














Common Examples of Phase Changes

EVAPORATION (Liquid --- > Gas)
- Feeling cool after getting out of a pool on a windy day
- Water level dropping in the fish tank at home

- The tea kettle whistling (rapid evaporation throughout the
liquid)

CONDENSATION (Gas --- > Liquid)

- Dew forming on a car windshield
- Fogging the mirror after a hot shower
- Seeing your breath on a cold morning

FREEZING (Liquid --- > Solid)
- Ice forming
- Lava from a volcano turning to rock

MELTING (Solid --- > Liquid)
- Snow disappearing on a warm day
- Heating butter or margarine to fry an egg

CONDENSATION (DEPOSITION) (Gas --- > Solid)
- Frost forming on a car windshield

SUBLIMATION (Solid --- > Gas)

- Dry ice disappearing
- Frozen clothes drying outside on winter day
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Misconceptions

Boiling water continues to increase in temperature as heat is added.

It is not difficult to understand why someone would think that temperature goes up
continuously as heat is being applied. But the heat that is being added to water that is
already boiling is being used to overcome the intermolecular forces of the liquid and
separate molecules into the gaseous state. The amount of heat necessary to change 1
gram of water to 1 gram of steam is 540 calories (heat of vaporization), while it only
takes 1 calorie to raise 1 gram of liquid water 1° centigrade (specific heat).

It is also true that a glass of water with ice in it will remain at the freezing point of H,O,
0°C, until all the ice is melted, even if it is placed in the sun. Here again, heat energy that
is added is used to change the solid to liquid, not to raise the temperature. It takes 80
calories to change 1 gram of ice at 0°C to 1 gram of water at 0°C (heat of fusion).

When students are asked to represent the three states of matter using dots to represent
particles, some of their misconceptions come to light. A common error is that they leave
huge spaces between liquid particles, and fail to put the crystalline solid particles in any
sort of arrangement. They will also show gas particles close together or all clustered
either at the top or bottom of the container instead of dispersed throughout the container.
Some will draw squiggly lines for gases and liquids that betrays their lack of
“commitment” to the idea that these phases of matter are actually made of individual

“Water undergoes a chemical change when it is boiled.” When students are asked to
identify the “gas” coming from a boiling beaker of water, many of them say “hydrogen”
and “oxygen.” They evidently know that water consists of H2O, but erroneously
interpret the apparently violent process of boiling as ripping the water molecules apart.
Testing the vapors of steam using a glowing splint (it relights in oxygen) and a burning
splint (it makes a popping sound in hydrogen) will disprove this view.

Some students identify the bubbles in boiling water as “air” rather than gaseous water
(during boiling water undergoes rapid evaporation below the surface). An approach to

counter this error is to ask students how all that air got into the water in the first place.

Warm-Up Exercises

What are some observations you can make about solid ice, liquid water and steam. If you
have bionic eyes to see inside, what would you see? Draw pictures of each using little
circles to represent the particles.

Explain the following terms: Give many examples of each. How can you prove that they
are all physical changes?

Evaporation
Condensation
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Boiling
Melting
Freezing

What is the difference between melted sugar and hot sugar/water solution? How are
they the same?

Is there such a thing as gaseous iron? What might it look like?
Why is it correct to say that lava freezes when it comes out of a volcano?

Have each member of the class represent a particle — atoms, ions, or molecules. Start out
by having them arrange themselves to represent a solid. Then add heat. They should
vibrate more rapidly and then move from place to place as they “liquefy” — but remain
shoulder to shoulder. Add more heat. As “gases” the particles will be moving and
vibrating but will now be far apart.
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Gases

Whenever we discuss gases, we have to keep in mind that gas molecules are separated by
large amounts of empty space. Because of all the space between them, gases can be squeezed or
compressed. For the same reason, since gaseous molecules are moving freely through space,
gases can expand. Expansion and compression of gases change only the amount of empty space
between the molecules. An “empty” room is not empty. It contains invisible molecules of gases,
such as oxygen, O,, carbon dioxide, CO,, water, H,O, and others. But the empty space between
gas particles is true emptiness since there is “nothing” between them.

Particles of gases are moving through space in rapid, random, straight line paths. They
possess kinetic energy (energy an object possesses as a result of its motion). As the temperature
is raised the particles move faster, so temperature is directly proportional to the kinetic energy of
the gas.

When describing the physical behavior of gases we must consider physical conditions
such as volume, pressure, temperature and how many gas particles we have. Since these
conditions can be altered, they are referred to as variables.

