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Chapter

States of Matter
and
Phase Changes

Student Learning Outcomes

After studying this chapter, students will be able to:

» Explain changes of state and internal energy with
change in temperature (melting, boiling, freezing,
condensation, sublimation and deposition) in terms
of kinetic particle theory:

Distinguish betwee_n;.&ﬁgpnratiun and boiling.
Interpret heating and cooling curves in terms of
kinetic theory

Interpret ifi terms of kinetic particle theory the effects
of Chaﬁg?ﬂg pressure, temperature and volume of a

gas cm"the other two with regards to Boyle's law,
Charles' Law, and Avogadro's Law.

Explain qualitatively the effect of external pressure on
rate of boiling and evaporation

Explain diffusion of gases in terms of kinetic particle
theory.

Examine qualitatively the effect of molecular mass
and temperature on the rate of diffusion

Discuss applications of sublimation around us.
{Examples may include: solid air fresheners and 3D
printing}

Explain, with the help of kinetic particle theory, the

importance of rates of diffusion of medicines in the
body
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“E) States of Matter and Phase Changes\ ( 2 ) [ Chemistry - X

Matter in this world exists in four physical states namely gas, liquid, solid
and plasma. Out of these four states the properties of gases were studied first. It
was suggested that physical properties of gases such as their ability to compress
or expand, or diffuse could be understood by assuming that these gases consist
of particles which are continuously moving randomly. This idea then led to
formulation of kinetic particle theory for gases.

Kinetic particle theory not only explains all the laws which govern the
behaviour of gases, it also explains the composition of liquid and solid states of
matter and the interconversion of all the three states. This is natural because all
the three physical states are distinct in their physical properties only while their
chemical nature remains the same. For example, water in all its three physical
states remains chemically the same compound.

According to kinetic particle theory gases are"composed of particles
which are in a continuous state of random motion in‘all the possible directions.
The pressure exerted by a gas is due to the collisionsof its particles with the walls
of the container. Since the pressure of a gas in.a container does not change with
time at constant temperature, it is assumed that the collisions between its
particles do not involve any loss or gain.of energy due to friction. The attractive
forces between the particles of a gasare assumed as negligible since the particles
are widely apart at low pressure. The average kinetic energy of the particles is
directly proportional to the temperature measured on kelvin scale. The average
kinetic energy is the samefarall gases at the same temperature.

According to kinetic theory, the particles in a liquid are quite close to one
another. They are also moving in all possible directions. As a result the particles of
a liquid do not have any fixed position and shape. Owing to the presence of inter-
particle forces, however, a liquid has a fixed volume and it keeps its level as well.

Inaliquid, the particles show all the three types of movements.

Solid substances may cu:;:nsmt Gf*mn's, THINGS
atoms and molecules. According to kinetic TO KNOW

particle theory the inter-particle forces in the Molecules presentin a gas and a liquid
show all the three types of movements

simultaneously namely, translational,
rotational and vibrational.

solid substances are so strong that they keep
their particles arranged in a fixed position.
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These particles possess vibrational motion only. These restricted movements
force solid substances to have a fixed shape and a fixed volume.

____'.--u-'-' [ .I- ”

14.1 Internal Energy

The internal energy of a substance is the total energy it contains. It
includes the kinetic energy of its particles and the potential energy due to
bonding between them. Heat increases the internal energy of a system.

1. Whatis translational motion?
@; (R Relllldde 8 2. |sthe average kinetic energy possessed by the particles

of agasand a liquid, same at the same temperature?

14.2 Interconversion of Physical States

| Conversion of a Solid into a Liquid (Melting) }

The physical state of a solid substance can be changed by simple heating.
Heat increases the kinetic energy of the particles-and they start vibrating at a
higher frequency. At a particular temperaturé-their vibrational motion becomes
so fast that it overcomes the cohesive farces. As a result the solid starts melting
and this temperature is called the melting point of the solid. At the melting
point, the particles of a solid not*only lose their mean positions but the
arrangement as well. The solid collapses and turns to a liquid (Figure 14.1).

