it is linked
to skin cancer. UV-C radiation, the most energetic form of ultraviolet radia-
tion, is useful for sterilizing materials because it can kill bacteria and destroy
viruses. This is due to the fact that UV-C photons have enough energy to
break chemical bonds. As a result, chemi-

cal changes, including damage to liv-

ing tissue, can occur in materials

exposed to ultraviolet radiation.

Figure 2.48 Some visible radiation
from the Sun is scattered by Earth’s
atmosphere. This scattering creates
the colors we see in the sky.




SECTION C Interactions of Matter and Energy in Atmospheres

UV-C consists of ultraviolet radiation with wavelengths shorter than 280 nm,
UV-B wavelengths range from 280 to 320 nm, and UV-A radiation has wave-
lengths longer than 320 nm.

UV-C radiation is absorbed in the stratosphere before reaching Earth’s sur-
face. Most UV-B radiation, and much UV-A radiation, does not reach Earth’s
surface; it is absorbed by the ozone layer in the stratosphere. If all the UV
radiation reaching the atmosphere actually reached Earth’s surface, it is
likely that most life on Earth would be destroyed. Ultraviolet radiation, how-
ever, is not all bad. Humans and animals must have some exposure to it
because vitamin D is produced when the skin receives moderate doses of
ultraviolet radiation included in sunlight.

C.10 EARTH'S ENERGY BALANCE

The mild average temperature (15 °C, or 59 °F) at Earth’s surface is deter-
mined partly by a balance between the inward flow to Earth of the Sun’s
energy and the outward flow into space of solar energy following its interac-
tion with Earth and its atmosphere. Properties of Earth’s surface and atmo-
sphere help determine how much thermal energy our planet can hold
near its surface—where, of course, terrestrial life resides—and how much
energy Earth radiates back into space. The combination of these two factors
helps establish a balanced energy flow, leading to a hospitable climate here
on Earth.

About 30% of incoming solar radiation never reaches Earth’s surface, but
is reflected directly back into space by clouds and atmospheric particles.
Solar radiation is also reflected when it strikes mate-
rials such as snow, sand, or concrete on Earth’s sur-
face. In fact, visible light reflected in this way allows
Earth’s illuminated surface to be seen from space.

Of the remaining 70% of incoming solar radia-
tion that actually reaches Earth’s surface, about two-
thirds is absorbed, warming the atmosphere, oceans,
and continents. The other one-third of this energy
powers the hydrologic cycle, which is the continu-
ous cycling of water into and out of the atmosphere
by evaporation and condensation. Solar energy
causes water to evaporate from the oceans and land
masses. The water condenses to form clouds, which
then release water back to Earth as precipitation
(see Figure 2.49).

Figure 2.49 One-third of the solar energy that reaches Earth
powers the hydrologic cycle. Imagine how much thermal
energy was generated as water vapor condensed in this
developing thunderhead.

Specially designed light
bulbs are available that
produce particular forms
of UV radiation suitable
for specific applications
such as tanning booths.

Vitamin D is discussed
further in Unit 7.

You will learn more about
the hydrologic cycle in
Unit 4.
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Greenhouse Gases

All objects with temperatures above zero kelvins (0 K) radiate energy. The
quantity of this radiated energy is directly related to an object’s kelvin tem-
perature. Specifically, Earth’s surface re-radiates most absorbed solar radia-
tion, but usually at longer wavelengths (lower energy) than that of the origi-
nal incoming radiation. This re-radiated energy plays a major role in Earth’s
energy balance. Some types of molecules in the air do not absorb the Sun’s
UV and visible radiation, allowing it to reach the surface of Earth, but do
absorb any infrared radiation that is re-radiated from Earth’s surface, thus
holding warmth in the atmosphere.

Carbon dioxide and water readily absorb infrared radiation, as do meth-
ane (CH,), nitrous oxide (N,0), and halogenated hydrocarbons such as CF,Cl
and other chlorofluorocarbons (CFCs). Because clouds are composed of
droplets of water or ice, they absorb infrared radiation. Energy absorbed by
these molecules in the atmosphere is re-radiated in all directions. Thus,
energy can pass back and forth between Earth’s surface and molecules in the
atmosphere many times before it finally escapes to outer space.

This trapping and returning of infrared radiation by carbon dioxide, water,
and other atmospheric substances is known as the greenhouse effect, because
this process resembles, to some extent, the way thermal energy is held in a
greenhouse (or in a closed car) on a sunny day. (See Figure 2.50.) Atmo-
spheric gas molecules that effectively absorb infrared radiation are classified
as greenhouse gases.

Reflected radiation
by Earth's surface

Absorbed
radiation

Figure 2.50 When solar energy strikes Earth, clouds reflect about 30% back into space,
and 70% moves through the atmosphere to reach Earth’s surface. Energy that reaches the
surface can be reflected or absorbed. Objects that absorb the Sun's UV and visible light
reradiate it at lower-energy wavelengths such as infrared (IR) radiation, which is absorbed
by atmospheric gases such as water, carbon dioxide, and methane (CH,). IR radiation can
be absorbed and re-radiated by atmospheric gases and Earth’s surface several times
before escaping into space. This “greenhouse effect” helps maintain warm temperatures
on Earth.
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Without water and carbon dioxide molecules in the atmosphere to absorb
and re-radiate thermal energy back to Earth, scientists estimate that our planet
would have an average temperature of a frigid —18 °C (0 °F). At the other ther-
mal extreme is the planet Venus, which demonstrates a runaway greenhouse
effect. The Venusian atmosphere is composed of 96% carbon dioxide (and
clouds made of sulfuric acid), which prevents the escape of most infrared
radiation. As a result, the average surface temperature on Venus (450 °C) is
much higher than that on Earth (15 °C). Although some of this difference is
due to planetary positions relative to the Sun, Venus (the second planet from
the Sun) is actually hotter than Mercury (the planet nearest the Sun).

Climate Connections

The interaction of solar radiation with Earth’s atmosphere is a major factor
in determining climates and weather. Radiant energy from the Sun warms
Earth’s land and water surfaces. Earth’s warm surfaces, in turn, warm the air
above them. As warmer air expands, its density decreases. This warmer air
becomes displaced by colder, denser air, causing the
warmer air to rise. These movements of warm and cold
air masses help create continuous air currents that drive
the world’s weather (see Figure 2.51).
Climate, which refers to the average or prevailing
weather conditions in a region, is influenced by other
factors. One factor is Earth’s rotation on its axis, which
causes day and night and influences wind patterns.
Other significant factors are Earth’s revolution around
the Sun and tilt on its axis. The combination of these
factors causes uneven distribution of solar radiation,
which results in four distinct seasons in Earth’s mid-
latitudes, a climatic pattern.

The differing thermal
properties of materials
on Earth’s surface
represent another factor
influencing climate.
Thermal properties
include reflectivity and
specific heat capacity.

Figure 2.51 This hang glider depends on strong

air currents as it is launched.

DEVELOPING SKILLS
C.11 SOLAR RADIATION

Sample Problem: What type of electromagnetic radiation—
ultraviolet, visible, or infrared radiation—is likely to be used in a
sterilizing cabinet for safety goggles? Why?

Specially designed ultraviolet light bulbs are used in goggle
sterilizing cabinets. The high-energy photons in ultraviolet
radiation can kill bacteria and viruses.
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Check your understanding of the interaction of radiation with matter and of
radiation’s role in controlling Earth’s surface temperature by answering the
following questions:
1. Why is human exposure to ultraviolet radiation potentially more
harmful than exposure to infrared radiation?

2. Describe two essential roles played by visible solar radiation.

3. Explain why arid states, such as New Mexico and Arizona,
experience wider air-temperature fluctuations from night to day than
do states with more humid conditions, such as Florida.

4. Suppose Earth had a less dense atmosphere (fewer gas molecules)
than it does now.

a. How would average daytime temperatures be affected? Why?
b. How would average nighttime temperatures be affected? Why?
5. Think about the air-quality issue that you plan to investigate in your
unit project.
a. What role does radiation play in this issue?

b. Will radiation be controlled or variable in your experiment?
Explain.

B MAKING DECISIONS

C.12 MAKING CLAIMS AND
PROVIDING EVIDENCE

You have now read about greenhouse gases and global warming and graphed
the pressure and temperature of the atmosphere. You have also begun to
plan a scientific study that would help advance atmospheric science. How
do scientists draw conclusions from data gathered in investigations? How do
they choose to organize and share those conclusions in a way that is compel-
ling to the audience? Often, answering these questions requires re-examining
the initial question, then deciding what claims can be made based upon the
evidence collected in the investigation. A claim is a one- or two-sentence
statement summarizing an important result of your investigation. Recall
Investigating Matter A.9, in which you measured the change in volume as a
result of the change in temperature. A claim made from the results of this
investigation could be: If the temperature of a gas increases, then the volume
of that gas increases. An unacceptable or inappropriate claim would be: The
volume of gas was 4.5 cm?®.

To support your claims, it is critical that you provide evidence. Evidence
is experimental support for claims. Evidence should be used to answer the
questions, “How do I know what I know?” and “Why am I making this
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claim?” It should be presented in a usable format along with an explanation.
Again recalling Investigating Matter A.9, your evidence would include a
graph of length versus temperature and an explanation that the length of the
air column represents (and is directly proportional to) the volume of gas
trapped in the tube. The accompanying explanation should consist not only
of balanced equations or mathematical calculations, but should also include
interpretations of equations, data, and calculations. As you answer the fol-
lowing questions, focus on supporting, explaining, and interpreting claims,
rather than listing or restating results.

Part I: Thinking about Claims

1. Identify a claim that you can make from Developing Skills C.2.
2. What evidence supports your claim in Question 17

3. Do you think that another student would make the same claim based
on the evidence you provided? Explain.

4. Look at your results from Investigating Matter C.8.
a. What are some claims that you could make?

b. What evidence would you use to support those claims?

Part Il: Claims and Your Air-Quality Investigation

You have now developed and refined your initial question and considered
the roles of KMT, models, and radiation in your air-quality investigation. At
this point, it is important to think about possible answers to your initial
questions, the evidence you would need to answer the initial question, and
the methods that you would use to collect this evidence. Although you prob-
ably will not collect this evidence yourself, your procedure should be
designed so that someone with access to the materials and equipment
required could do so.

Remember that your final report will include both a poster outlining your
planned investigation and a letter to those who would be interested in or
affected by the results of your investigation. Keep these expectations in mind
as you answer the following based upon your guiding question:

5. What claims do you anticipate being able to make?
6. What evidence would you need to be able to make those claims?
7. If you have not already done so, begin thinking about how you would
gather evidence to answer your guiding questions.
a. Write out a preliminary procedure for your investigation.
b. Note any questions you have about developing the procedure or
about planned steps. Save your procedures, notes, and questions.
c. Will your planned investigation collect adequate and appropriate
data to serve as evidence to make the claims you identified in
Question 57 Explain.
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SECTION C SUMMARY

Reviewing the Concepts

Earth’s atmosphere is composed of a
mixture of gases.

1. List the percent values of the four most
plentiful gases found in the atmosphere.

2. List three changes in the atmosphere as the
altitude increases from sea level to high
altitude.

3. a. Has the atmosphere’s composition
changed significantly throughout human
history?

b. What evidence can you cite to support
your claim?

4. Sketch and label the four layers of the
atmosphere.

Molecules can break bonds and form
new substances when they collide with
sufficient energy and suitable orientation.

5. Does bond-breaking require or release
energy?

6. Examine Figure 2.31 on page 211.

a. Which have more potential energy, the
reactants or the products?

b. What does the activation energy barrier
represent?

7. What is a catalyst?

8. Describe how a catalyst can speed up a
chemical reaction.

10.

The coefficients in a balanced chemical
equation that involves gases indicate the
relative volumes of gaseous reactants or
products.

. This equation represents the production of

ammonia (NH;) by the reaction of nitrogen
gas with hydrogen gas

N,(g) + 3 H,(g) — 2 NH,(g)

a. If 1 mol N,(g) reacts with 3 mol H,(g)in a
flexible container at constant temperature
and pressure, would you expect the total
gas volume to increase or decrease? Why?

b. How many moles of NH; would form if
2.0 mol N, react completely with
hydrogen gas?

¢. How many grams of hydrogen gas would
be needed to react completely with
2.0 mol N,?

In a chemical reaction, 1 L hydrogen gas (H,)

reacts with 1 L chlorine gas (Cl,) to produce

2 L hydrogen chloride gas (HCI). All

volumes are measured at the same

temperature and pressure. Create a

depiction of that chemical reaction, using

a. a sketch involving molecular models.

b. a balanced chemical equation.




11.

12.

13.

14.

15.

16.

17.

18.

19.

Electromagnetic radiation includes X-rays;
gamma rays; ultraviolet (UV), visible, and
infrared (IR) radiation; radio waves; and
microwaves. The energy transmitted

by radiation varies according to its
wavelength—the shorter the wavelength,
the higher the energy.

List the main types of electromagnetic
radiation in order of increasing energy.
Describe how each type of radiation listed
in your answer to Question 11 affects living
things.

Write an equation or a sentence describing
the relationship between the frequency of
electromagnetic radiation and its energy.

Why is the word spectrum a good descriptor
of the types of energy found in
electromagnetic radiation?

Why is visible light useful in plant
photosynthesis, while other forms of
electromagnetic radiation are not?
Ultraviolet light is often used to sterilize
chemistry-laboratory protective goggles.
Why is ultraviolet light effective for this use,
while visible light is not effective?

Some atmospheric gases, such as carbon
dioxide, methane, and water vapor,
absorb infrared radiation.

Describe how atmospheric CO, and water
help maintain moderate temperatures at
Earth’s surface.

Identify both a natural process and a human
activity that can increase the amount of

a. CO, in the atmosphere.
b. CH, in the atmosphere.

What changes in the composition of the
atmosphere would cause the average surface
temperature of the Earth to

a. increase?

b. decrease?

20.

21.

22.

23.

24.
25.

26.

27.
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Explain why, on a sunny winter day, a
greenhouse with transparent glass walls is
much warmer than is a structure with
opaque wooden walls.

Draw sketches to show how
a. a greenhouse works.

b. the global greenhouse effect works.

Earth's atmosphere protects living
organisms by absorbing and distributing
solar energy.

Compare infrared, visible, and ultraviolet
radiation in terms of how well they are
absorbed by the atmosphere.

Describe the two main effects of the solar
radiation that reaches Earth’s surface.

Scientific investigations are designed to
collect evidence to make and support
claims about the natural world.

What is a scientific claim?

Which of the following are stated as
appropriate scientific claims?

a. CO, is formed in the reaction of sodium
hydrogen carbonate and acetic acid.

. 5.5 mL of CO, are formed.
. CO, is the heaviest gas.

. CO, dissolves in water.

® Ao T

. Spilled baking soda caused the
experiment to fail.

Why is simply displaying or restating data

inadequate to support a scientific claim?

List at least three types of evidence that can

be used to support a scientific claim.




What does evidence reveal
about the properties of
Earth's atmosphere?

In this section, you have encountered
data collected in Earth’s atmosphere
and studied conclusions based upon
these data. You have also considered
processes and components of
atmospheres, including mixtures and
reactions of gases and the role of
radiation. Think about what you have
learned and how these ideas are
related, then answer the question

in your own words in organized
paragraphs. Your answer should
demonstrate your understanding of
the key ideas in this section.

Be sure to consider the following in
your response: structure (layers and
composition) of the atmosphere,
collision theory, Avogadro’s law,
properties of CO, and other gases,
solar radiation, and energy processes/
balance.

Unit 2 Air: Designing Scientific Investigations

Connecting the Concepts

28. What would be the effect on the average
global temperature if significant
atmospheric increases occurred in

a. carbon dioxide?

b. methane?

c. water vapor?

d. How would such global temperature

changes, in turn, affect Earth’s
atmosphere? Explain.