Volume, V, is the space occupied by a given gas. Units for volume are liters, L,
milliliters, mL, and cubic centimeter, cm’. Since a gas completely fills its container, the volume
of a gas is equal to the volume of the container that holds it. Remember:

1L = 1000 mL ImL = lem’
Pressure, P, is force per unit area. As the gas .
molecules move freely and chaotically through the el
space in the container, they collide with the walls of ~ mercury |

column

the container thus exerting PRESSURE on them.
Pressure is expressed in many different units. The Bressuresdias
ones most frequently used are atmosphere, atm; to mercury
millimeters mercury, mmHg, and/or torr. The =l
instrument used to measure atmospheric pressure is

the barometer (invented by Torricelli). You will hear

the “pressure” described in weather reports in units of

inches. It is just the English system standard for

length — and can be converted to mm Hg. Ah =760 mmHg

Atmospheric
pressure, Pam

latm = 760 mmHg =76 cmHg = 14.7 psi
I mmHg =1 torr

)Z Dish filled
— with mercury
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Temperature, T, measures degree of “hotness.” The two temperature scales used when
dealing with gases are degrees Celsius, °C, and the Kelvin scale, K. In calculations involving
temperature, the Kelvin scale must be used, as 0 kelvins means no Kinetic energy, whereas 0°C is
not a true zero value (since you can have negative temperature in this scale).

0°C = 32°F =273K
100°C = 212°F= 373K
K= 273 +°C

Number of Moles, n, refers to how many gas particles are present. One mole of a gas
equals its molar mass in grams. If you had 2 grams of hydrogen which is one mole, it contains
6.02 x 10* hydrogen molecules.

# moles = grams
molar mass

The Gas Laws (Boyle’s, Charles’, Guy-Lussac’s, Avogardro’s Principle, Ideal Gas Law,
Combined Law) are expressions of the relationships among the gas variables.

Gas Laws
Boyles’ Law — P/V Relationship

Consider an “empty” syringe or a syringe containing air. When you apply pressure (P is
increased) the piston moves down and the volume decreases. When you release or decrease
pressure the piston moves up and the volume increases. Pressure and volume are indirectly
proportional, as one gets larger, the other gets smaller. This same relationship allows gases to be
compressed in steel tanks for diving and resuscitation. This relationship between pressure, P,
and volume, V, at a given temperature with a given amount of gas (T and n are constant) was
investigated and mathematically interpreted by Robert Boyle in the 1600’s. Consequently, it is
referred to as Boyle’s Law.

Piston
Pressura
Mathematically expressed this relationship is Boyle’s gauge
Law: = ' I
3
P = constant x\l/ or PV = constant -9 =
e - >
PV = P,V, = P3V; = ... = P,V, =constant & L
Volume = 1 liter Volume = 172 Mear
Prazsume = 1 aim Pressure = 2 aim

56



Breathing, the action of your lungs, is an example of Boyle’s Law.

| - Rib cage gets - I
Rib i f
cage Air smaller as Air
axpands as inhaled exhaled

rib muscles
relax

rib muscles
contract

INHALATION
Diaphragm contracts
(moves down)

EXHALATION
Diaphragm relaxes
(moves up)

B
http://kvhs.nbed.nb.ca/gallant/biology/negative_pressure_breathing.html
air flows into lungs air flows out of lungs

In the first figure above, the diaphragm is relaxed, V of lungs is increased, and pressure
inside lungs falls below the pressure of the atmosphere. Since air will flow from an area of high
pressure to an area of lower pressure, air rushes into the lungs. You inhale.

In the second figure, the diaphragm contracts decreasing volume of the lungs; the
pressure goes up above atmosphere pressure. Air rushes out. You exhale.

Charles’ Law — Temperature/VVolume Relationship

We know that a balloon filled with gas exposed to heat (sun) will expand. The higher the
temperature, the greater the volume, (provided that the outside pressure remains unchanged and
that we deal with the same amount of gas of same number of gas molecules). If the same balloon
is placed in the refrigerator, it will shrink. The volume of a gas is directly proportional to the
Kelvin temperature, as one gets larger, the other also gets larger. Charles’ Law is the
mathematical expression that relates volume to temperature.

V = constant x T or V = constant
T

(Note that the temperature must be expressed in K.)

