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Science, Systems, Matter, and Energy
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Key Concepts

What is science?

How and why do we model complex systems?
What are matter and energy?

— Different forms of matter and energy

— Physical, chemical, or nuclear changes

— Laws of conservation of matter and
thermodynamics

How do these principles relate to
environmental issues?
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The Nature of Science

Scientific method

Reliability of results
depends on

— Skepticism

— Reproducibility

— Peer review

Scientific theory

Scientific/natural law
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Notes on the Scientific Method

Scientific method relates cause and effect
through systematic reasoning.

Science 1s based on pure reason and
therefore theoretically transcends culture,
language, etc.

“Proof™ 1s a term reserved for
mathematics: science provides “evidence”
that supports or refutes a hypothesis.
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Scientific Reasoning

Generalized
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How Valid Are Scientific Results?

Proof vs. overwhelming evidence
Frontier vs. consensus science
— Tentative proposal vs. supported and peer-reviewed

Distinguishing junk science from true science
— Reliability and objectivity of sources

— Verification by peers and experts

— Logically consistent conclusions
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Models and Behaviour of Systems

Inputs Throughputs Outputs
(to environment)

(from environment) (rates of flow)

Human Body
(Inputs may be
stored for different
lengths of time.)

Information
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Positive Feedback

J

Account Balance Interest Rate Monthly Interest
Payment
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Negative Feedback

Thermostat Turns
Furnace ON

Inside Temperature Inside Temperature
Rises Above Drops Below
20°C 20°C

Thermostat Turns
Furnace OFF
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Factors Affecting Complex Systems

Time delays
— Measuring effects of inputs challenging
— Tipping point:

* Minimal changes until past a threshold

Synergy

— Combined effects > Sum of separate interactions
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How Can We Anticipate
Environmental Surprises?

Human Intentions
Activities

Population growth More food

Land clearing Better nutrition
Agriculture Pest control
Pesticides Nutrient-rich soils.
Fertilizers More seafood
Irrigation More water
Fishing Flood control

Dams and water Shelter

transfers.

Culture
Cities

Education
Industrialization

Mobility
Mineral extraction

Consumer goods
Fuel consumption

Better health
Antibiotics

Dedline of infectious

diseases

Longer life
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What Are Nature’s Building Blocks?

Matter has mass and takes up space.

Elements ——— compounds

Atoms —— molecules
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Seeing Atoms
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What Are Atoms Made Of?

Atoms are made of elementary particles,
including:
Protons and neutrons - Both found in
the nucleus
Electrons - Found orbiting the nucleus

Atoms have atomic number (# of
protons) and mass number (# of protons +
# of neutrons)
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Isotopes

Hydrogen (H)

On 1n
1o le 1p le .1e

Mass number=0+1=1 Mass number =1+ 1=2 Mass number =2 + 1=3
Hydrogen-1 Hydrogen-2 Hydrogen-3
(99.98%) or deuterium (D) or tritium (T)
(0.015%) (trace)
Uranium (U)

146n
@ 92e 92e

Mass number = 143 + 92 =235  Mass number = 146 + 92 = 238

Uranium-235 Uranium-238
(0.7%) (99.3%)
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lons and Concentration

Ions
— Atoms that have lost or gained electron(s)
— Positive (+) or negative (—)

Concentration
— Amount of a substance (or ion) in a volume
of air or water
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The pH Scale

Acidity or basicity = concentration of H" ions
pH units = 10 x [H']

S
s g
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109 107" 102 102 10* 10° 10 107 10® 109 1070 107 1012 1073 107 N
Concentration of
H* fons
pH Scal
0 1 2 3 4 5 6 7 8 9 4 2 13
Acidic Neutral Basi

Source: From STARR. Biology, 4E. © 2000 Brooks/Cole, a part of Cengage Learning, Inc.
Reproduced by permission. www.cengage.com/permissions
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Compounds

Atoms are joined together to make
compounds.

Atoms in compounds are held together by
(essentially) two kinds of forces:

Ionic (based on charge, 1.e., NaCl)

Covalent (based on sharing of
electrons in a bond, 1.e., H20)
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Types of Compounds

Organic Inorganic

Primarily built from carbon No C-C or C-H bonds

Hydrocarbons Salts

Chlorinated hydrocarbons Water

Simple carbohydrates Nitrous oxide (N,0)

Biopolymers or Sulfur dioxide (SO,)

macromolecules o

— Complex carbohydrates Carbon dioxide (CO,)

— Proteins Ammonia (NH;)

— DNA
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DNA and Genes

nbocl contaitstrlions
o el cach with an ldent
setof genes.

da

wcleus inside each
human cel (except red blood clls),

Each cell nudleus has an identical
set of chromosomes, which are
found i pairs.

a A Svetf pair of chromosomes
t 1s one chromosome from
gy s

i
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What Are Four States of Matter?

States of matter describe the arrangement and
energy of molecules or atoms.

Most orderly and compact
Lowest energy

Least orderly or compact
Highest energy
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What Is Matter Quality?

How useful 1s this form of matter as a
resource?

~ Availability

— Concentration

Material efficiency
— Or resource productivity

— Total amount of material needed to produce each
unit of goods and services
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What Is Energy?

The capacity to do work and transfer heat
Comes in two major forms:

Kinetic energy, possessed by matter and
shown in mass and speed

Potential energy, stored in a system for
later use

Energy can be converted between these
two forms.
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What Is Electromagnetic Radiation?