29. Many inexpensive sunglasses block visible
light, but not ultraviolet radiation. Explain
the hazards of wearing such sunglasses at
the beach or on a ski slope during a bright,
sunny day.

30. Consider the data you graphed in
Developing Skills C.2.

a. List two scientific claims you could make
based on the data or the graph.

b. For each claim, cite evidence for making
that claim.

31. Collision theory states that molecules can
break bonds and form new substances when
they collide with sufficient energy and
suitable orientation. What types of evidence
could support each of the following aspects
of collision theory?

a. Formation of new substances.
b. Requirement for sufficient energy.

c. Requirement for suitable orientation.

Extending the Concepts
32. What evidence would be needed to support
a claim that human activity has not
influenced global climate?
33. In what ways is an analogy involving an
“ocean of gases”

a. useful in thinking about the atmosphere?

b. not an accurate representation of the
atmosphere’s observed behavior?

34. Scientists use deep-ice samples from the
Antarctic to estimate the atmospheric
carbon dioxide concentrations many
thousands of years ago. Research and
prepare a report on how such ice samples
are analyzed to obtain this information.




35.

36.

37

Oxygen gas is essential to life as we know it.

Earth’s atmosphere contains approximately
21% oxygen gas. Would a higher
concentration of atmospheric oxygen gas be
desirable? Explain.

Investigate and describe how night-vision
goggles allow objects to become visible in
low-light conditions.

. Some animals “see” a portion of the

electromagnetic spectrum other than the
wavelengths to which human eyes respond.
Investigate some examples and speculate on
the benefit of these abilities to the animal(s)
you research.

38.

39.

SECTION C  Section Summary

In terms of the kinetic molecular theory,
describe changes in the behavior of gas
molecules as they absorb electromagnetic
radiation.

Investigate and describe characteristics of
molecules that allow them to absorb various
types of radiation.
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Unit 2 Air: Designing Scientific Investigations

HUMAN IMPACT ON AIR
QUALITY

How are claims about air quality
supported by experimental evidence
and chemistry concepts?

In the introduction to this unit, you read many claims about air quality.
You may have seen similar claims in your local news or advertisements.
How do you know whether an air-quality claim is accurate? What types
of evidence and explanation are needed to support such claims?

So far in this unit, you have learned about the behavior of gases and
interactions in Earth’s atmosphere. In this section, you will analyze the
effects of human activity on Earth’s atmosphere. You will also consider
how air-quality data are collected and decisions are made, particularly
in the context of current problems such as smog and acid rain.

As you gain knowledge of air pollution and its consequences, criti-
cally examine the evidence and explanations you have proposed col-
lecting and constructing for your own air-quality investigation. Are
they adequate to answer your guiding questions? Do they support the
production of an exemplary poster presentation? Would they be com-
pelling to an audience outside of your class or school?

GOALS

o Identify primary and secondary air pollutants and their sources.

e Identify factors and contaminants that contribute to
photochemical smog.

e Describe personal and global strategies that may help reduce air
pollution.

e Explain why precipitation is naturally acidic and can become
more acidic due to atmospheric contaminants.

e Describe effects of acidic precipitation (acid rain) and pH
changes on natural systems.

e Describe the implications of experimental results.

concept check 9

1. What is air?

2. What are some common sources of air pollution near
where you live?

3. What causes acid rain?




D.1 SOURCES OF AIR POLLUTANTS

As you learned in Section C (page 206), the overall makeup of Earth’s tropo-
spheric air has not changed significantly in thousands of years. The concen-
trations of nitrogen, oxygen, and trace gases remain essentially the same as
they were during the last ice age, about 20 000 years ago. Despite this fact,
local changes to air do take place on a regular basis. Such changes can impact
the environment and human health. Some of these changes are natural, such
as the emission of volcanic gases, while others result from human activity,
often the burning of fuels. In either case, substances found in air that are not
normal components of the atmosphere or that are present at elevated con-
centrations are considered pollutants. In the United States, polluted air is so
common that weather reports for some cities include the levels of some con-
taminants in the air (see Figure 2.52).

Figure 2.52 The down-
town Denver skyline on a
clear morning (top) and,
two days later, shrouded
in smog (bottom).
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Figure 2.53 Small-scale,
individual activities (such as
mowing a lawn) can lead to
buildup of air pollution in
densely populated cities
and towns.

For safety reasons, an
odoriferous substance is
added to household natural
gas, which is mainly
methane; the methane
itself is odorless.
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Most human-generated air pollutants result from fossil-fuel-based energy
production, including gasoline-powered vehicles and coal-based electricity
generation. Depending on where you live, motor vehicles, power plants,
and/or industries may contribute to local air pollution. See Figure 2.53.

Contaminated air often smells unpleasant and looks unsightly. Even when
it cannot be smelled or seen, air pollution can be harmful. Air pollution
causes billions of dollars of damage every year. It can corrode buildings and
machines, and it can stunt the growth of agricultural crops and weaken live-
stock. Air pollution has been associated with diseases such as bronchitis,
asthma (Figure 2.54), emphysema, and
lung cancer, adding to human suffering
and hospital costs worldwide.

Natural sources produce more of
almost every major air contaminant
(except SO,) than do human sources. In
most cases, natural air contamination
occurs over wide regions and is seldom
noticed. Furthermore, the environment
may dilute, transform, or disperse such
naturally emitted substances before they
accumulate to harmful levels in the air.

By contrast, air pollutants from
human activities are usually generated
within localized areas, such as near
smokestacks, exhaust pipes, or large
population centers. When the amount of
an air contaminant overwhelms the abil-
ity of natural processes to disperse or
dispose of it, air quality can become a serious problem. Many large cities
are prone to high concentrations of air pollutants. If air pollutants generated
by activity in large U.S. cities were evenly spread over the entire nation, they
would have substantially lower concentrations and be much less noticeable.
Unfortunately, weather-related air movement does not produce such even
spreading.

Contaminants in air can be categorized as either primary or secondary air
pollutants. Primary air pollutants directly enter the atmosphere, either as a
result of a natural or human-initiated process. For example, some methane
(CH,) that enters the atmosphere is a by-product of fossil-fuel use and a com-
ponent of natural gas. Methane is also produced naturally in large quantities
by anaerobic bacteria as they break down organic matter, a process that
occurs in wetlands, landfills, and within the digestive systems of animals
such as cows and sheep.

Another primary air pollutant is actually a class of compounds known
as volatile organic compounds (VOCs), a group of hydrocarbons that easily
evaporate or are gaseous at room temperature. As their name indicates,
hydrocarbons are molecules made up of C and H. VOCs may also contain
smaller amounts of O, N, and other elements. Many VOCs released to the
atmosphere are unburned fuel molecules, but release of these compounds
has also been linked to natural processes (several types of trees are known

Figure 2.54 Air pollution can
exacerbate asthma symptoms.




to emit large amounts of VOCs—see Figure 2.55) and activities
such as painting and dry cleaning. As you will later learn, VOCs
are involved in smog formation.

Secondary air pollutants are formed in the atmosphere when
primary air components react either with each other or with
natural air components. For example, atmospheric sulfur diox-
ide (SO,) and oxygen gas react to form sulfur trioxide (SO,),
a secondary air pollutant. Reactions with water in the atmo-
sphere can convert sulfur trioxide to sulfates (SO,%) or sulfuric
acid (H,SO,), a secondary contaminant partly responsible for
acid rain.

Particulate pollutants, as shown in Figure 2.56, include
microscopic particles that enter the air from either human
activities (such as power plants, waste burning, diesel combus-
tion, road building, and mining) or natural processes (such as
forest fires, wind erosion, and volcanic eruptions). Common
particulate pollution includes emissions from smokestacks and
vehicle tailpipes, which occasionally are observed as “smoke”
but may not always be visible. In fact, virtually undetectable
smaller particles that commonly are emitted from diesel-burn-
ing vehicles are more dangerous to human health because they
can penetrate deep into the lungs.

SECTION D Human Impact on Air Quality

Figure 2.55 Urban planners need to balance
the aesthetic and environmental benefits of
planting trees with the quantity of VOCs
released by trees, which varies widely from
species to species.

For the purposes of regulation, the U.S. Environmental Protection Agency

(EPA) classifies some air pollutants as hazardous air pollutants or criteria Nitrogen monoxide (NO)—
pollutants. Criteria pollutants (see Table 2.5) are both commonly found also called nitric oxide —
h h h ited d detri 1 h health h . and nitrogen dioxide (NO,)
throughout the United States and detrimental to human health or the envi- are sometimes referred to
ronment. Hazardous air pollutants, sometimes called air toxics, are known collectively as NO,

or suspected to cause cancer or other serious health effects or adverse envi- (pronounced "nocks").

ronmental effects. Although some are far more dangerous than criteria pol-

lutants, they are generally much less common.

Figure 2.56 Particulate contaminants found in air may include dust,
pollen, and soot, all shown here under magnification.

Table 2.5 I

Carbon monoxide (CO)

Sulfur oxides (SO,)

Nitrogen oxides (NO,)

Ozone (0;)

Lead (Pb)

Particulate matter (PM)




Figure 2.57 Painting gel onto
filter paper for ozone test strips.
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B INVESTIGATING MATTER
D.2 DETECTING POLLUTANTS

IN AIR

Asking Questions

As you just learned, the EPA regulates allowable levels of pollutants in air.
In order to enforce these regulations, the presence and concentration of air
pollutants must be detected and measured. In this investigation, you will
detect pollutants using chemical and physical measurements with tools pre-
pared in the laboratory.

As you read Gathering Evidence, develop one or more scientific questions
that you can answer in this investigation.

Preparing to Investigate

Before you begin, read Gathering Evidence to learn what you will need to do
and note safety precautions. Plan for data collection based upon the ques-
tion or questions you developed and construct an appropriate data table.

Gathering Evidence

Part I: Detecting Ozone

1.

Identify at least three outdoor locations and a control location to
measure ozone pollution. For this investigation, test sites must not be
in direct sunlight. What is your independent variable? What other
variables must you control? What variables are essentially the same
for all sites?

Put on your goggles, and wear them properly throughout the rest of
Part I.

Place 50 mL distilled water in a 150-mL beaker.
Add ~4 g cornstarch to the distilled water in the beaker.

Heat the beaker containing the mixture on a hot plate. Stir with a
glass stirring rod and heat until the mixture gels; that is, it becomes
thick and translucent.

Carefully remove the beaker from the hot plate and add ~1.5 g
potassium iodide. Stir well.

7. Let the gelled solution cool for ~2 minutes.

8. Obtain four strips or pieces of filter paper. Place the filter paper on a

large watch glass.

Use a small paint brush to uniformly apply the gelled solution to
the filter paper as shown in Figure 2.57. Repeat on the other side
of the filter paper and for each piece.




10. Devise methods for labeling and mounting your test strips.
(Note: Strips must hang freely.)

11. Spray each strip with distilled water and install at ozone test sites
and control site.

12. Leave each strip at its test site for ~30 minutes.

13. Collect the papers and store in a sealed plastic bag or glass jar out of
direct light if results are not to be immediately observed.

14. Observe results by spraying each test strip with distilled water and
comparing the strips to one another and the control strip. Record
your results.

15. Wash your hands thoroughly before leaving the laboratory.

Part Il: Detecting Particulates

16. Identify at least three outdoor locations (test sites) to measure
particulate pollution. Make sure that the sites are chosen to design an
investigation with an independent variable. What is that independent
variable? What other variables must you control? What variables are
essentially the same for all sites? What other factors determine
whether a location is a good test site?

17. Obtain an index card for each of your test sites and an additional
card to serve as a control. Cut a square hole, 3 X 3 cm, in the middle
of each card.

18. Determine how you will mount your cards for sample collection.
Again, consider the variables that you must control. Make any
necessary alterations to the card for mounting without altering the
square hole. Label each card with site information.

19. Place a piece of transparent packaging tape over each square hole as
shown in Figure 2.58. Avoid touching the sticky side of the tape.

20. Mount the cards in the test sites with the sticky side facing outward.
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Recall from Section A
that an independent
variable is manipulated
by the researcher and
the response of the
dependent variable is
then measured.

Figure 2.58 Apply tape to the
underside of an index card with

a 3 x 3 cm square opening.
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21. Leave the cards in place at the test sites for at least one day.
(Note: Cards can stay out several days, but should not be exposed
to rain or snow. Temporarily retrieve the cards and store them
inside in plastic bags if precipitation is likely.(

22. Collect the cards, taking care not to touch the sticky side of the tape.
Cover the sticky portion with transparent packaging tape to seal
particles between the two pieces of tape.

23. Observe the particle collectors under a microscope. Devise methods
for quantifying and qualitatively describing the particles collected.
Record your data.

Analyzing and Interpreting Evidence

1. Consider your ozone test strips:
a. Which test site had the greatest concentration of ozone?

b. Were there large differences in ozone concentration among the
strips? Describe any differences you observed.

2. Explain your ozone test results in terms of possible sources of
pollution.

3. Consider your particulate test cards:

a. Which test site produced the card with the largest number of
particulates?

b. Were there large differences in particle density among the cards?
Describe any differences you observed.

4. Explain your particulate test results in terms of possible sources of
pollution.

Making Claims
5. Look again at the question or questions you developed before
beginning the investigation.
a. For each question, write one claim that addresses that question.

b. What evidence supports each claim you made in part a?

Reflecting on the Investigation
6. Which of these methods used a chemical change to indicate the
presence of a pollutant? Explain.
7. What factors, other than pollution, may have affected your results?

8. Based upon your experiences in this investigation, write a beginning
question for another investigation using some of these materials and
briefly describe how you would proceed.

9. Think about the air-quality investigation that you are designing.
a. Would you need to detect or measure air pollutants? Explain.

b. What procedures will you propose for detection or measurement?




D.3 MONITORING AND IDENTIFYING
AIR POLLUTANTS

The methods you used to detect pollutants in Investigating Matter D.2 are
similar to methods scientists still use to monitor air quality. The treated filter
paper that you prepared is known as Schoenbein paper. The potassium iodide
applied to the paper reacts with ozone in the troposphere according to the
following equation:

2KI + O, + HO — 2KOH + I, + O,
potassium  ozone water potassium iodine  oxygen
iodide hydroxide

When you add distilled water after exposure, iodine reacts with starch in the
paper to form a blue starch-iodine complex. Thus, a darker blue color indi-
cates that a larger amount of ozone was present.

Scientists use both simple chemical and physical methods, like the ones you
used, and more sophisticated techniques. Methods of measuring air pollution
can be divided into four categories: passive sampling, active sampling, automatic
point monitoring, and remote open path monitoring, as described in Table 2.6.
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You will use a starch—
iodine complex again
as an indicator in Unit 7.

Ambient means surrounding
or encompassing; ambient
air is a term used by the
EPA and scientists to refer
to outside air.

Table 2.6
Common materials
Method Analysis site Description Advantages measured
Collects pollutants
through diffusion
Passive samplin Laborato onto a filter or Reliable and Nitrogen dioxide,
pling Yy membrane; cost-effective benzene
samples are
sealed in the field
Collects samples | Allows for
by pumping air frequent Y Many particulate
Acti : through a collection; less
ctive sampling Laboratory p . and gaseous
collector in the expensive than ollutants
field for a known | automatic P
period of time methods
ﬂﬁ;:z:lty: ical Continuous Ozone, nitrogen
. monitoring oxides, sulfur
Automatic - measure hourly - "
P Test site (real-time dioxide, carbon
monitoring pollutant P m -
concentrations at . - .
- . high-resolution particulates
a single point
Uses light waves | Continuous
to make monitoring -
- . Sulfur dioxide,
Remote open path Test sit: concentration (real-time th
monitoring est site ts of ts) m: ane, Of:ne,
several pollutants | measures multiple nitrogen oxides
at once pollutants
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The current air-quality monitoring networks in the United States focus on
the criteria pollutants, as well as visibility measurements and detection of
acid rain precursors. There is currently no national air toxic monitoring net-
work; however, each of approximately 300 monitoring sites provides data on
some of 188 hazardous air pollutants (HAPs). Developing a national air toxic
monitoring network will require cooperation among the EPA and state, tribal,
and local agencies responsible for air-quality monitoring. See Figure 2.59.