T, =V, (P =constant, number of gas molecules = constant)
T, Vi
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An example of the temperature/volume relationship is the rising of cake batter.

initial batter with gas expands énd batter rises
trapped bubbles of gas
(mainly CO; from baking powder)

How could we explain this? Think microscopically! As the heat is applied to the gas, the
gas molecules will gain energy and move much more rapidly. This rapid movement of
molecules will result in more collisions of molecules with the walls of the balloon. These walls,
being elastic, will expand resulting in greater volume.

If, however, the gas was trapped in a container made of glass or any other inflexible
material, all volume will remain constant, but with increased temperature, the gas molecules will
hit the walls more frequently resulting in higher pressure. The relationship between pressure and
temperature if volume and number of moles are constant is expressed by Gay Lussac’s Law.
(P/T = constant)

Gay-Lussac’s Law — Pressure/Temperature Relationship

Pressure and temperature are directly proportional and this relationship is mathematically
expressed in Gay-Lussac’s Law as:

=k

— I

T, =P, (V =constant, no. of gas molecules is constant)
T, Py

This temperature/pressure relationship is observed in the automobile tires.

Why do automobile tires look flat on a cold winter morning?
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As temperature rises during the day or while driving, the pressure goes up and the tires no
longer look flat.
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The same relationship explains the operation of aerosol cans.
An “empty” aerosol can (deodorants, spray paint cans) is considered empty because it no

longer delivers the contents. Actually the gas propellant pressure is equal to atmospheric
pressure so no molecules flow from the can.

Ppropellant = Patmosphere

If the can is placed into a fire, the pressure in the can increases. The can eventually explodes
because the pressure inside exceeds the strength of the soldered seam.

Aerosol Cans

—NCTUATOR n & ACTUATOR

N WALYE
= S_pEriee | AT PROPELLANT
VARTAR WAPQLUR
mq C.‘\.N_:-"
PROOUCT FRODUCT
— = AMD DIFTUBE LEN._,?D
mﬂ'l‘ PROPELLANT
Push top down Bend nozzle
Propellant is propane Propellant is N,O (laughing gas)
Can must be held upright to work Can must be held upside down to work
Spray paint or deodorant Whipped cream
Ppropane > Patm PN20 > Patm

In both cans Pipgide > Poutside> S0 gas will flow out of cans trying to equalize pressure; as the
liquid is pushed from the can, the volume of gas increases and pressure drops (V1, P)).
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“BALLOONS”

Wpﬁ. AN X@

\(‘

In 1980, in the early hours of a late October
morning, in Denver,
Julian Nott and his hot air balloon, “Innovation,”
began the record-breaking attempt at balloon
elevation. The world’s top balloonists are now
turning their attention to the circumnavigation of the
earth.

In June, two Soviet spacecraft, Vega 1 and Vega 2,
bound for a 1986 rendezvous with Halley’s comet,
released two helium balloons into Venus’ cloudy and
mysterious atmosphere. The balloons, each ten feet in
diameter, floated 33 miles above the planet’s dark
side for nearly two days before they drifted around to
its sunny side and expired. In their short life span
they sent signals to earth about Venus’ weather. And
while the balloons drifted above the planet, two
Landers, also dropped by the Soviet spacecraft,
probed its surface. Although the Landers transmitted
for only about 20 minutes each, they were able to
gather and analyze samples of the basaltic soil in that
time.

Discover, August 1985

We all know that balloons filled with helium or hot air when released will rise in the air.
We explained why balloons expand in a hot car and shrink in the winter outside. Why do hot
balloons and helium balloons go up in the air? This is due to the density of gases and the effect
of temperature on the density.

The density of a substance is an interesting physical property:
D= mass =m
volume \Y

For a gaseous substance, the gas density is related to physical conditions such as pressure,
temperature and molecular weight. It can be found by the following equation:

D= __PMM)
RT
Where P is pressure in atmospheres, T is Kelvin temperature, R is a constant
(0.0821 L atm/mol’K) and MM is the molar mass of the gas. If you study the gas density
equation you can explain some interesting facts about ballooning (keeping in mind that less
dense things float on top of more dense things).
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Hot Air Balloons

*As T increases, D decreases
Gases are less dense at high temperatures:
*D notair < D cold air
A hot air balloon will rise because of the

above relationship. You can demonstrate this by
holding a plastic bag over a hair dryer.

*As MM increases, D increases

Helium Balloons

Consider the following gases: Helium MM = 4 g/mole
Air MM = 29 g/mole
Propane MM = 44 g/mole

Helium has a lower molar mass than air hence a helium balloon will rise if released into the
atmosphere. That’s why you need to hold on tight to those mylar helium party balloons!
Weather balloons are helium balloons and are baggy at ground level. When released into the
atmosphere, they expand (P| so V1) due to the pressure decrease as altitude increases. Propane
1s denser than air, hence it sinks, and can be hazardous when used in households because it
accumulates on the floor (can be ignited by refrigerator motors!).