Heating a solid below its melting point
increases its kinetic energy and temperature that
weakens the force of attraction between its
particles. Further heating the solid after it has
started melting does not increase its temperature.
Instead, all the heat energy provided at this
moment is utilized to convert the solid into its

i i3 Figure 14.1: Melting of ice
liquid. ; |

| Conversion of a Liquid into a Gas (Boiling) }

The molecules of a liquid keep on coming out from the surface of a liquid
at all temperatures and such an escape of molecules from surface is called
Evaporation. Heating a liquid increases the kinetic energy of its molecules and
so does the process of evaporation. Heating the liquid further, increases the

A Ch -14
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kinetic energy so much that the inter-particle forces are weakened to a large
extent. At this point the bubbles start coming out of the liquid at a rapid pace. At
this stage if the vapour pressure of the liquid becomes equal to the external
pressure, the liquid starts boiling. The temperature of a liquid at which its vapour
pressure becomes equal to the atmospheric or external pressure is called its
boiling point.

At the boiling point, the heat provided to the liquid is used to convert it
into gaseous form and during this its temperature remains constant. In other
words, the heat provided is used only to break the forces of attraction between

its particles.

| Conversion of a Gas into its Liquid (Condensation) |

When a gas is cooled, the kinetic energy of its molecules decreases, as a
result the molecules come closer with a significant force of attraction between
them. At a suitable lower temperature the increased attractions bring the
molecules so close that they are changed into .a liquid form. This is called
condensation. During this transition the-temperature of the gas remains
constant until all the gas is changed intoiits liquid.

14.3 Heating and Cooling Curves

Interconversion of physical states can also be understood with the help of
a graph drawn between theinternal energy and the temperature of a system.
Such a graph is also called'a heating or cooling curve. Figure 14.2 shows such a
curve when a substances heated or cooled.

When a solid substance at a point A is heated, its temperature increases.
On attaining a specific temperature, it melts as shown by the point B in the

Figure 14.2. This point represents the melting point of the given solid. Further
heating does not increase the r

temperature because the heat

Liquid/ /< Vapour

(Gas

"'\

Boiling
point

D

- Point of
= liquefaction
q

provided here is being utilized to
melt all the solid substance as

Temperature °C
LA
.
2

B Liquid

represented by the line B to C. When Y (e
all the solid converts into the liquid /‘u‘lelting point  Freezing point
the temperature starts rising again £ internal Energy

: : Figure 14.2: Heating and cooling curves
as shown in the graph for the points
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Cto D. At the temperature corresponding to point D the liquid starts boiling. This
represents the boiling point of the liquid. Again, further heating does not
increase the temperature till the whole liquid is converted intogas. Aline Dto Ein
the figure shows no further rise in the temperature. mm‘
The temperature again starts rising after the point E. Phiate: chance materials are
This curve represented by the steps from A to Fis wused in thermal regulation,
called a heating curve. .such as in clothing or building
The same graph in the Figure 14.2 can be L;?EET:;:;;#E e
studied in the reverse direction from the point F to
A. It is called a cooling curve. When the gas present at the point F is cooled its
temperature starts decreasing. At the point E it starts converting into a liquid.
This is called the condensation point or liquefaction point and it represents the

A

0 Gy

same temperature as the boiling point. The temperature will however remain

constant during this process of condensation or liquefaction. Further cooling will

convert the liquid into solid at the point C which is called the freezing point and it

represents the same temperature as the melting point. The line C to B shows that

the process of cooling is converting all the liquid into solid state at constant
Forwater, a heating curve wilkshow the rise

temperature.
of temperature of ice until it reaches 0 °C (melting

point), then it remains constaitwhile the ice melts  1- Why do water vapour at 100