Figure 2.59 The National Air Monitoring Stations network emphasizes urban and
multisource areas in placements of its 1080 stations.

Ground-level sampling, as described above and practiced in Investigating
Matter D.2, is crucial, but only tells part of the story. Sampling at higher alti-
tudes is necessary to model atmospheric processes and determine the fate of

pollutants after emission. To accomplish this,
collection devices and monitoring systems
must be transported to high altitude and must
be designed to work under harsh conditions
found there. Transportation options include
specially designed balloons, retrofitted air-
craft (see Figure 2.60), and even rockets.
Atmospheres of other planets may also help
scientists to understand changes in Earth’s
atmosphere, so spacecraft and satellites (see
Figure 2.61) have been developed to study
planetary atmospheres.

Figure 2.60 Aircraft designed to sample air quality
have sampling and data analysis instruments on board.




All sampling and analysis procedures, including air-quality monitoring,
seek to provide useful and valid data. In many cases, quantitative data are
needed to track pollutant levels over time, compare sites, or provide inputs
for computer modeling. The validity of the data depends on the accuracy
and precision of the methods used to collect and analyze the samples and
generate the data. Accuracy is the extent to which a measurement represents
its corresponding actual values. That is, a measurement is accurate if a read-
ing of 3.1 ppm is taken when the actual concentration of the pollutant is 3.1
ppm. Precision, on the other hand, describes how closely repeated measure-
ments cluster around the same value. Measurements are valid only if they
are both accurate and precise.

00 0 O

Accurate and Precise but not Not accurate Accurate but
precise accurate or precise not precise

DEVELOPING SKILLS

D.4 DRAWING CONCLUSIONS FROM
AIR POLLUTION DATA

What proportion of total air contamination does human activity produce?
Automobile use alone contributes about half the total mass of human-gener-
ated air contaminants. However, air is also contaminated each time we heat
or cool a building, when we use fossil-fuel-based electricity, or when food
and other products are delivered to retail stores.

Now that you have some ideas about the origins of air-quality data, this
activity provides an opportunity to evaluate some of those data as well as
human impacts on air quality. Table 2.7 (page 244) gives a detailed picture of
sources of some major U.S. air contaminants. Use information provided in
Table 2.7 to answer the following questions:

1. Consider the pollutants listed in Table 2.7 on the next page.
a. What do all of these substances have in common?
b. Which criteria pollutant is omitted?
c¢. Why do you think it was omitted?

2. Overall, what is the main source of the air contaminants in Table 2.7
in the United States?
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Recall from Section C
(page 206) that 3.1 ppm
means that there are 3.1
particles of pollutant in
every million particles air.

Figure 2.61 Venus
Express, launched in
November 2005, is among
the spacecraft designed
to study extraterrestrial
atmospheres. The data
collected by such
missions help scientists

to understand the
evolution of planets,
atmospheres, and weather.
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i

Source co NOo, | vocs | pm,, so, | Pm,; | Pb* |Totals**

Transportation 62 620 9807 6292 450 601 380 0.513 | 80 150

Fuel combustion

Electric utilities 594 | 3498 44 567 | 9497 461 | 0.065 | 14661
Industrial 1150 1853 138 308 | 1619 161 | 0.015 5229
Other 3035 665 | 1248 420 525 382 | 0374 6275
(residential, commercial,
institutional)
Industrial processes 3475 960 6800 1342 986 683 | 2.869 | 14246
Miscellaneous
(fires, agriculture and 16 777 191 3602 | 16223 122 2954 - 39 869

forestry, fugitive dust)

Totals** 87651 | 16975 | 18124 | 19309 | 13350 5021 | 3.559

Key co Carbon monoxide PM,; Particulate matter (<2.5 pm diam)
NO,  Nitrogen oxides VOCs Volatile organic compounds
PM,, Particulate matter (<10 pm diam) SO Sulfur dioxide

Source: U.S. EPA, National Emissions Inventory Data, 2005.
*Pb data from U.S. EPA, National Air Quality and Emissions Trends Report, 2001.
**Note: Totals for sources and pollutants in table. Additional sources and pollutants exist.

Table 2.7

3. For which contaminants is one-third or more contributed by
a. industry? b. transportation? c. fuel combustion?

4. Based on data in Table 2.7, would the replacement of gasoline-fueled
vehicles by gasoline—electric hybrid vehicles eliminate transportation
as a source of sulfur dioxide (SO,) emissions? Explain.

If air-quality decisions are to be made based upon measurements, it is impor-
tant to have confidence in the validity of those data.

5. Are you confident that the data in Table 2.7 and the EPA air-quality
data are valid? Explain.

6. Think about the data you gathered in Investigating Matter D.2.

a. How confident are you in the validity of the data you collected?
Why?




b. Were the data you collected accurate? How do you know?
c. Were the data you collected precise? Explain.

d. Would you feel comfortable using your data to make a decision
about regulating pollutants? Why or why not?

7. How will you ensure that any data collected in the air-quality
investigation you are designing will be valid?

concept check 10

1. Why is the EPA more concerned about some air pollutants
than about others?

2. Why are both accuracy and precision necessary for valid
measurements?

3. How is air pollution influenced by weather and climate?

D.5 SMOG: HAZARDOUS TO
YOUR HEALTH

In 1952, a deadly air pollution incident over London, England, lasted five
days and contributed to the deaths of nearly 4000 people. Four years earlier
in the coal-mining town of Donora, Pennsylvania (see Figure 2.62), pollutant-
laden air killed 20 people and hospitalized hundreds of others. Similar,
though less deadly, episodes have occurred historically in other cities. In
each case, the culprit was a potentially hazardous condition called smog.
Smog forms when large quantities of air pollutants are released into a con-
centrated area, usually a city, and meteorological conditions do not allow
the pollutants to disperse. Indicators of smog include reduced visibility, irri-
tation of eyes and lungs, and damage to materials. Fatality rates in severe
smog episodes, such as those in London and Donora, have been higher than
predicted from known hazards of sulfur oxides or particulates alone. Accord-
ing to some researchers, this increase may be due to synergistic interactions,
where the combined effect of several substances is greater than the sum of
their separate effects alone.

A brownish haze that irritated the eyes, nose, and throat and also dam-
aged crops first appeared in the air above and around Los Angeles, Califor-
nia, in the 1940s. Researchers were puzzled for some time because Los Ange-
les has no significant industrial or heating activities, which were the primary
pollutant sources in prior smog episodes. However, the city did have many
motor vehicles and abundant sunshine. These factors contributed to the
formation of photochemical smog. The geography of Los Angeles, bordered
by mountains on three sides, was another factor. Although its valley location
makes Los Angeles smog-prone, the smog experienced there was much worse
than seemed reasonable. There had to be more to this story.
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The word smog is a
combination of smoke
and fog.

Figure 2.62 Donora,
Pennsylvania, at midday
in late October, 1948.




(a) NORMAL CONDITIONS
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Normally, air at Earth’s surface is warmed by solar radiation and by re-
radiation from surface materials. This warmer, less dense air rises, carrying
pollutants away with it. Cooler, less polluted air then moves in below. In a
temperature inversion, a cool air mass is trapped beneath a less dense warm
air mass, often in a valley or over a city (see Figure 2.63).

(b) TEMPERATURE INVERSION

Altitude

I Cool air
— g Cool air § — Warm inversion layer

L

€ -z ]

Warm air 2 f\ Cool air N
=
<
> Temperature >

Temperature

Figure 2.63 A temperature
inversion. Unlike normal
conditions (a), in a temperature
inversion (b), a layer of cool

air is trapped close to Earth’s
surface below a warm layer,
preventing air contaminants
from escaping.

Any reaction
initiated by light is a
photochemical reaction.

Hydrocarbons + Sunlight + O,(g) + CO(g) + NO,(g) — O,(g) + NO,(g) + Organic compounds + CO,(g) + H,0(g)

(auto exhaust)

In Los Angeles, the combination of sunny weather and mountains can
produce temperature inversions about 320 days annually. During a tempera-
ture inversion, air pollutants cannot escape, so their concentrations may rise
to dangerous levels. The production and severity of photochemical smog,
which can occur even without a temperature inversion (particularly in
regions congested with automobiles, such as Los Angeles), are amplified by
that accumulation of pollutants.

The simplified equation that follows represents the key ingredients and
products of photochemical smog. Hydrocarbons, carbon monoxide, and
nitrogen oxides from vehicle exhausts are irradiated by sunlight in the pres-
ence of oxygen gas. The resulting reactions produce a potentially dangerous
mixture, including other nitrogen oxides, ozone, and irritating organic com-
pounds, as well as carbon dioxide and water vapor:

(oxidizing agents
and irritants)




Nitrogen dioxide has a pungent, irritating odor at detectable concentra-
tions. Even at relatively low concentrations (0.5 ppm), nitrogen dioxide can
inhibit plant growth. At 3 to 5 ppm, this pollutant can cause human respira-
tory distress after an hour of exposure.

Ozone is a very powerful oxidizing agent (oxidant). At concentrations as
low as 0.1 ppm, ozone can crack rubber, corrode metals, and damage plant
and animal tissues. Ozone may also cause chest pain, shortness of breath,
throat irritation, and coughing; worsen chronic respiratory diseases such as
asthma; and compromise the body’s ability to fight respiratory infections.

Because substances in smog can endanger health, their levels in the air are
of major public interest; many weather forecasters report an air-quality rat-
ing, along with humidity and temperature data. The EPA has devised the
Air-Quality Index (AQI) based on concentrations of pollutants that are major
contributors to smog in metropolitan areas. The concentrations in air of sub-
stances associated with photochemical smog customarily vary over a 24-hour
period. In the following activity, you will consider factors that may influ-
ence such concentration changes.

DEVELOPING SKILLS
D.6 VEHICLES AND SMOG

Use the data in Figure 2.64 to answer the following questions:
1. Consider pollutant level patterns.

a. Between what hours do the concentrations of nitrogen oxides and
hydrocarbons peak?

b. Account for this fact in terms of automobile use.

0.5
\ \

NEEEAN

REPA

VNG
/X ~~

Pollutant Level (ppm by volume)

O-OT_T 3AM. GAM. 9 AM. T_T 3PM.  6PM. 9PM. «U»
Midnight Noon Midnight
Time of Day

Figure 2.64 Photochemical smog formation.
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Recall that the
concentration unit
“ppm” means
“parts per million.”

You may have smelled
ozone after a lightning
storm or near an
electrical motor. It is
also generated, either
intentionally or as a
by-product, by some
“air cleaners.”




In some communities,
public transportation
is free on Air-Quality

Action Days.

Smog is still an important
health and environmental
Issue In many

developing countries.
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2. List two reasons why a given pollutant may decrease in concentration
over a period of several hours.

3. Although ozone is necessary in the stratosphere to protect Earth from
excessive ultraviolet light, at Earth’s surface it is a major component
of photochemical smog.

a. Using Figure 2.64, determine which substances are at their
minimum concentrations when O, is at maximum concentration.
b. What does this suggest about the production of O, in polluted
tropospheric air?
4. Some state and local agencies declare Air-Quality Action Days when
the levels of ozone are expected to be unhealthy. Explain why each of
the following recommendations is made for such days:

a. Use public transportation.
b. Refuel vehicles only after dusk.
c. Avoid prolonged or strenuous exertion outdoors.

d. Do not burn leaves or other yard waste.

CHEMQUANDARY
CONTROLLING AIR POLLUTION

From a practical viewpoint, why do you think that controlling air
pollution from all U.S. automobiles, recreational vehicles, buses, and
trucks would be more difficult than controlling air pollution from
U.S. power plants and industries.

D.7 ACIDS, BASES, AND THE
pH SCALE

Air pollution episodes such as those in London and Donora are almost
unknown in the United States and Europe now. Industrial facilities still burn
fuel, including coal, but emissions are regulated and many facilities are
located outside of cities. However, pollutants resulting from the combustion
of coal and other fossil fuels are still implicated in another environmental
problem—acid rain. The U.S. Geological Survey uses the term acid rain
or acid precipitation when referring to any precipitation—rain, snow, sleet,
or hail—that has a pH lower than what is natural for the area. The average
pH of natural, unpolluted precipitation is 5.6, so precipitation with a pH
value lower than 5.6 is considered acid rain.




You have probably heard the term pH used before, perhaps in connection
with diets or cosmetics. The term was also used in Investigating Matter C.8
(page 218) when you tested the acid-base properties of carbon dioxide. What
is pH, and how is it related to air quality? The pH scale is a convenient way
to measure and report the acidic, basic, or chemically neutral character of a
solution. Nearly all pH values are in the range from 0 to 14, although some
extremely acidic or basic solutions may be outside this range. At room tem-
perature, any pH value less than 7.0 indicates an acidic condition; the lower
the pH, the more acidic the solution. Solutions with pH values greater than
7.0 are basic; the higher the pH, the more basic the solution. Basic solutions
are also called alkaline solutions.

Quantitatively, a change of one pH unit indicates a tenfold difference
in acidity or alkalinity. For example, lemon juice, with a pH of about 2, is
nearly 10 times as acidic as soft drinks, which have a pH of about 3. This
also means a change of 2 pH units results in a hundredfold (10 x 10) differ-
ence in acidity or alkalinity.

Acids and bases, some examples of which are shown in Figures 2.65 and
2.66, and listed in Table 2.8 (page 250), exhibit characteristic properties. For
example, basic solutions react with the vegetable dye litmus to turn it blue,
whereas acidic solutions turn litmus red. Both acidic and basic solutions
conduct electricity. Each type of solution has a distinctive taste and a dis-
tinctive feel on your skin. (Caution: Never test these sensory properties in
the laboratory.) In addition, acids and bases are able to react chemically with
many other substances. You are probably familiar with the ability of acids
and bases to corrode materials, which is a type of chemical behavior.

Most acids are made up of molecules, including one or more hydrogen
atoms that can be released rather eas-
ily in water solution. These “acidic”
hydrogen atoms are usually written
first in the formula for an acid. See
Table 2.8 on the next page.

Figure 2.65 Use Table 2.8 (page 250) to
identify the bases contained in this oven
cleaner and other common household items.
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Vinegar is an acid you
probably have tasted;
that common kitchen
ingredient is considered
a dilute solution of
acetic acid.

Figure 2.66 Vinegar contains
acetic acid, and some soft drinks
contain both carbonic acid and
phosphoric acid. Many fruits and
vegetables also contain acids.




Table 2.8
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Name Formula Common Uses
Acids
Acetic acid HC,H;0, In vinegar (typically a 5% solution of acetic acid)
Carbonic acid H,CO; In carbonated soft drinks
Hydrochloric acid Hal Used in removing ?cale buildup from boilers and
for cleaning materials
Nitric acid HNO; Used in making fertilizers, dyes, and explosives
. Added to some soft drinks to give a tart flavor;
Phosphoric acid H;PO, also used in making fertilizers and detergents
Largest-vol bstance produced by the
Sulfuric acid H,S0, chemical industry; used in automobile
battery fluid
Bases
Present in mortar, plaster, and cement; used
Calcium hydroxide Ca(OH), in paper pulping and removing hair from
animal hides
Magnesium hydroxide Mg(OH), Active ingredient in milk of
Potassium hydroxide KOH Used in making some liquid soaps
A major industrial product; active ingredient in
Sodium hydroxide NaOH some drain and oven cleaners; used to convert

animal fats into soap

Many bases are ionic substances that include hydroxide ions (OH").
Sodium hydroxide, NaOH, and barium hydroxide, Ba(OH),, are two exam-
ples. Some bases, such as ammonia (NH,) and baking soda (sodium hydro-
gen carbonate, NaHCO,), contain no OH~ ions but still produce basic solu-
tions because they react with water to generate OH™ ions, as illustrated by
the following equation.