Graham’s Law of Effusion

If a skunk came into a large room and released its smell, we would have to evacuate the
room. If a person drops ammonia, NHj bottle at the entrance to a large area even people on the
other end will start crying. When a truck overturns and spills hydrochloric acid, HCI, the
hydrogen chloride gas spreads and the neighborhood must be evacuated. In these examples, the
gas molecules spread through the air moving through the space between the gaseous molecules,
i.e., they DIFFUSED through the air. There is no barrier to their motion. The rate at which
different gases diffuse depends on their molecular weight. The mathematical expression of this
relationship is GRAHAM’S LAW. The lower the molecular weight of a gas, the faster it
diffuses. (In actuality, the law describes gases that move through a small hole in a barrier. This
process is called EFFUSION. However, the variables behave the same way).
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Consider the person standing in the middle of a room. The following gases are
simultaneously released at each end of the room:

Tear Gas
C6H110Br
MM = 179 g/mole

Laughing gas
N,O
MM = 44 g/mole

Is our person going to cry or laugh first? Well, which gas diffuses faster?
Shee will laugh first, because nitrous oxide, N,O, has a lower molar mass and diffuses
faster than tear gas. The relationship between molar mass and the velocity shows that the square

root of the molar mass of a gas is indirectly proportional to the velocity.

Mathematically expressed this is:

=
==

Va, Ve = velocities or speed of molecules A and B respectively

<1<

MM,
or
d _ [MM . .
g = MM da, dg = distance that the molecules A and B respectively covered
‘A

More Gas Laws...

The laws we have looked at so far generally have only two variables, but in real
situations it is common for three variables or more to change. To accommodate that there are
two more gas laws to discuss.

The combined gas law is used when pressure, volume, and temperature change. The
form is:

RV _ PV,

= = where 1 = one set of conditions and 2 = a second set
1 2

The other law is the Ideal Gas Law used when there are several variables but only one set
of each. The Ideal Gas Law is:

L atm

PV = nRT where R = gas constant (0.0821
mol K

—)
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Misconceptions

1.

Gases are not matter because they don’t weigh anything. Changing something
into a gas is a destruction of matter because you can’t see it anymore. Gases, of
course, do have mass. This can be demonstrated by weighing an evacuated
container and then weighing it again when it is filled with air. Or it may be easier
to weigh a bic lighter, release some of the butane gas; then, reweigh it,
demonstrating the loss of mass.

When a gas is formed as a result of a chemical or physical change, matter has not
been destroyed, only changed.

Questions before the Activity

Warm-Up Exercises

1.

What happens to a basketball when you take it outside in the winter and bounce it?
(Charles’ Law)

Ask students how they could make measurements of volume and temperature. Use a
balloon as an example.

Ask what they know about balloons in hot and cold weather and why
Ask what happens when they let go of a helium party balloon and why they think so

How would you prove that a gas is matter?

What happens to the bicycle tires in winter? Why? How does temperature effect
volume?

Can you squeeze a balloon and make it smaller? Can you do that if it is filled with
water?

Why do they keep gases like oxygen in hospitals in such heavy tanks?

Some Practice Questions About Gases

1.

Predict the results of the following experiments. State exactly what you expect to see
and explain the reasons behind your prediction.

A slightly inflated balloon is placed inside a bell jar that is resting on a vacuum table

which is attached by way of a rubber tube to a vacuum pump. The pump is turned on
and the air is removed from the region surrounding the balloon inside the jar.
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b)

d)

The plunger of a hypodermic syringe is drawn upward and while in that position, the
open end of the syringe is sealed off. Is the effort to push the plunger forward
(downward) met by some resistance?

A “pulse glass” apparatus consists of a sealed tube with two bulbous ends. Inside the
tube is a colored, low-boiling liquid under reduced pressure. One of the bulbous ends
is now held in the hand for a couple minutes. What happens to the colored liquid?

A heavy-walled metal can is connected to a vacuum pump. The vacuum pump is

turned on. What happens to the can? If a thin-walled container is used instead, what
happens?

Consider the compressibility of gases. When you compress a gas, are you actually
compressing the gas molecules? Explain your answer.

Why does a deep sea diver develop the “bends” (nitrogen gas bubbles accumulate in

the blood) if he ascends too quickly? What disaster will occur if a submarine travels
too deep into the ocean?