Oscillating waves of electric and
magnetic fields carry energy.

High eneray, short Low energy, long
wavelength wavelength
MV Y VN

z

53

lonizing radiation |
Visible

Near
ltraviolet 1=
tl waves
waves
o012 10 107 _.--16
in metres T

i
Wavelength 10714 1 AR 102 107 1

lear
infrared Mi
aves
05 102

(not to scale)
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Solar Capital

Energy emitted from sun (kcal/cm%min)

Infrared
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What Is Heat?

Heat is the kinetic energy of atoms
moving within a substance.

(a) (b)
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Longer arrows mean higher average speed.

Copyright © 2017 by Nelson Education Ltd.

27
How Is Heat Transferred™
Heat: Total kinetic energy of the molecules and atoms in a
substance
Temperature: Average speed of the molecules in a substance
Convection Conduction Radiation
—
§ ] TOTTRR ¢ | T U T
o L
| AV
o
| °. ol
— — m— — - —
Heating water in the bottom of a pan Heat from a stove burner causes As the water boils, heat from the hot
causes some of the water to vaporize atoms or molecules in the pan’s stove burner and pan radiate into the
into bubbles. Because they are bottom to vibrate faster. The vibrating surrounding air, even though air
lighter than the surrounding water, atoms or molecules then collide with conducts very little heat.
they rise. Water then sinks from the nearby atoms or molecules, causing
top to replace the rising bubbles. This them to vibrate faster. Eventually,
up and down movement (convection) molecules or atoms in the pan’s
eventually heats all of the water handle are vibrating so fast it
becomes too hot to touch
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Edible water bottles

Why study chemistry in environmental science?

What Is Energy Quality?

Measures the ability of energy to do useful work

tive Energy Qu:
(usefulness)
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Physical vs. Chemical Change

Conservation of Matter: Matter cannot be
destroyed or created; it can only change forms!
Physical

— Same chemical compound

— Same types of bonds

— Different spatial arrangement or form

Chemical

— Different chemical compounds
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Chemical Reactions

Reactant(s) R Product(s)

Carbon + Oxygen —>» Carbon dioxide + Energy

C + 0, —>» Co, + Energy
e
G + —>» 0 0 ) + Energy
o
Black solid ~ Colourless gas Colourless gas
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Balancing Chemical Equations

Must satisfy the law of conservation of matter

H,0 - H, - 0,
2 H atoms 2 H atoms 2 O atoms unbalanced
1O atom

2 HZO — H2 + O2
4 H atoms 2 H atoms 2 Oatoms unbalanced
2 O atom
2H,0 - 2H, + 0,
4 H atoms 4 H atoms 2 O atoms balanced
2 O atom
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How Harmful Are Pollutants?

Severity of harm depends on
— Chemical nature of pollutant
— Concentration (ppm vs. ppb)

— Persistence
* Degradable and biodegradable
* Persistent or slowly degradable
* Nondegradable
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What Is Natural Radioactivity?

Alpha particle

Radioactive isoto (helium-4 nucleus)

"
)
)

D \ NN\ \U>Gamma rays

O Beta particle (electron)

Spontaneous regular emission of particles or energy
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Radioactive Half-Life
The amount of time s
needed for half of the 5
nuclei in a sample to ¢
decay B
% 12 H
5
g 1/4 A
% 1st 2nd 3rd
E 1/8 half-life half-life half-life
I S
0 T T T
24 000 48 000 72 000
Time (years)
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What Is Nuclear Fission?

Splitting heavy nuclei
Use neutrons to start fission

Fission fragment

Uranium-235 Co
nucleus Unstable
nucleus

Fission fragment
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Fission: Chain Reaction

Critical mass

235
2 U
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What Is Nuclear Fusion?

Forcing light nuclei to combine to form a heavier nucleus

p,p:;.en et
j Jj) — Energy
e
deuterium ucle %‘) — Tk
“ 9
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The First Law of Thermodynamics

Energy can change form but cannot be created
or destroyed.

You cannot get something from nothing.
This 1s a law that cannot be broken.
Sometimes called the law of enthalpy
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The Second Law of Thermodynamics

As energy is transformed, some is always
lost as lower quality energy (heat).

You cannot even break even.
Sometimes called the law of entropy

Examples:
— Gasoline-powered vehicles
— Incandescent lightbulbs
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The Second Law in Natural Systems

Chemical Chemical e
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Matter and Energy Laws and the Environment:
What Is a High-Throughput Economy?

High waste
High input of matter + high-quality energy
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Matter and Energy Laws and the Environment:
What Is a High-Throughput Economy?

Input Throughput Output

Large

Large
amo?mts amounts of
of heat energy
new energy eni?:py

Unsustainable
high-waste

economy et

amounts of
pollution,

garbage, and
entropy

Large

amounts
of
new matter
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Matter and Energy Laws and the Environment:
What Is a Low-Throughput Economy?

Matter recycling and reuse

Reduce overall energy throughput
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Matter and Energy Laws and the Environment:
What Is a Low-Throughput Economy?

Input Throughput Output
“efficiency” "using waste heat”

Small
Small amounts VIS G
2 heat energy
new energy "
Sustainable entropy

low-waste
“reduce” economy Small

Small amounts amounts of
of pollution,

new matter garbage, and
entropy

“recycle” "compost”

Matter being
cycled
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Conclusion

Understanding science is essential to
understanding environmental systems.

Matter and energy make up our world.

The interchange of these is governed by
chemical/physical laws.
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