NH, + HO — NH, + OH

D D- Q@

What about substances that display neither acidic nor basic characteris-
tics? Chemists classify these substances as chemically neutral. Water, sodium
chloride (NaCl), and table sugar (sucrose, C,,H,,0,;) are all examples of
chemically neutral compounds. At 25 °C, a pH of 7.0 indicates a chemically
neutral solution. The pH values of some common materials are shown in
Figure 2.67.
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Figure 2.67 The pH values of some common materials.

D.8 ACID RAIN

As you can see in Figure 2.67, rainwater is naturally slightly acidic. Is this
consistent with data you collected when you tested carbon dioxide (CO,) in
Investigating Matter C.8 (page 216)? The pH of rainwater is normally slightly
acidic, about 5.6, because the atmosphere contains some substances that
produce acidic solutions when dissolved in water. The acidic pH of natural
precipitation is mainly due to reaction of carbon dioxide with water in the
atmosphere, forming carbonic acid, H,CO,:

CO,(g) + H,0() == H,CO,(aq)

This dilute solution of carbonic acid then falls to Earth as rain, snow,
or sleet.

Other natural events can contribute to the acidity of precipitation.
Volcanic eruptions, forest fires, and lightning bolts produce sulfur dioxide
(SO,), sulfur trioxide (SO,), and nitrogen dioxide (NO,). These gases can
then react with atmospheric water in much the same way that carbon diox-
ide does:

SO,(g) + H,0(I) == H,SO,(aq)

Sulfurous acid

SOs(g) + H,0(l) — H,S0,(aq)
Sulfuric acid

The expression

acidic precipitation

is sometimes used
instead of acid rain to
indicate that any form
of precipitation—fog,
sleet, snow, or rain—
can be acidic.

Double arrows indicate
that both forward and
reverse reactions occur
simultaneously. You
can learn more about
reversible reactions

in Unit 4.

The actual processes
that generate acid rain
are more complex than
depicted here.
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2NO,(g) + H,0(l) == HNO,(ag) + HNO,(aq)

Nitric acid Nitrous acid

The result, as the previous equations suggest, is the formation of acidic
precipitation.

If rain customarily is acidic, why does acid rain pose a problem? The fact
that this precipitation is more acidic than normal leads to the problems asso-
ciated with acid rain. In the following investigation, you will model the for-
mation of acid rain in order to consider its effects on a variety of materials.

B INVESTIGATING MATTER
D.9 EFFECTS OF ACID RAIN

Asking Questions

Have you seen any evidence of effects of acid rain near where you live?
What types of materials are damaged by acid rain? In this investigation, you
will model the effects of acid rain on plants, metals, and stones. To do this,
you will mix sodium sulfite (Na,SO,) and hydrochloric acid (HCI) to form
sulfur dioxide and water according to the following equation:

Na,SO, + 2HCl — SO, + H,0 + 2NaCl

By trapping the SO, gas in a closed environment, you can test its effects—
and thus model the effects of acid rain—on materials within that environ-
ment.

What materials can you use in the laboratory to model plants, metals, or
stones? What characteristics must these materials have in order to be both
useful in the investigation and adequate models of the materials that they
represent? As you read Gathering Evidence, answer these questions and
develop one or more scientific questions about the effects of acid rain that
you can answer based upon this model.

Preparing to Investigate

Before you begin, read Gathering Evidence to learn what you will need to do
and note safety precautions. Plan for data collection based upon the ques-
tion or questions you developed and construct an appropriate data table. In
your data table, be sure to clearly identify the materials you have chosen to
represent plants, metal, and stones.

Gathering Evidence

1. Before you begin, put on your goggles, and wear them properly
throughout the investigation.




2. Setup a Petri dish with materials as shown in Figure 2.68. Use
a few drops of universal indicator and place a small quantity,
about the size of a match head, of sodium sulfite (Na,SO,)
inside a shallow weighing boat or vial cap in the center of the
Petri dish.

3. Place two drops of phenol red on top of your stone sample.
4. Place one drop of distilled water on top of your metal sample.

5. With the Petri dish lid ready, place a few drops of HCI onto
the sodium sulfite in the weighing boat or vial cap. Replace
the Petri dish lid.

6. Make observations of anything that happens within the Petri dish
and record those observations.

7. Set the Petri dish aside to make observations later.
8. After 20 minutes, record your additional observations.

9. Dispose of the contents and clean the Petri dish as directed by your
teacher.

10. Wash your hands thoroughly before leaving the laboratory.

Interpreting Evidence

1. SO, gas was formed in the Petri dish.
a. What effect did this gas have on the universal indicator?
b. What evidence supports your answer to part a?

2. As you have learned, precipitation with a pH < 5.6 is defined as acid
rain. How does the pH inside your Petri dish compare to this value?

Making Claims
3. What effect might an atmosphere similar to that within your Petri
dish have if it were to surround
a. steel girders?
b. a forest or field?
c. What evidence can you give for your answers to parts a and b?

4. Consider the reaction between your “acid rain” (H,SO,) and a
substance you may have chosen for the stone sample, marble chips
(CaCO,).

a. Write an equation for the reaction. (Hint: Carbon dioxide and
calcium sulfite solution are two of three products formed.)

b. What conclusions can you draw about the effects of acid rain on
marble statues and building materials from the reaction in part a?

5. Review the question or questions you developed before beginning
the investigation.

a. For each question, write a claim that addresses that question.

b. What evidence supports each claim you made in part a?

SECTION D Human Impact on Air Quality

Figure 2.68 Typical Petri dish setup.

Recall from Unit 1

that properly written
chemical equations are
always balanced.




Aluminum (Al) is one
substance released in soil
by acid rain that is toxic to

plants and trees.
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Reflecting on the Investigation

6. This investigation uses a model of acid rain production to investigate
its effects. Describe, with both an equation and an explanation, how
the production of acid rain is modeled.

7. How would you design an experiment to determine whether the
changes you noted within the Petri dish were actually caused by
reactions of SO, gas?

8. Is the short-term, intense production of acid in this investigation a
reasonable model for long-term damage caused acid precipitation?
Explain.

9. Would it be useful to develop and use a small-scale model, similar to
the Petri dish model of acid rain, for your planned air-quality
investigation? Explain.

D.10 CONSEQUENCES AND
CONTROL OF ACID RAIN

In Investigating Matter D.9, you observed the effects of acid rain on materials
in a closed system. What are the consequences of acid rain in Earth’s envi-
ronment? When sulfur oxides and nitrogen oxides are emitted from power
plants, various industries, and fossil-fuel-burning vehicles, they can react
with water vapor to form acids. These acids lower the pH of rainwater—at
times to 4.5 or lower in the northeastern United States. See Figure 2.69. Sim-
ilar changes in pH have been observed for precipitation in Scandinavia, Cen-
tral Europe, and other areas downwind from large industrial centers and
power plants.

You have observed that acid rain can directly damage plant material. Tree
leaves and needles can be harmed when acid rain falls and when they are
surrounded by acid clouds and fog that are even more acidic than rainfall.
Acid rain also damages plants by leaching needed minerals from the soil and
releasing toxic substances into the soil. See Figure 2.70. Excessively acidic
rain can also lower the pH of lakes and streams, enough to kill fish eggs and
other aquatic life.

As you discovered in Investigating Matter D.9, damage caused by acid
rain is not limited to effects on natural ecosystems. Most buildings and other
structures contain metal, limestone, or concrete, which are all materials sus-
ceptible to damage by acids. Statues and monuments (such as the Parthenon
in Greece) that have stood for centuries show signs of significant surface
damage, due, in part, to acid rain. Acid attacks calcium carbonate in lime-
stone, marble, and cement according to this equation:

H,SO,(aq) + CaCO,4(s) — CaSO,(s) + H,0() + CO,(g)
Sulfuric acid Calcium Calcium Water Carbon
(in acid rain) carbonate sulfate dioxide
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Hydrogen ion concentration as pH from measurements

made at the Central Analytical Laboratory, 2008

Sites not pictured:

AKoO1 52
AKo03 53
PR20 52
vio1 53

National Atmospheric Deposition Program/National Trends Network
http://nadp.sws.uiuc.edu

Figure 2.69 pH of precipitation throughout the continental United States
(National Atmospheric Deposition Program).

Calcium sulfate is much more soluble in water than is calcium
carbonate. Thus, as calcium sulfate forms, it washes away,
uncovering fresh solid calcium carbonate that reacts further with
acid rain. See Figure 2.71.

Given these consequences, many nations, states, and commu-
nities have acted to limit emissions of gases that cause acid rain.
Control of acid rain is difficult, however, because air pollution
does not respect political boundaries. For example, sulfur oxides
can be carried by air currents for
several days, so acid rain often
shows up hundreds of kilometers
from the original sources of air
contamination.

Figure 2.71 Acid rain has disfigured
these limestone gargoyles on the
Cathedral of Notre Dame in Paris,
France.

Figure 2.70 This forest in the
Czech Republic has been badly
damaged by acid rain. Several
forests within the United States
show similar damage.
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The Clean Air Act Amendments of 1990 were enacted, in part, to address
issues of acid rain. The compliance plan created by these amendments
imposed emissions restrictions on fossil-fueled power plants. Figure 2.72
and Table 2.7 (page 244) show that stationary fuel combustion is the largest
contributor to SO, emissions. National SO, emissions have decreased
steadily since the early 1980s. Unlike SO, emissions, which are produced by
burning fuels containing sulfur, nitrogen oxide (NO,) emissions are formed
by reaction of atmospheric nitrogen gas with oxygen gas at the high tempera-

Industrial processes 7%

Transportation 4%

Miscellaneous 3%

Stationary fuel burning
(power plants, heating, etc.)
85%

Figure 2.72 SO, emissions by source, 2005.
EPA National Emissions Inventory data.

tures associated with most forms of combustion—
including internal combustion engines.

Figure 2.73 indicates that fuel combustion by
power plants is joined by transportation as major
sources of nitrogen oxide emissions. Between 1990
and 2007, national SO, emissions decreased 44%,
while total national NO, emissions were 33% lower.
The EPA estimates that reducing NO, emissions from
fixed-location sources, such as power plants, is a
cost-effective strategy. But the issue of NO, emis-
sions from mobile sources, such as automobiles and
other modes of transportation, is much more compli-
cated.

Stationary fuel burning
(power plants, heating, etc.)
35%
Miscellaneous 1%

Industrial processes 6%

Figure 2.73 NOy emissions by source, 2005.
EPA National Emissions Inventory data.




CHEMQUANDARY
THE RAIN IN MAINE...
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The state of Maine has no coal-fired power plants and relatively
few residents. (The average population density of Maine is
approximately 41 people per square mile; Maine’s largest city,

Portland, has a population of about 65 000 residents.)

However, Figure 2.69 (page 255) indicates that the average
pH of precipitation in the state is lower than that of rainfall

free of air contaminants (pH ~5.6). Why might this be?

B MAKING DECISIONS

D.11 IMPROVING EARTH'S AIR
QUALITY

As you have learned, human activity can create large-scale impact on gases
surrounding our planet. Such impact may influence the world’s average tem-
perature or increase potential exposure of living systems to ultraviolet radia-
tion by thinning the protective stratospheric ozone layer. Air pollution can
also lead to regional effects, such as acid rain and smog, or even to localized
problems, such as the potential health hazards associated with elevated lev-
els of air pollutants.

Atmospheric chemistry is quite complex and difficult to study. However,
increased knowledge of chemical and physical processes involved in the
atmosphere, all gained by scientific research, already has helped guide deci-
sion making to protect and enhance the vital envelope of gases encircling
Earth.

After preparing a poster that describes the investigation you designed to
investigate an air-quality issue or claim, you will write a letter to members of
your local or national community summarizing your investigation. Think
about this letter and your air-quality investigation as you answer the follow-
ing questions:

1. What organizations or groups of people would be interested in the
results of your investigation?

2. How could you communicate the results to these people or groups?

3. How would the results of your investigation be useful in improving
Earth’s air quality?
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SECTION D SUMMARY

Reviewing the Concepts

Air pollution results from contributions by
both primary and secondary pollutants.

(=Y

. What distinguishes a primary air pollutant
from a secondary air pollutant?

2. Characterize each of the following

pollutants as primary or secondary and

identify its major source.

a. CO, c. NO,

b. CH, d. H,S

3. Write and balance the equation for
formation of SO, from SO, and oxygen.

4. What are criteria pollutants?

Pollutant concentrations in ambient air are
measured using various techniques in
order to provide data for air-quality
compliance and modeling.

5. Compare passive and active air-sampling
methods.

Photochemical smog can intensify due
to temperature inversions and adverse
wind patterns.

8. What ingredients are needed to create
photochemical smog?
9. What conditions are shared by cities that
suffer from photochemical smog?
10. Are all cities subject to temperature
inversions? Explain your answer.
11. What are some ways that photochemical
smog can be reduced?

12.
13.
14.

15.

17

18.

19.

Solutions can be characterized as acidic,
basic, or chemically neutral on the basis of
their observed properties. Water

solutions with pH 7.0 at room temperature
are neutral; those with lower pH are acidic
and those with higher pH are basic.

What ion is found in many bases?
What element is found in most acids?

Classify each sample as acidic, basic, or
chemically neutral:

a. seawater (pH = 8.6)

b. drain cleaner (pH = 13.0)
c. vinegar (pH = 2.7)

d. pure water (pH = 7.0)

Using Figure 2.67 on page 251, decide
which is more acidic:

a. a soft drink or a tomato.
b. coffee or seawater.

c. milk of magnesia or ammonia.

6. How are air-quality measurements made at 16. Coffee has a pH of 4.0 and pure water a pH
high altitude? of 7.0. How many more times acidic is
?
7. What features are required for valid coffee than pure water?
measurements?

Rainwater is naturally acidic, due to
dissolved CO,, but contaminants in the
atmosphere can produce precipitation
that is even more acidic than normal.

. What is the pH range of

a. typical rainwater? b. acid rain?

Provide an explanation (including a
chemical equation) for why rain is naturally
acidic.

Cite evidence from Investigating Matter D.9:
Effects of Acid Rain, page 252, that low pH
has a harmful effect on plant material.




20.

21.

22.

23.

24.

25.

26.

Gaseous sulfur oxides and nitrogen oxides
generated from natural and human
sources contribute to acid rain.

List two natural sources of sulfur oxides and
nitrogen oxides and two human-generated
sources of these two pollutants.

What strategies can reduce emissions of
sulfur oxides and nitrogen oxides to the
atmosphere?

Identify the major acidic components in
acid rain.

Write a balanced equation representing
what happens when SO, gas dissolves in
water.

Air pollution can be affected by everyday
activities and changes in chemical
technologies.

List five ways that air pollutants from motor
vehicles and industries can be reduced.

Listed below are some examples of
decisions that one might make to reduce
personal contributions to air pollution. For
each of these examples, identify the
particular air pollutant(s) involved and
explain how their release will potentially be
reduced.

a. Ordering a fast-food lunch inside a
restaurant, rather than waiting in a line of
cars at the drive-up window.

b. Hanging wet laundry outside to dry.

c. Avoiding “topping off” a car’s gas tank by
adding more gasoline once the pump has
stopped automatically.

d. Buying locally grown groceries and other
locally produced items.

e. Turning off lights, the TV, and other
electrical devices (computer, music, and
DVD players) when exiting rooms.