Why are we warned to keep aerosol cans away from high temperatures even if they
are empty?

Identify the five gases below whose letters are scrambled.

MCABOXONODERIN

NONE

GNOYXE

RGEHDNOY

DESUTIRNOXIO

For the gases you unscrambled above:

The lightest of these five gases is

The heaviest of these five gases is

One of these five gases is poisonous

One of these five gases was used by dentists

One of these gases is necessary for life
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E. GLOSSARY

Atmosphere

Boyle’s Law

Celsius (°C)

Changes of state

Charles’ Law

Condensation
Diffusion
Dipole-dipole
interactions
Distillate
Distillation
Electrostatic

force

Evaporation

A unit to express pressure; “standard pressure” is
I atm =760 mmHg = 760 torr = 76 cmHg

Pressure-volume relationship; temperature and the number of gas
molecules are constant

PV, = P,V, = P53V;3; = constant

Internationally used scale for measuring temperature, in which 100°C is
the boiling point of water at sea level and 1 atmosphere, and 0°C is the is
the freezing point. A temperature given in Celsius degrees may be
converted to the corresponding Fahrenheit temperature by multiplying it
by 9/4 (or 1.8), and adding 32

a change from one physical state to another, for example, from the solid to
the liquid state, or from the liquid to the gaseous state, or the reverse;

when a change of state occurs, the chemical substance remains the same;
only its physical state changes

Temperature-pressure relationship; volume and the number of molecules
are constant

V, = V, = V; = constant
T T> T3

a change of state from the gaseous state to the liquid state
The spontaneous mixing of one substance with another when in contact;
diffusion occurs most readily in gases, less so in liquids, and least in solids

Type of intermolecular force in which opposite ends of polar molecules
are attracted to one another

The product of distillation

A separation process in which a liquid is converted to vapor and the vapor
is then condensed to a liquid in a different container

Attraction between positive ions (cations) and negative ions (anions);
this strong force results in the solid state of ionic compounds

The change of a substance from the liquid to the gaseous or vapor phase
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Fahrenheit

Freezing

Graham’s Law
of Effusion

Heat of fusion

Heat of vaporization

Hydrogen bonding

Ice

Intermolecular
forces (IMF’s)

Kelvin

London forces

Melting

Milli
Milligram

Milliliter

A temperature scale in USA in which melting point of water is 32°F and
boiling point of water is 212°F

the physical change that occurs when a substance changes from the liquid
to the solid state

Smaller molecules diffuse faster than large molecules
Rate of diffusion (v,) _ |MM,
Rate of diffusion (v,) MM,

the energy required to change a substance from the solid state to the liquid
state

the energy required to change a substance from the liquid state to the
gaseous state

Special IMF that occurs when a H that is bonded directly to an O, N, or F,
is attached to an O, N or F on a nearby molecule
water under the solid state

Attractive forces between molecules which are responsible for keeping
matter in the solid or liquid state

K; the temperature scale used in gas laws; the absolute is 0 K; melting
point of water is 273K; boiling point of water is 373K

Weak type of intermolecular force caused by temporary distortion of
electron clouds; only IMF between non-polar covalent molecules; also

called dispersion forces

the physical change associated with a transition from the solid state to the
liquid state

Prefix meaning 10~ unit or 1/1000™ part
(mg) is one-thousandth gram or 10~ g

mL is one-thousandth liter or 10” L; it is also the volume occupied by one
gram of pure water at 4°C and 760 mm Hg; 1 mL = 1 cubic centimeter
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Mole

Physical state
Pressure
Steam

STP

Sublimation

Temperature

Vaporization

Volatile liquid

Volume

Amount of any substance which contains 6.023 x 10> units of things; mol
is the abbreviation

the solid state, the liquid state, or the gaseous state

Force per unit area

water under the gaseous state

Standard temperature and pressure; 273K, 760 mm Hg

A direct conversion of a substance from solid to vapor without appearing
in the intermediate liquid state; examples are solid carbon dioxide,
naphthalene (moth balls), iodine

Degree of “hotness” — measured in degrees, °C, °F, K; it can be described
as a measure of the direction of the flow of heat as heat travels from areas
of higher temperature to areas of lower temperature

the physical change from the liquid to the gaseous state

A liquid, usually an organic solvent, that has high vapor pressure at room

temperature and evaporates readily; it has weak IMF’s

Space occupied by matter; is measured in liters, L or milliliters, mL, cubic
centimeters, cm’
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