Green Chemistry seeks to prevent pollution

before it starts. What are advantages of this

strategy over combating existing air pollution?

SECTION D Section Summary

How are claims about

air quality supported by
experimental conclusions
and chemistry concepts?

In this section, you have examined
air pollution data from a variety of
investigations and sources. You
have learned about some chemical
reactions that take place in Earth’s
atmosphere and the conditions
that lead to these reactions. Think
about what you have learned, then
answer the question in your own
words in organized paragraphs.
Your answer should demonstrate
your understanding of the key
ideas in this section.

Be sure to consider the following

in your response: sources of air
pollutants, validity of data, air
monitoring and collection methods,
smog, and acid rain.

Connecting the Concepts

27.

28.

29.

30

31.

Explain why a substance that could be
called “hydrogen hydroxide” has neither
acidic nor basic properties. What is a more
familiar name of this compound?

How might monitoring practices be different
for primary and secondary air pollutants?
What are advantages and disadvantages of
scrubbing as a strategy for air-pollution
reduction?

. Why is the presence of ozone regarded as a

problem at ground level, while the absence
of ozone is regarded as a problem in the
stratosphere?

What pattern would you expect to find
among pH readings taken of precipitation in
the immediate vicinity of an acid-rain
producing smokestack and at regular intervals
downwind and upwind from the site? Sketch
a graph of what you would expect to find.




32. Considering the identity of the criteria
pollutants and the sources of air pollutants
in the United States (Table 2.7, page 244),
where should air-quality monitoring devices
be located? Explain.

33. Think about the investigations you have
completed throughout this unit. Why is it
important to:

a. Compare your results to those of your
classmates?

b. Compare your results to published data,
when available?

c. Discuss your ideas with your classmates?

d. Reflect upon how your ideas have
changed?

Extending the Concepts
34. Consider these three air-pollutant control

technologies: scrubbers, catalytic
converters, and electrostatic precipitators.
Which technique is most effective in
combating each of these types of air
pollutants?
a. sulfur oxides
b. particulates

c¢. hydrocarbons

Unit 2 Air: Designing Scientific Investigations

35.

36.

37.

38.

39.

Use the Internet and library to research and
report on serious acid rain effects over the
past decade.

The pH of rainwater is ~5.6. Rainwater
flows into the ocean. The pH of ocean water,
however, is ~8.7. Investigate reasons for this
difference in pH.

Why would scrubbing probably not be a
good strategy for removing NO, from
exhaust gases?

What advances have been recently
accomplished in designing internal
combustion engines to prevent pollution?
Investigate the topic of diesel engines. Are
catalytic converters used with diesel
engines? If so, do they differ from catalytic
converters used with gasoline engines?




PUTTING IT ALL TOGETHER

INVESTIGATING AIR-QUALITY CLAIMS

As you learned in this unit, Earth’s atmosphere is composed of various gases
and particulates, some naturally occurring and others produced by human
activities. Health and environmental concerns sometimes arise when these
atmospheric components interact with one another and with solar radiation.

Many suggestions and products have been put forth to improve air quality.
How do we know if an air-cleaning product works or if a change in our behav-
ior will, in fact, decrease air pollution, acid rain, or global warming? How can
we find out? At this point, you have designed an experiment to do just that.

As you conclude this unit, you will present your design to your
peers, much as scientists present research to their peers, using a
poster session. Your classmates will evaluate your investigation
and help find improvements. You will then write a letter sum-
marizing your proposed investigation to an organization or group
of people who would be interested in or affected by its results.

As you prepare your poster and get ready to be a constructive
contributor in your community, keep the following guidelines
in mind.

Guidelines

Poster
e Choose a title that reflects your investigation and grabs the reader’s
attention.

At scientific meetings and science fairs, there are often hundreds
of posters, and your title determines whether someone stops to
look at yours.

¢ Give your guiding question prominent placement.

After all, this is why you planned the investigation. Make sure to
present your question in clear language and an engaging format.

e Briefly, but clearly, describe your experimental approach.

Your classmates should be able to understand how one would
perform the investigation and what materials would be needed.
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e Describe (or display) the evidence to be collected.

Be sure the reader knows what data would be collected in your
investigation to answer the guiding question. Point out how
validity of the data will be ensured.

¢ Discuss the expected results.

Explain how the planned investigation provides evidence that
addresses the initial air-quality claim.

e C(Create visual interest.

Again, draw readers in by using a graphic organizer, a chart, a
data table, or a relevant photo or drawing. Also, be careful not to
put too much text on your poster.

Providing and Using Feedback

e Be constructive.

Aim for suggestions that will help your classmates improve their
investigations or posters.

¢ Ask questions.

If something is unclear to you, write a question for the poster’s
author.

e Consider the impact.

Would this investigation make a difference to you in a way the
author has not considered? Let the author know (constructively).

e View feedback as help.

When receiving feedback on your own poster, remember that your
evaluators are not trying to attack your work; they are trying to
help you create the best possible investigation and poster.

Letter

e Target your audience.

Use the appropriate level of language and formality for the
individuals who will be reading your letter.

e Get to the point.

Explain why your proposed investigation is important and why
you have chosen to communicate with this group.

¢ Be convincing.
Support your claims with reasoning and evidence.
¢ Ask for support, encouragement, or information.

Give your reader a reason to be involved with your letter and your
project.




LOOKING BACK AND LOOKING AHEAD

Throughout this unit, you have studied gases and their behavior, increased
your knowledge of Earth’s atmosphere, and learned to design a scientific
investigation. You have also begun to study energy, and continued to develop
your fluency in the language of chemistry.

The knowledge you have gained in the first two units can help you better
understand some societal issues. Central among these concerns are the use
and management of Earth’s chemical resources, which include water, met-
als, petroleum, food, and air.

However, many problems are far too complex for a simple technological fix.
Issues of policy are not usually “either/or” situations, but they often involve
weighing many considerations. As a voting citizen, you will deal with issues
that require some scientific understanding. Tough decisions may be needed.
The remaining chemistry units that you study will continue to prepare you
for those responsibilities.

Unit 3 deals with petroleum, a nonrenewable chemical resource, and the
consequences of human use of this resource.




A B




How can the physical
properties of petroleum be
explained by its molecules
and their interactions?

Why are carbon-based

SECTION A molecules so versatile as
Petroleum—What Is It? chemical building blocks?
(page 268)

SECTION B

Petroleum: A Building-Material
Source (page 297)

What are the benefits and

consequences of burning

hydrocarbons? What alternatives to
petroleum are available

SECTION C . ST
Petroleum: An Energy Source for burning and building?
(page 330) SECTION D
Alternatives to Petroleum
(page 358)

Interest is growing in alternative-energy-powered
transportation. Why? What advantages and
disadvantages do petroleum alternatives offer?
How can the global supply of petroleum best be
used? How can knowledge of chemical bonds

help consumers make informed choices about
petroleum use?

Turn the page to learn more about this energy-
rich resource.




TLC PLUG-IN HYBRID VEHICLE TV COMMERCIAL—
WORKING SCRIPT

Text/Script

You already love the TLC, the most luxurious hybrid car
on the market. Wait until you meet TLC-p, the first
luxury plug-in hybrid.

What does the “p” stand for? Lots of things—plug-in,

peppy, petroleum-free . . .

Unlike older petroleum-fueled vehicles, the TLC plug-
in hybrid automobile is virtually emission-free. It's as
close as you can get to “carbon-less transportation.”
In fact, it is considered a Super Ultra Low Emission
Vehicle by the U.S. Environmental Protection Agency.
Why? Because the TLC-p uses an energetic electric
motor combined with a gasoline engine for back-up to
deliver maximum power and efficiency. The electric
motor is powered by batteries that are recharged sim-
ply by plugging in the TLC-p when you go to sleep. In
addition, any excess energy generated by the gasoline
engine is stored to later power the electric motor. You
can drive knowing that you're helping, not hurting, the

environment.

While you are decreasing your carbon footprint with
the TLC-p, you'll enjoy the comfort of organic leather
seats and triple-filtered air. And—thanks to the electric
motor that takes over in city driving—the ride can be
so quiet that driving the TLC-p seems more like a walk

in the park.

There will be fewer stops on your road to fun with the
TLC-p. Because it is powered by your home outlets,
the TLC-p uses almost no fuel and can extract nearly all

the energy in each drop of gasoline. With averages of

Image/Sound

(Video image of luxurious setting, such as
a “green” spa hotel room with big glass
windows, a comfy couch and a bubble bath.)

(Show an open road, perhaps along a coast.)

(Show a peaceful forest scene with nature
sounds.)

(Show an open meadow with blue skies
and fluffy, white clouds blowing by.)

(Show a scenic, but quiet park on
a sunny day.)

(Show a gasoline station with a beach
in the background.)

(Show beach-goers.)




Text/Script Image/Sound

up to 100 miles per gallon, driving your plug-in hybrid (View of a TLC-p, rear quarter panel with plug-in

automobile is easy on your pocketbook—as little as and logo.
two cents per mile to operate. Compare that to more
than 11 cents per mile for conventional gasoline-burning

vehicles.

Not only will you transform your own life, you will
transform the planet by slashing your fuel requirements

and automobile emissions. Help conserve petroleum

("TLC-p: Still the same great-looking hybrid, now

resources! Visit your TLC dealer today. available with plug-in power.” appears on the

screen above.)

Are the claims made in this advertisement for the new TLC-p accurate?
Is it truly a “transformative” vehicle? Will it help reduce owners’ reli-
ance on petroleum and other carbon-based fuels? Do better transporta-
tion options exist? Could you produce an advertisement for a “greener”
automobile?

To answer these questions, you will learn about petroleum and how
it fuels our modern lives. You’ll consider the challenges of providing
energy and building materials to an ever-increasing population, while
protecting the planet we all share.

At the end of the unit, you will be challenged to create your own
video advertisement for an alternative-fuel vehicle. Your ad will reflect
what you have learned and make evidence-based claims, while reveal-
ing your vision for the future of automobile transportation.

Developing a vision of the future requires knowing something about
the past, the present, and the possibilities. As you create your commer-
cial message, you will learn about the origin and structure of the hydro-
carbon compounds presently used to power most automobiles and why
the molecules of these compounds are so useful as fuels and raw mate-
rials for the manufacture of important products. You will explore the
consequences of using hydrocarbon fuels and investigate alternative
sources of energy and matter. As you move toward understanding the
role of petroleum, keep in mind the impact of decision-making at the
personal, community, and global levels.




SECTION

Figure 3.1 Much time

and energy will be expended
to refine this mixture of
petroleum before it is viable
as a fuel or as a source of
“builder molecules.” What
about petroleum makes it
such an attractive resource?
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PETROLEUM—
WHAT IS IT?

How can the physical properties of
petroleum be explained by its molecules
and their interactions?

You live in a world of newly developed products and materials. Whether
on billboards, on radio, on television, on the Internet, or in magazines,
each advertisement attempts to sell a product by educating its audience
about the product’s unique features. The product may be faster, lighter,
easier to use, newer, or better tasting—to sample a few of many com-
mon product claims. The advertisement for the TLC-p is no exception;
it highlights several energy- and fuel-related features of the new vehicle
that will (or so it is claimed) “help conserve petroleum resources.” In
Unit 2, you started thinking about how scientists—and consumers—
evaluate claims. In this unit, you will continue to evaluate such claims,
as well as make product claims of your own.

The word petroleum is quite familiar to you. But do you know what
petroleum is or what it is made of? See Figure 3.1. Can you explain
what properties make petroleum useful for both burning and building?
In this section, you will explore characteristics of some key compounds
found in petroleum. Specifically, you will focus on their physical prop-
erties, their molecular structures, and how these molecules interact
with one another.

GOALS

* Describe the chemical makeup of petroleum and how it is
refined.

e Describe the use of distillation as a separation technique and
the application of fractional distillation to petroleum refining.

o Identify and write formulas for alkanes.

e Define isomer and draw structural formulas for possible
isomers of a particular hydrocarbon.

¢ Predict and explain relative boiling points of hydrocarbons in
terms of their intermolecular forces.




concept check 1

1. List three claims made in the TLC-p advertisement that opens
this unit.

2. Name some physical properties that can be used to identify
or distinguish substances.

3. Petroleum is composed of hydrocarbons. What elements make
up hydrocarbons?

4. List some items that you use every day that are made from
petroleum.

B INVESTIGATING MATTER
A.1 PROPERTIES OF PETROLEUM

Asking Questions

In this investigation, you will explore some of the physical properties of sev-
eral petroleum-based materials. In particular, you will measure the densities
and relative viscosities of several materials separated from petroleum, as
well as the same properties of water.

Viscosity is the term for resistance to flow. A material with high viscosity
flows slowly and with difficulty, like honey. A material with low viscosity
flows readily, like water. You will determine relative viscosities, which
means ranking materials on a scale from most viscous to least viscous.

As you look at Table 3.1 (page 270) and Gathering Evidence, develop one
or more scientific questions that you can answer in this investigation.

Preparing to Investigate

Before you begin, read Gathering Evidence to learn what you will need to do
and note safety precautions. Develop procedures to find the density of solid
and liquid samples. Ask your teacher to approve your procedures before
continuing. Finally, think about the data and observations you will need to
record in each part of the investigation and prepare appropriate data tables.

Gathering Evidence
Appearance and State
1. Before you begin, put on your goggles, and wear them properly
throughout the investigation.
2. Obtain the six materials listed in Table 3.1 (page 270).
3. Record the physical state of each sample.

4. Describe the appearance of each sample.

SECTION A Petroleum—What Is It?

Viscous materials are

typically thick, syrupy
liquids that have relatively
high resistance to flow.




Unit 3 Petroleum:

Table 3.1
Physical Properties of Petroleum Samples

Breaking and Making Bonds

Carbon Atoms per Physical State at
Material Molecule Room Temperature Appearance
Mineral oil 12-20
Asphalt More than 34
Kerosene 12-16
Paraffin wax More than 19
Motor oil 15-18
|u::i':::il::::il 14-18

1.

Figure 3.2 Capped
viscosity tube with bead.

1.

o o kW

1.
2.

Relative Viscosity

Hold the capped tube containing water upside down until the bead
inside is in the cap of the tube.

Gently turn the tube horizontally (the bead will stay at one end).
See Figure 3.2.

Quickly turn the tube upright so that the bead is at the top and start
the timer or stopwatch.

Stop the timer when the bead reaches the bottom of the tube.

. Record the time needed for the bead to reach the bottom of the tube.

. Repeat three times and calculate the average time required for the

bead to fall.

7. Repeat Steps 1-6 for each liquid, petroleum-based sample.

8. Rank your samples in order of relative viscosity, assigning number 1

to the least-viscous material.

Density

Develop procedures to find the density of solid and liquid samples.
Get your teacher’s approval before conducting your investigation.

Without opening any sealed tube, find the density of each liquid
sample. Your teacher will provide a sealed tube containing only a
bead, as well as a tube that you may open that contains only a bead.

Record your data and calculations.

Determine the density of each solid sample.

Record your data and calculations.

Wash your hands thoroughly before leaving the laboratory.

Interpreting Evidence

Rank the materials (including water) from least to most viscous.

Create a graphic organizer that illustrates the differences in viscosity
among the samples.




3. Propose a rule, based on your observations in this investigation, about
the connection between number of carbon atoms in a substance’s
molecules and the viscosity of that substance.

4. In oil spills, the oil’s density plays a major role. Explain.

5. You should never use water to extinguish a gasoline or oil fire.
Why not?

Reflecting on the Investigation

6. Think about your experimental design for the density portion of the
investigation. Did you need to make any modifications so that your
data produced accurate results? Explain.

7. Suppose a classmate suggests that the petroleum materials studied in
this investigation can be separated at room temperature on the basis
of their viscosities.

a. Do you agree? Explain your answer.
b. What would be some advantages of such a separation procedure?

8. What conditions might change the viscosity of a substance? In one or
two sentences, describe an experiment you could design to test this.

9. In your own words and using evidence from the investigation, answer
the scientific question or questions you posed at the beginning of the
investigation.

A.2 PETROLEUM: A SOURCE OF
ENERGY AND HYDROCARBONS

Petroleum is a vital chemical world resource. Petroleum pumped from under-
ground is called crude oil. This liquid varies from colorless to greenish-brown
to black, and can be as fluid as water or as resistant to flow as soft tar.

We cannot use crude oil commercially in its natural state. Instead, we
transport it by pipeline, ocean tanker, train, or barge to oil refineries, where it
is separated into simpler mixtures. See Figure 3.3. Some mixtures are ready
to use, while others require further refinement. Refined petroleum is chiefly

a mixture of various hydrocarbons—
molecular compounds that contain only
atoms of the elements hydrogen and car-
bon. You can readily see how this class of
compounds got its name.

Figure 3.3 The largest oil tanker in the world can
carry up to 4.1 million barrels (over 150 billion gallons)
of crude oil. Such ships are so big, onboard crew
members often need a bicycle to travel from one
point to another.

SECTION A Petroleum—What Is It?

The word petroleum
comes from the Latin
words petr- (rock)
and oleum (oil).

Crude oil was used as
lamp oil in ancient times.
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Burning petroleum provides nearly half of the total annual U.S. energy
needs. Most petroleum is used as a fuel. Converted to gasoline, petroleum
powers millions of U.S. automobiles, each traveling an average of 14 000
miles annually. Other petroleum-based fuels provide heat to homes and
office buildings, deliver energy to generate electricity, and power diesel
engines and jet aircraft.

Petroleum’s other major use is as a raw material from which a stunning
array of familiar and useful products is manufactured—from CDs, sports
equipment, clothing, automobile parts, plastic charge cards, and carpeting to
prescription drugs and artificial limbs. Figure 3.4 (at right) shows some
petroleum-based products.

Based on your experiences with petroleum fuels and products, what per-
cent of petroleum would you estimate is burned for energy? What percent of
petroleum would you estimate is used for producing other useful substances?
Can you identify other uses of petroleum? The answers in the next paragraph
may surprise you.

What did you predict for the percent of petroleum burned for energy? Did
you predict 50%? Was your prediction 60%? Astonishingly, 89% of all petro-
leum is burned as fuel. Only about 7% is used for producing new substances,
such as medications and plastics. The remaining 4% is used as lubricants,
road-paving materials, and an assortment of miscellaneous products. In fact,
for every gallon of petroleum used to produce useful products, more than
five gallons are burned for energy.

What happens to molecules contained in petroleum when they are burned
or used in manufacturing? As in all chemical reactions, the atoms become
rearranged to form new molecules.

When hydrocarbons burn, they react with oxygen gas in the air to form
carbon dioxide (CO,) gas and water vapor. (See equations below represent-
ing the burning of two typical hydrocarbons.) These gases then disperse in
the air. The hydrocarbon fuel is used up; it will take millions of years for
natural processes to replace it. Thus petroleum is a nonrenewable resource,
as were the minerals you studied in Unit 1.

@M%égj@%

CHau(g) + 2008 — COy(g) + 2H,0(g) + energy

29D --dd-Q

2GC,Hgl(g) + 703(g9 — 4CO,(g) + 6H,0(g) + energy
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Figure 3.4 Itis likely
you use petroleum-
based products in
almost every area of
your life. How many
can you identify?

A.3 ORIGIN AND DISTRIBUTION
OF PETROLEUM

Fossil fuels are the products of geological heat and pressure acting on biomol-

ecules of prehistoric plants and animals (Figure 3.5). The energy released by Energy is a measure of
burning these fuels represents energy originally captured from sunlight ;he abilLty of a system to
O WOrK.

by prehistoric green plants during photosynthesis. Thus fossil fuels—petro-

leum, natural gas, and coal—can be thought of as forms of buried sunshine.
Most evidence indicates that fossil fuels originated

from living matter in ancient seas some 500 million

years ago. These organisms died and eventually became

covered with sediments. Pressure, heat, and microbes

converted what was once living matter into petroleum,

which became trapped in porous rocks. It is likely

that some petroleum is still being formed from sedi-

ments of dead matter. How-

ever, such a process is far too

slow to consider petroleum a

renewable resource.
To use petroleum, it must

be extracted from the ground

in the form of crude oil. A

drilling rig, as in Figure 3.6,

bores into Earth’s crust to cre-

ate a well that is used to access

the oil stored in the rock for-

mations below ground. Once
the well has been drilled. the Figure 3.5 (above) A few botanical gardens,

drilling rig is replaced with a including the Zilker Botanical Gardens shown here,

pumping station. As of 2008,
more than 363 000 oil wells
were actively pumping oil in
the United States alone. Figure 3.6 (left) Oil rig drilling platform in Texas.

have created “prehistoric gardens” containing
plants similar to those that may have been decom-
posed by microorganisms to form petroleum.




Figure 3.7 This large oil
platform is located about
150 miles southeast of

New Orleans. It is extracting
oil from 6000 feet below the

surface in the Gulf of Mexico.

The drill ship shown in the
background is working
about five miles away from
the platform.

The composition of
petroleum also varies
from place to place.

Unit 3 Petroleum: Breaking and Making Bonds

Figure 3.8 Oil from the leaking BP Deep Horizon oil rig is seen swirling
through the currents in the Gulf of Mexico in May 2010. Large-scale spills like
this one are among the risks posed by extraction of offshore oil.

Oil exploration is not limited to drilling on land. More than 25% of the
oil extracted in the United States in 2008 came from 4000 offshore oil plat-
forms, mostly in the Gulf of Mexico. Modern offshore oil platforms (see Fig-
ures 3.7 and 3.8) can operate in water up to 8000 feet deep and draw from
wells that may extend another 6000 feet below the surface of the sea floor.
Each oil platform collects crude oil from several wells, then pumps the oil to
shore via underwater pipeline or transfers it to tankers for transportation
and processing.

Like other resources, petroleum is not evenly distributed around the
world. The worldwide distributions are summarized in Figure 3.9. The
North American petroleum reserves are only about 5% of the world’s known
supply. Central Asia, the Far East, and Oceania account for 56% of the
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World petroleum
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Regions Barrels/day | Percent Barrels Percent Millions Percent
North America 25046.0 304 69.295 56 430.25 68
Central and South
America 5349.1 6.5 111211 9.0 44277 7.0
Europe 16 259.8 19.7 15.570 13 587.57 9.2
Eurasia 4040.8 49 128.146 10.4 286.10 45
Africa 28195 34 117.482 9.5 874.75 137
Middle East 5539.4 6.7 755.325 61.0 180.15 28
Asia and Oceania 233532 283 40.847 33 3565.50 56.0
Total 82 407.7 100.0 1237.876 100.0 6367.10 100.0

Figure 3.9 Distribution of the world’s petroleum reserves, population, and consumption of petroleum.

world’s population, but this region has only about 4% of the world’s petro-
leum reserves.

By contrast, approximately 66% of the world’s known crude oil reserves
are located in Middle Eastern nations. The consumption of petroleum is also
not evenly distributed around the world, as you see in Figure 3.9. In the next
activity, you will consider patterns of petroleum consumption and associ-
ated environmental impact.

Reserves are resources
that can be tapped by
available technology at
costs consistent with
current market prices.




Figure 3.10
Population and CO,
emissions per capita.
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DEVELOPING SKILLS
A.4 YOUR CARBON FOOTPRINT

The quantity of greenhouse gases emitted based upon individual activities
has been called a carbon footprint and is measured in kilograms (or some-
times tons) of carbon dioxide. This idea, which is related to the consump-
tion of petroleum, is used to connect individual choices to environmental
effects. As you will learn later in this unit, there are many recommendations
for how to measure and reduce your impact on nature’s balance by changing
your carbon footprint. Use the graph and table below, as well as what you
have already learned about petroleum, carbon dioxide, and combustion, to
answer the following questions.

1. How does carbon dioxide production serve as an indicator of the
environmental impact of burning petroleum and other fossil fuels?
(Hint: Look at the equations on page 272 for the combustion of
petroleum-derived fuels and refer back to what you learned about
carbon dioxide in Unit 2 to construct a scientific explanation.)
2. Is your personal carbon footprint likely to be larger or smaller than
that of a teenager living in each of the following countries?
a. China b. Brazil c. Australia d. Kenya
3. What evidence supports your answers to Question 27
4. Consider the variation in per capita CO, emissions for countries
around the world, as shown in Figure 3.10. How can you explain the
differences that you observe?
2005 per capita CbOz edn'mss.::ms Population
(metric tons carbon dioxide) Country (millions)
. 271 Algeria 32.56
. 3.84 Argentina 39.54
P 20.75 Australia 20.09
m 199 Brazil 186.11
P 19.51 Canada 32.39
416 China 1306.31
—— 11.21 Czech Republic 10.24
0.06 Ethiopia 73.05
[ 6.58 France 62.94
0.21 Haiti 83
m 1.09 India 1093.56
[ 10.25 Israel 6.74
I 08 Japan 127.54
—— 13.39 Kazakhstan 15.19
0.29 Kenya 34.91
383 Mexico 106.2
@ 1.07 Peru 28.05
60.57 Qatar 0.86
[ 15.35 Saudi Arabia 26.42
p— 6.11 Switzerland 7.49
——— 0.67 United Kingdom 60.44
| 20.27 United States of America 295.73
595 Venezuela 25.27
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5. What roles do population and availability of fossil fuels play in a

country’s average carbon footprint?

You have now learned what petroleum is, how we use it, and where we
find it. Petroleum is a complex mixture of hydrocarbons that must be refined
or separated into simpler mixtures to become useful. In the following inves-
tigation, you will learn about this basic separation process as you study a

mixture of two liquids.

B INVESTIGATING MATTER
A.5 SEPARATION BY DISTILLATION Figure 3.11

Preparing to Investigate

You know that you can often separate substances
by taking advantage of their different physical
properties. One physical property commonly used
to separate liquids is their density. However, den-
sity differences will work only if substances are
insoluble (do not dissolve) in each other, which is
not the case with petroleum; its components are
soluble (can dissolve) in each other. Another phys-
ical property chemists often use to separate sub-
stances is boiling point. The separation of liquid
substances according to their differing boiling
points is called distillation.

As you heat a liquid mixture containing two
components, the component with the lower boil-
ing point will vaporize first and leave the distilla-

tion flask. That component will then condense back to a liquid as it passes

A simple
distillation
apparatus.
Thermometer
/ Glass tubing
Water out
: funber Condenser
stopper
125-mL
Florence flask Cork stopper
Mixture to -
—
be distilled Distillate
— Hot plate Beaker N

~—
Water in

through a condenser—all before the second component begins to boil. See
Figure 3.11. Each condensed liquid component, called the distillate, can

thus be collected separately.

The boiling points listed

In this investigation, you will use distillation to separate a mixture of two in Table 3.2 are based
liquids. Then you will identify the two substances in the mixture by compar- on normal sea-level

ing the observed distillation temperatures with the
possible compounds listed in Table 3.2.

boiling points of several atmospheric pressure.

Possible Components of Distillation Mixture

Substance Formula Boiling Pt. (°C) Appearance with I,
2-Propanol .
(rubbing alcohol) C;H 0 82.4 Bright yellow
Acetone C;H,0 56.5 Yellow to brown
Water H,0 100.0 Colorless to light yellow
Cyclohexane CHy, 80.7 Magenta

Table 3.2
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Before you begin, read Gathering Evidence to learn what you will need to
do and note safety precautions. Gathering Evidence also provides guidance
about when you should collect and record data (see Step 8). Think about the
data and observations you will need to record and create data tables to record
your observations and measurements. Remember to include proper units for
each data column.

Gathering Evidence

(Caution: This distillation should only be completed with a hot plate or
other electric heating source. The presence of open flames near the distilla-
tion apparatus represents a fire hazard.)
1. Before you begin, put on your goggles, and wear them properly
throughout the investigation.
2. Assemble an apparatus similar to that shown in Figure 3.11 (page
277). Label two beakers Distillate 1 and Distillate 2.

3. Using a clean, dry, graduated cylinder, measure a 50-mL sample of
the distillation mixture. Pour the mixture into the distillation flask
and add a boiling chip.

4. Record your observations of the starting mixture.

5. Connect the flask to a condenser, as shown in Figure 3.11. Ensure that
the hoses are attached to the condenser and to the water supply as
shown. Position the Distillate 1 beaker at the outlet of the condenser
so that it will catch the distillate, as shown in Figure 3.12.

6. Ensure that all connections are tight and will not leak.

7. Turn on the water to the condenser, and then turn on the hot plate to
start gently heating the flask. (Caution: The substances, other than
water, are volatile and highly flammable. Be sure that no flames or
sparks are in the area.)

8. Record the temperature every minute until the first drop of distillate
enters the beaker. Then continue to record the temperature every 30
seconds. Continue to heat the flask and collect distillate until the
temperature begins to rise again. At this point, replace the Distillate 1
beaker with the Distillate 2 beaker.

9. Continue heating and recording the
temperature every 30 seconds until the
second substance just begins to distill. Record
the temperature at which the first drop of
second distillate enters the beaker. Collect 1
to 2 mL of the second distillate.

(Caution: Do not allow all of the liquid to
boil from the flask.)

Figure 3.12 This distillation apparatus is used to
separate a mixture of two liquids. The component with
the lowest boiling point vaporizes first, converts back to
a liquid in the condenser, and collects (here) in a beaker.




10. Turn off the hot plate and allow the distillation apparatus to cool.
While the apparatus is cooling, test to what extent solid iodine
dissolves in each distillate by adding a few crystals of iodine to each
beaker and stirring. Record your observations. (Caution: Iodine is
corrosive on contact. It will stain skin and clothing.)

11. Disassemble and clean the distillation apparatus and dispose of your
distillates as directed by your teacher.

12. Wash your hands thoroughly before leaving the laboratory.

Analyzing Evidence

1. Plot your data on a graph of time versus temperature. Which variable
is the independent variable? That variable should be plotted on the
x-axis. (Hint: Recall the graph that you constructed in Investigating
Matter B.8 in Unit 2 on page 194.)

2. a. Using your graph, identify the temperatures at which Distillate 1

and Distillate 2 were collected.

b. How well do the horizontal plateaus in your graph match the
temperatures at which you collected the first drops of each
distillate?

3. Combine your data with the data of other students who distilled the
same mixture. Examine the combined data, and find
a. the average temperature (mean) for each of the two plateaus you

observed.

b. the most frequently observed temperature (mode) for each of the
two plateaus you observed.

Interpreting Evidence

1. In which of the distillates did solid iodine dissolve to a greater
extent? What observational evidence leads you to that conclusion?

2. Use data in Table 3.2 (page 277) to identify each distillate sample.
Support your identification claims with evidence.

Reflecting on the Investigation

3. All laboratory teams investigating the same mixture did not observe
the same distillation temperatures. Describe some factors that may
contribute to this inconsistency.

4. What laboratory tests could you perform to decide whether the liquid
left behind in the flask is a mixture or a pure substance?

5. Of the substances listed in Table 3.2 (page 277), which two would be
most difficult to separate from each other by distillation? Why?

6. How would a graph of time versus temperature look for the
distillation of a mixture of all four substances listed in Table 3.2
(page 277)7 Sketch the predicted graph and describe its features.

SECTION A Petroleum—What Is It?

Recall that the
independent variable
is manipulated by
the investigator.

The mean and mode
are useful values for
describing “middle”
characteristics for a set
of related data.




The materials you examined
in Investigating Matter A.1
represent several of
petroleum’s fractions.

Figure 3.13 These
fractionating towers
contain many different
levels of condensers to

cool the oil vapor as it rises.

Temperatures range from
~400 °C (at the base) to
40 °C (at the top).
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A.6 PETROLEUM REFINING

In Investigating Matter A.1 (page 269), you examined a variety of compo-
nents of crude oil, while in Investigating Matter A.5 (page 277), you sepa-
rated a simple laboratory mixture using distillation. Crude oil, in its natural
state, is a mixture of many compounds. Separating such a complex mixture
requires applying distillation techniques to large-scale oil refining. The
refining process does not separate each compound in crude oil. Rather, it
produces several distinctive mixtures called fractions. This process is known
as fractional distillation. See Figure 3.13. Compounds in each fraction have
a particular range of boiling points and specific uses.

Figure 3.14 illustrates fractional distillation (fractionation) of crude oil.
First, the crude oil is heated to about 400 °C in a furnace and then pumped
into the base of a distilling column (fractionating tower), which is usually
more than 30 m (100 ft) tall. Many components of the heated crude oil vapor-
ize. The temperature of the distilling column is highest at the bottom and
decreases toward the top. Trays arranged at appropriate heights inside the
column collect the various condensed fractions.

During distillation, the vaporized molecules move upward in the distill-
ing column. The smaller, lighter molecules have the lowest boiling points
and either condense high in the column or are drawn off the top of the tower
as gases. Fractions with larger molecules have higher boiling points and are
more difficult to separate from one another and thus require more thermal
energy (heat energy) to vaporize. These larger molecules condense back to
liquid in trays lower in the column. Substances with the highest boiling
points never do vaporize. Recall from Investigating Matter A.1 (page 269)
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that petroleum components vary in viscosity. Which components would you
expect to find in the lower trays? These components are called bottoms and Although the names given
drain from the column’s base. Each arrow in Figure 3.14 indicates the name to various fractions and
£ ticular fracti d its boili int their boiling ranges may
of a particular fraction and its boiling-point range. . . vary somewhat, crude o
As you learn more about the characteristics of the fractions obtained from refining always has the
petroleum, think about how people use petroleum-based products in both same general features.

traditional and hybrid vehicles.

Less than 40 °C

« Heating and cooking fuel

+ Petrochemicals

« Starting material for plastics
and gasoline additives

1 to 4 carbon atoms

Heating fuel

« Natural gasoline useful as a motor fuel
and in industrial solvents

« Liquefied petroleum gas

« Carbon black

« Petrochemicals

40°C-200°C Kerosene

5 to 12 carbon atoms

200 °C-300 °C

« Aviation gasoline and motor gasoline
« Naphthas and solvents

« Petrochemicals

« Kerosene

* Refined oils

Light distillates
12 to 16 carbon atoms

250 °C-350 °C

Intermediate distillates
15

to 18 carbon atoms

« Gas oil

* Petrochemicals

* Heavy furnace oil
« Diesel fuel oil

Decreasing temperature
20008
D el
5

300 °C-370 °C

u—— Heavy distillates
16 to 20 carbon atoms

* Lubricating oil and grease
« Heavy oils and wax

« Cracking stock

+ Petrochemicals

Greater than 370 °C

« Lubricating oil and fuel oil
« Petroleum jelly

* Road oils and asphalt

+ Petroleum coke

Crude oil Furnace Fractionating tower More than 20 carbon atoms

Figure 3.14 Fractional distillation (fractionation) of crude oil. Asphalc

concept check 2

1. Where did petroleum’s energy originate?

2. How are the components of petroleum
a. similar to one another?
b. different from one another?

3. For a given component of petroleum, how does the number
of carbon atoms within its molecules relate to its viscosity and
boiling point?




Just as interstate
highway refers to a road
that runs between states,
intermolecular forces act
between molecules.

Examine the names

of the hydrocarbons in
Table 3.3. What do they
all have in common?

Infer means to reach a
conclusion based on
evidence and reasoning.
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A.7 EXAMINING PETROLEUM'S
MOLECULES

Petroleum’s gaseous fraction contains compounds with low boiling points
(less than 40 °C). These small hydrocarbon molecules, which contain from
one to four carbon atoms, have low boiling points because they are only
slightly attracted to each other or to other molecules in petroleum. Forces of
attraction and repulsion between molecules are called intermolecular forces.

As aresult of weak intermolecular attractive forces, these small hydrocar-
bon molecules readily separate from each other and rise through the distilla-
tion column as gases.

Petroleum’s liquid fractions—including gasoline, kerosene, and heavier
oils—consist of molecules having from 5 to about 20 carbon atoms. Mole-
cules with even more carbon atoms are found in the greasy fraction (the bot-
toms) that does not vaporize. These viscous compounds have the strongest
intermolecular attractive forces among all substances found in petroleum. It
is not surprising that they are solids at room temperature.

Now complete the following activity to learn more about physical proper-
ties of hydrocarbons.

DEVELOPING SKILLS
A.8 HYDROCARBON BOILING POINTS

Chemists often gather and analyze data about the physical and chemical
properties of substances. These data can be organized in many ways, but the
most useful techniques are those that uncover trends or patterns among the
data. The development of the periodic table is an example of this approach.
You can examine patterns among boiling points of some hydrocarbons to
make useful predictions.
Use the data found in Table 3.3 to answer these questions.
1. a. In what pattern or order are the data in Table 3.3 organized?
b. Is this a useful way to present the information? Explain.
2. Suppose that you were searching for a trend or pattern among these
boiling points.
a. Propose a more useful way to arrange these data.

b. Reorganize the data table based on your idea.

Now use your reorganized data table to answer the following questions:
3. Which substance or substances are gases at room temperature
(22 °Q)?
4. If a substance is a gas at 22 °C, what can you infer about the boiling
point of that substance?
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Table 3.3
Boiling Points of Selected Hydrocarbons

Hydrocarbon Boiling Point (°C) | Molecular Formula
Butane -0.5 CHyo
Decane 174.0 CyoHy,
Ethane -88.6 C,Hg
Heptane 98.4 C,Hy¢
Hexane 68.7 CeHy,y

Methane -161.7 CH,
Nonane 150.8 CoH,
Octane 125.7 CgHyg
Pentane 36.1 CH,,
Propane -42.1 C;Hy

5. Which substance or substances boil between 22 °C (room temperature)
and 37 °C (body temperature)?

6. What can you infer about intermolecular forces among decane
molecules compared to intermolecular forces among butane molecules?

™ MODELING MATTER
A.9 MODELING ALKANES

In this activity, you will assemble models of several simple hydrocarbons.
See Figure 3.15. Your goal is to associate the 3-D shapes of these molecules
with the names, formulas, and pictures used to represent them on paper.

Figure 3.15 Due to the extremely
small size of atoms and molecules,
people often use model kits to visualize
the 3-D geometry of hydrocarbons and
other molecular structures.




Figure 3.16 Scientists use
many types of physical and
mental models to better
understand concepts related
to atoms and molecules.

Figure 3.18 The
tetrahedral shape of a

methane molecule.
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There are several useful ways to construct models of molecules; there
are advantages and disadvantages to each method of representing mole-
cules (Figure 3.16). Two common types of molecular models are shown in
Figure 3.17. Most likely, you will use ball-and-stick models. Each ball
represents an atom, and each stick represents a pair of shared electrons (a
single covalent bond) connecting two atoms.

Figure 3.17 Three-dimensional CH, models: ball-and-stick (left) and space-filling (right).

Of course, molecules are not composed of ball-like atoms located at the
ends of stick-like bonds. Experimental evidence shows that atoms are in
contact with each other. This is more closely represented by space-filling
models. However, ball-and-stick models are still useful because they can
clearly represent the bonding and geometry of molecules.

Methane, the simplest hydrocarbon, is the first member of a series of
hydrocarbons known as alkanes. Each carbon atom in an alkane shares elec-
trons with four other atoms. You will explore alkanes in this activity.

1. Assemble a 3-D model of a methane (CH,) molecule. Note that the
angles defined by the bonds between atoms are not 90°, as you might
have expected by looking at the structural formula. If you were to
build a close-fitting box to surround a CH, molecule, the box would
be shaped like a pyramid with a triangle as its base. This 3-D shape is
called a tetrahedron.

The tetrahedral geometry that you observe results from the fact that simi-
lar electrical charges repel. The four pairs of electrons in the bonds surround-
ing the carbon atom repel each other and arrange themselves to be as far
away from one another as possible. In this spatial arrangement, they point to
the corners of a tetrahedron. The angle formed between each pair of C—H
bonds is 109.5°, a value that has been verified experimentally.

2. Convert your 3-D model into a 2-D drawing (similar to the one shown

in Figure 3.18) that conveys the tetrahedral structure of methane.
Shade the carbon atom to distinguish it from the hydrogen atoms.




3. Assemble models of a two-
carbon alkane molecule and a
three-carbon alkane molecule.
Recall that each carbon atom
in an alkane is bonded to four
other atoms.

a. How many hydrogen
atoms are in a two-carbon
alkane?

b. How many hydrogen
atoms are in a three-carbon alkane?

c. Draw a ball-and-stick model, similar to the
one shown in Figure 3.17, of the three-carbon
alkane. Shade carbon atoms to distinguish them
from hydrogen atoms.

4. Molecular formulas specify the number of each
atom type within a molecule. The molecular
formulas of the first two alkanes are CH, and C,Hj,.
Identify the molecular formula for the third alkane.

Examine your three-carbon alkane model. Note that the
middle carbon atom is attached to two hydrogen atoms,
but the carbon atom at each end is attached to three hy-
drogen atoms. This molecule can be represented as
CH,—CH,—CHj,, or CH,CH,CH,. Formulas such as these
provide convenient information about how atoms are
arranged in molecules. For many purposes, such con-
densed formulas are more useful than molecular formulas such as C;Hg.

Consider the molecular formulas of the first few alkanes: CH,, C,Hg, and
C,Hj,. Given the pattern represented by that series, predict the formula of the
four-carbon alkane.

The general molecular formula of all open-chain alkane molecules can be
written as C,H,,,,, where n is the number of carbon atoms in the molecule.
Therefore, even without assembling a model, you can predict the formula of
a five-carbon alkane: If n = 5, then 2n + 2 = 12, and the resulting formula
thus is C;H,,.

The names of the first 10 alkanes are given in Table 3.4 (page 286) and
some examples of uses of these compounds are shown in Figure 3.19 and
Figure 3.20. As you can see, each name is composed of a prefix, followed by
-ane (designating an alkane). The prefix indicates the number of carbon
atoms in the backbone carbon chain. Meth- means one carbon atom, eth-
means two, prop- means three, and but- means four. For alkanes with 5 to 10
carbon atoms, the prefix is derived from Greek—pent- for five, hex- for six,
and so on.
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Figure 3.19
Butane is a liquid
commonly used
as fuel in lighters.

Figure 3.20 Propane often
serves as an emergency energy
source during power outages.
Here, workers weigh filled
tanks to determine how much
propane they contain.

ncan be any
positive integer.
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Alkane Formulas
Total
Carbon Boiling | Molecular Condensed

Name Atoms Point (°C) | Formula Formula
Methane 1 -161.7 CH, CH,

Ethane 2 -88.6 C,H, CH,CH,
Propane 3 -42.1 C;H, CH;CH,CH,

Butane 4 -0.5 CH,, CH,CH,CH,CH,
Pentane 5 36.1 CH,, CH,CH,CH,CH,CH,

Hexane 6 68.7 CeH,, CH,CH,CH,CH,CH,CH,
Heptane 7 98.4 C,H,q CH,CH,CH,CH,CH,CH,CH;
Octane 8 125.7 [ CH,;CH,CH,CH,CH,CH,CH,CH,
Nonane 9 150.8 CH, CH;CH,CH,CH,CH,CH,CH,CH,CH,
Decane 10 174.0 C,H,, | CH;CH,CH,CH,CH,CH,CH,CH,CH,CH;

5. Disassemble your molecular models and replace all parts in their
container.

6. Write structural formulas for butane and pentane.
7. a. Name the alkanes with the following condensed formulas:
i. CH,CH,CH,CH,CH,CH,CH,
ii. GH,CH,CH,CH,CH,CH,CH,CH,CH,
b. Write molecular formulas for the two alkanes in Question 7a.
8. a. Write the formula of an alkane containing 25 carbon atoms.

b. Did you decide to write the molecular formula or the condensed
formula for this compound? Why?

9. Find the molar mass of pentane. (Hint: Remember to take subscripts
into account, as you first learned to do in Unit 1, page 95.)

10. Name the alkane molecule that has a molar mass of
a. 30g/mol. b. 58 g/mol. c. 114 g/mol.

DEVELOPING SKILLS

A.10 TRENDS IN ALKANE
BOILING POINTS

In Investigating Matter A.5, you used the technique known as distillation to
separate liquid mixtures according to the boiling points of the components.
You also learned that fractions of petroleum are separated based on
their boiling points. Why do fractions with the largest molecules have the
highest boiling points? Why are the smallest molecules found in fractions
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with the lowest boiling points? In this activity, you will explore this trend in
alkane boiling points.

Using data for the alkanes found in Table 3.4, prepare a graph of boiling
points. The x-axis scale should range from 1 to 13 carbon atoms (even though
you will initially plot data for 1 to 10 carbon atoms). The y-axis scale should
extend from —200 °C to +250 °C.

1. Label the axes appropriately and plot the data. Draw a best-fit line
through your data points according to the following guidelines:

e The line should follow the trend of your data points.

e The data points should be roughly equally distributed above and
below the line.

e The line should not extend past your data points.

Figure 3.21 shows an example of a best-fit line.

Figure 3.21 An example of
a best-fit line drawn through

several data points.
2. Estimate the average change in boiling point (in °C) when one carbon

atom and two hydrogen atoms (—CH,—) are added to a particular
alkane chain.

3. The pattern of boiling points among the first 10 alkanes allows you to
predict boiling points for other alkanes.

a. Using your graph, estimate the boiling points of undecane (C,,H,,),
dodecane (C,,H,), and tridecane (C,;H,). To do this, follow the
trend of your best-fit line by extending a dashed line from the
best-fit line you drew for the first 10 alkanes. This procedure is
called extrapolation. Then read your predicted boiling points for
C,, Cy,, and C,, alkanes on the y-axis.

b. Compare your predicted boiling points to actual values provided
by your teacher.

c. Is your extrapolated line a good model for the relationship
between number of carbon atoms in an alkane molecule and the
substance’s boiling point? Why or why not?

4. You learned that a substance’s boiling point depends in part on its
intermolecular forces, which are the attractions among its molecules.
For the alkanes you have studied, what is the relationship between
the strength of these attractions and the number of carbon atoms in
each molecule?




You will learn more about
polar molecules in Unit 4.
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concept check 3

1. In a hydrocarbon molecule, how many bonds will be formed
by a
a. carbon atom?

b. hydrogen atom?

2. a. List several ways that scientists represent molecules.

b. Identify at least one advantage and one disadvantage of
each method.

3. Describe the relationship between the number of carbon
atoms in each molecule of an alkane and intermolecular
attractive forces among those molecules.

4. What is an isomer?

A.11 INTERMOLECULAR FORCES

Throughout this section, you have considered the influence of intermolecu-
lar forces on physical properties of hydrocarbons in petroleum. Viscosity,
boiling point, and physical state are all impacted by intermolecular forces.
In fact, differences in these intermolecular forces are what make it possible
to separate petroleum into useful fractions through fractional distillation.

You already know that intermolecular forces are attractions and repul-
sions between and among molecules, but what causes these forces and
determines their strength? The simple answer is that intermolecular forces
are the result of uneven distribution of electrical charge within a molecule.
Regions of charge in one molecule can then be attracted to (or repulsed by)
regions of charge in other molecules. You may have noticed that so far we
have only considered intermolecular forces of attraction. Intermolecular
repulsions become important only when atoms and molecules are very close
together. These intermolecular repulsive forces affect how much a substance
can be compressed, but do not noticeably affect boiling points.

There are two major ways that electrical charge can become unevenly
distributed within a molecule. First, as you know, electrons are in constant
motion in electron clouds surrounding atoms and molecules. Sometimes
the electrons “gather” or “pile up” in certain regions of the molecule. Areas
of instantaneous negative charge result near the electrons, while areas of
instantaneous positive charge are created where atomic nuclei are partially
exposed. This motion of electrons and the resulting intermolecular forces
are present to some extent in all molecules.

In addition to uneven charge distribution due to electron motion, some
molecules also have permanent partial charges resulting from differences in
the ability of their atomic nuclei to attract electrons. Molecules that exhibit
permanent partial charges are known as polar molecules. Opposite partial
charges in neighboring polar molecules attract one another, resulting in
intermolecular forces between the molecules.




The trend towards stronger intermolecular forces, and thus higher boiling
points, as alkane molecules increase in size (number of carbons atoms)
can be explained by two factors. First, as the number of atoms in a molecule
increases, so also does the number of electrons in that molecule. More
electrons result in greater fluctuations in electron movement and distribu-
tion of electrical charge, giving rise to stronger intermolecular forces. Sec-
ond, larger molecules have a larger surface area along which they can inter-
act with other molecules. Thus, the increase in boiling point with number
of carbon atoms among straight-chain alkanes is consistent with evidence-
based explanations of intermolecular forces caused by electron motion.

In the following activities, you will explore shapes of different alkane
molecules and consider the influence of molecular shape on intermolecular
forces. Keep the underlying causes of intermolecular forces in mind as you
use modeling and data to further investigate the boiling points of alkanes.

" MODELING MATTER
A.12 ALKANE ISOMERS

The alkane molecules you have considered so far are straight-chain alkanes,
where each carbon atom is only linked to one or two other carbon atoms. In
alkanes with four or more carbon atoms, other arrangements of carbon atoms
are possible. In branched-chain alkanes, one carbon atom can be linked to
three or four other carbon atoms. An alkane composed of four or more car-
bon atoms can have either a straight-chain or a branched-chain structure. In
this activity, you will use ball-and-stick molecular models (see Figure 3.22)
to investigate such variations in alkane structures—variations that can lead
to different properties.

Figure 3.22 Students
working together to
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A straight-chain structure:
c—Cc—C—C-<C
A branched-chain structure:
c—C—C—-C
I
C

construct molecular models.




Table 3.5

Unit 3 Petroleum: Breaking and Making Bonds

1.

Assemble a ball-and-stick model of a molecule with the formula
C,H,,. Compare your model with those built by others. How many
different arrangements of atoms in the C,H,, molecule did your class
construct?

Molecules that have identical molecular formulas but different arrangements
of atoms are called structural isomers. By comparing models, convince your-
self that there are only two structural isomers of C,H,,. The formation of
isomers helps to explain the very large number of compounds composed of
carbon chains or rings.

2.

a. Draw a sketch of each C,H,, isomer.

b. Write a structural formula for each C,H,, isomer.

. As you might expect, alkanes containing larger numbers of carbon

atoms also have larger numbers of structural isomers. In fact, the
number of different isomers increases rapidly as the number of
carbon atoms increases. For example, chemists have identified three
pentane (G;H,,) isomers, as shown in Table 3.5. Try building these
structural isomers. How might you convince a classmate that there
exist only these three C;H,, isomers?

Pentane Isomers and Their Boiling Points

Structural Formula Boiling Point (°C)

CH,—CH,—CH,—CH,—CH, 36.1

CH,—CH—CH,—CH,

I 21.8
CH,
CH,
|
CH,—C—CH, 9.5
|
CH,

Now consider possible structural isomers of CgH,,, hexane.

a. Working with a partner, draw structural formulas for as many
different CgH,, isomers as possible. Compare your structures with
those drawn by other groups.

b. How many different C;H,, isomers were found by your class?

Build models of one or more CgH,, isomers, as assigned by your

teacher.

a. Compare the 3-D models built by your class with corresponding
structures drawn on paper.

b. Based on your careful examination of the 3-D models, how many
different C4H,, isomers are possible?
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- DEVELOPING SKILLS

A.13 BOILING POINTS OF
ALKANE ISOMERS

You have already observed that boiling points of straight-chain alkanes are
related to the number of carbon atoms in their molecules. Increased intermo-
lecular forces are associated with the greater molecule-to-molecule contact
possible for larger alkanes. Now read on to analyze how the different shapes
of alkane isomers affect boiling point.

1. Boiling points for several isomers of pentane and octane are listed in
Table 3.5 and Table 3.6. For each set of isomers, how does the boiling
point change as the extent of carbon-chain branching increases?
Based on your conclusions, assign each of these boiling points to one
of the following C,H, isomers: 98.4 °C, 92.0 °C, 79.2 °C.

a. CH,—CH,—CH,—CH,—CH,—CH,—CH,

b. CH,—CH,—CH—CH,—CH,—CH,

CH,

c. CH,
CH;—CH,—CH,—C—CH,

CH,

Table 3.6

Some Octane Isomers and Their Boiling Points

Structural Formula Boiling Point (°C)

CH,—CH,—CH,—CH,—CH,—CH,—CH,—CH, 125.7

CH,—CH,—CH,—CH,—CH,—CH—CH,
I 177
CH,

CH,

|
CH,—CH—CH,—C—CH, 99.2
| |

CH, CH,




situations vary?
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2. Here is the structural formula of a CgH, 4 isomer:
CH,
CH,—CH,—CH,—C—CH,—CH,
b,

a. Compare this isomer to each CgH, 4 isomer listed in Table 3.6
(page 291). Predict whether this isomer has a higher or lower
boiling point than each of the other listed CgH,, isomers.

b. Would the C;H,; isomer shown here have a higher or lower
boiling point than each of the three C;H,, isomers depicted in
Table 3.5 (page 290)? Why?

3. How do you explain the boiling point trends that you investigated
in this activity? Use pictures and words to support your claim.

CHEMQUANDARY

FUELS AND CLIMATE

Different parts of the United States experience very different climates.
Automobile fuel used in Maine during its cold winter months differs from
fuel used, say, in Arizona during hot summer months (Figure 3.23).

e Why do differing climates require different automobile fuels?
What practical reasons are there (in terms of transport, storage,
and transfer of fuel) for tailoring fuel to a specific climate?

e What aspects of the components of fuel used in a Maine winter
would differ from the components of fuel used during a
summer in Arizona? (Hint: Think in terms of molecular
structure.)

Figure 3.23 How would the
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being pumped in these two

A.14 WHO HAS THE OIL?

This unit opened with an advertisement for a plug-in hybrid automobile. In
the past few years, hybrids and other alternative-fuel vehicles have become
more common in the United States. Why do you think this is? Did you note
that oil or petroleum has become more expensive or that the U.S. has limited
supplies of petroleum? These answers highlight issues involved in dealing
with resource distribution across the global community.

Like many other chemical resources, Earth’s petroleum is unevenly dis-
tributed. Large amounts are concentrated in small areas. In addition, nations
with large reserves do not necessarily consume large amounts of the resource.
Regions with a high demand for petroleum may be far away from regions




with high petroleum reserves. As a result, nations often make exporting and
importing arrangements, known as trade agreements. Figure 3.9 (page 275)
shows worldwide distribution of petroleum reserves, along with regional
distribution of the world's population, and regional shares of petroleum con-
sumption. Use Figure 3.9 to help you think about and answer the following
questions:

1. Look at identified regional petroleum reserves.
a. Which region has the most petroleum reserves relative to its
population?
b. Which region has the least petroleum reserves relative to its
population?
2. Consider the consumption of petroleum in each region.

a. Which regions consume a greater percent of the world's supply of
petroleum than they possess?

b. Which regions consume a smaller percent of the world's supply of
petroleum than they possess?

c. Given your answers to Questions 2a and 2b,
i. Which regions are likely to export petroleum?
ii. Which regions are likely to import petroleum?

3. List several pairs of regions that might make petroleum trade
agreements with each other.

4. Not all possible trade agreements are actually made. What factors
might prevent trade relationships between regions?

5. What current or recent world conflicts involve disagreements over or
attempts to secure control of oil reserves?

6. What two regions are the largest petroleum consumers?

7. Why do these two regions consume such large quantities of
petroleum?

8. Some countries and regions have large populations, but relatively
low petroleum consumption. As these areas strive to improve their
standard of living, how could each of the following be impacted?

. Petroleum demand
. Petroleum prices
. Trade agreements involving regions with significant reserves

. Conlflict over oil

O A 0 o P

. Carbon dioxide emissions

f. Need for alternative-fuel technologies

Thus far, we have recognized how greatly we depend on petroleum. Soci-
ety’s increasing reliance on this nonrenewable, limited resource must be
analyzed carefully. However, before we can address such issues, we need a
better understanding of petroleum itself. What features make petroleum so
valuable for both “building and burning”? How is this related to choices
about alternative-fuel vehicles? In Section B, you will learn how chemical
bonding helps explain the use of petroleum as a raw material for the manu-
facture of many useful products.

SECTION A Petroleum—What Is 1t?
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SECTIONA SUMMARY

Reviewing the Concepts

Petroleum (crude oil), a nonrenewable
resource that must be refined prior to
use, consists of a complex mixture of

hydrocarbon molecules.

Liquid substances can often be separated
according to their differing boiling points
in a process called distillation.

9. Under what conditions could density be

1. What is a hydrocarbon? used to separate two different liquids?

2. What does it mean to refine a natural 10. Refer to Table 3.2 (page 277). Which
resource? possible mixture of two listed substances

3. What characteristics of petroleum make it a would be the easiest to separate by
valuable resource? distillation? Explain your reasoning.

4. What is the likelihood of discovering a pure 11. Sketch the basic setup for a laboratory
form of petroleum that can be used directly distillation. Label the key features of your
as it is pumped from the ground? Explain sketch.
your answer. 12. Referring to Table 3.2 (page 277), sketch a

5. What is meant by saying that oil is crude? graph of the distillation of a mixture of

acetone and water. Label its key features.
Petroleum is a source of fuels that provide ) o .
thermal energy. It is also a source of raw Fractional distillation of crude oil
materials for the manufacture of many produces several distinctive and usable
familiar and useful products. mixtures (fractions). Each fraction
contains molecules of similar sizes,

6. On average, the United States uses boiling points, and intermolecular forces.

~20 million barrels of petroleum daily:
. 13. How does fractional distillation differ from
a. What is the average number of barrels imole distillation?
of petroleum used daily in the United asimple distl E} 1011: )
States for building (nonfuel) purposes? 14. Petroleum fractions include light,
intermediate, and heavy distillates and
b. How many barrels of petroleum, on X X .
R residues. List three useful products derived
average, are burned as fuel daily in the R
United States? from each of these three fractions.
7. Name several fuels obtained from crude 15. Where in a distillation tower—top, mlc}dle,
or bottom—would you expect the fraction
petroleum. . . s .
with the highest boiling point range to be
8. a. List f?ur household items made from removed? Why?
etroleum.
P 16. After fractional distillation, each fraction is

b. What materials could be substituted for
each of these four items if petroleum
were not available to make them?

still a mixture. Suggest a way to further
separate the components of each fraction.




17.

18.

19.

20.

21.

22.

23.

Alkane molecules, hydrocarbons linked by
single covalent bonds, are represented
by the general formula C.H,,,,.

Use the general molecular formula to write
the molecular formula for an alkane
containing

a. 9 carbons. ¢. 16 carbons.
b. 10 carbons. d. 18 carbons.

Calculate the molar mass of each alkane
listed in Question 17.

Name and give the molecular formula for
the alkane with a molar mass of

a. 44 g/mol.
b. 72 g/mol.

Isomers are molecules with identical
molecular formulas, but different
arrangements of atoms. Each isomer
is a distinct substance with its own
characteristic properties.

Are the following three molecules isomers
of one another? Explain your answer.

CH, CH, CH,
I I I
CH,—CH,—CH, CH,

I

CH, —CH,—CH,

CH,—CH,—CH,—CH,—CH,
Draw structural formulas for at least three
structural isomers of CgH,,.

What is the shortest-chain alkane that can
demonstrate isomerism?

An unbranched hydrocarbon molecule can
be represented as a linear chain or as a
zigzag chain. Explain in what way both
representations are correct.

SECTION A Section Summary

The structures of hydrocarbons affect their
intermolecular attractions and, thus, their
boiling points.

24. Rank the following straight-chain

hydrocarbons from lowest boiling point
to highest: hexane (CgH,,), methane (CH,),
pentane (C;H,,), and octane (CzH, ).
Explain your rankings in terms of
intermolecular forces.

25. Consider hexane isomers.

a. Draw two hexane structural isomers, one
a straight-chain molecule and the other a
branched-chain molecule.

b. Which of the two isomers you drew
would have the lower boiling point?
Explain your choice.

26. Which molecule in each of the following

pairs of hydrocarbon molecules would have
the lower boiling point? In each case,
describe your reasoning.
a. a short, straight chain or a long,
straight chain
b. a short, branched chain or a long,
branched chain

c. a short, branched chain or a long,
straight chain




How can the physical
properties of petroleum be
explained by its molecules
and their interactions?

In this section, you have learned
about petroleum, an important
natural resource. You have explored
its composition and physical
properties and considered the
interactions among its molecules.
Think about what you have learned,
then answer the question in your
own words in organized paragraphs.
Your answer should demonstrate
your understanding of the key ideas
in this section.

Be sure to consider the following in
your response: intermolecular forces,
boiling points, viscosity, isomers,
and fractions.

Connecting the Concepts

27. Why is petroleum considered a non-
renewable resource?

28. Using a Venn diagram, distinguish fractional
distillation from simple distillation.

29. Simple distillation is never sufficient to
separate two liquids completely. Explain.

30. In a fractionating tower, petroleum is
generally heated to 400 °C. What would
happen if it were heated to only 300 °C?

31. The molar masses of methane (16 g/mol)
and water (18 g/mol) are similar. At room
temperature, methane is a gas and water is a
liquid. Explain this difference in terms of
intermolecular forces.

32. Which mixture would be easier to separate
by distillation—a mixture of pentane and
straight-chain octane or a mixture of
pentane and a branched-chain octane
isomer? Explain the reasoning behind your
choice.
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33.

34.

The traditional unit of volume for petroleum
is the barrel, which contains 42 gallons.
Assume that those 42 gallons provide

21 gallons of gasoline. How many barrels

of petroleum does it take to operate an
automobile for one year, assuming the
vehicle travels 10 000 miles and gets

27 miles per gallon of gasoline?

Explain why thermal energy is added at one

point and removed at another point in the
process of distillation.

Extending the Concepts

35.

36.

37.

38.

39.

40.

41.

Is it likely that the composition of crude oil
found in Texas is the same as that of crude
oil found in Kuwait? Explain your answer.
Gasoline’s composition is varied by oil
companies for use in different parts of the
nation and for use in different seasons.
What factors help determine the
composition of gasoline blended for
different seasons?

What kind of petroleum trade relationship
would be expected between North America
and the 