S - tor. Eurtherdio3t; i th °C cause more severe burns
INTO IC]LII water. ru erined |ng Wil IThCrease e ascnmparedtnliquidwater

temperature again until'it reaches 100 °C (boiling at the same temperature?

point). At this point it remains constant while the 2. Why do we feel comfortable
wearing cotton clothes In

summer?

liquid water is converted into steam. A cooling

=

Did you know? )

Interconversion of physical states of matter may not be brought about by changing
the temperature only. Sometimes their interconversion may be affected more
conveniently by changing both the temperature and pressure at the same time or by
varying the pressure only at constant temperature. For example, ice melts from
pressure in the hands of a snowball maker. Ammonia gas can be liquefied at
atmospheric pressure and at a temperature of -34° C. Alternatively, it can also be
liquified by exerting a pressure 1MPa and at room temperature (25° C).
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curve for water will show the temperature of the steam decreasing until it reaches
100 °C, it then remains constant while the steam condenses into liquid water. The
temperature decreases again until it reaches 0 °C. Finally it remains constant
while the liquid water changes to ice. Lines B to C and D to E show that here the
given energy is being utilized to change the phase from solid to liquid and from
liquid to gas respectively.

14.4 Evaporation and Boiling
When water is taken in an open container at normal external pressure,

vapours start coming out of its surface silently and steadily. It is shown by the
decrease in the level of water surface in the open container. It is called

evaporation and itis known to occur at all temperatures.

Increasing the temperature of water increases the rate of evaporation
because the number of water molecules escaping the surface also increases. The
temperature will keep on increasing until a stagewill come at which the water
molecules acquire the maximum value of kinetic-€nergy while in a liquid state.
The heat which is provided at this stage will be utilized to change the liquid water
Into gaseous water while keeping the temiperature of water constant. This stage
is called boiling. The whole process is being carried out at constant atmospheric
pressure.

Difference between Evaporation and Boiling

Evaporation Boiling
1. It is a surface phenomenon. It || 1. A phase change when a liquid turns
occurs slowly and only at the into a gas throughout the entire
surface of the liquid. liguid forming bubbles, at a definite

external atmospheric pressure.
2. It occurs at all temperatures but || 2. It occurs at a specific temperature

below the boiling point. It at normal pressure and called the
increases with increase In boiling point.
temperature and vice versa.

3. It produces cooling. 3. ltdoesnotresultincooling.

4. It requires a smaller amount of [|4. It requires an external energy
energy which is provided from source.

inside the liquid.
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Effect of External Pressure on the Rates of
Evaporation and Boiling

Rates of both evaporation and boiling are affected by the variation in the
external pressure to which the liquid is subjected.

Rate of evaporation tends to increase by the decrease in external pressure
and vice versa. If a liquid is in an open container, most of the molecules that
escape into the vapour phase will not return to the liquid phase. Instead, they will
diffuse through the atmosphere away from the container. Increasing the external
pressure will force these molecules to return back to the liquid surface making
evaporation difficult.

When a liquid boils, bubbles are formed inside the container, which then
rise to the surface. At this stage, the temperature of the liquid remains constant
till all the liquid boils over. This temperature is called.the boiling point. If you

measure the boiling point of water at
S = _ 1 atm pressure 2 atm pressure
Karachi it will be 100°C. However, if you \4D
will measure this boiling point at| <"~ l
. -
Murree it will be 98 °C. The atmospheric [ ¢ /°
pressure at Murree is lower than thatin| =~ * , * °
Karachi, so we find that theboiling| |+ * o " % ”.,: ¥ &
(] # Ny e
point has decreased at lower| ° | __ " T
atmospheric pressure. Lower Higher
e e e B.P Figure‘ld.__?, B.P
14.5 Sublimation I

The direct conversion of a solid to vapours without melting is called
sublimation. For example, solid carbon dioxide which is also called dry ice,
changes directly to gaseous carbon dioxide at room temperature without first
melting to liquid state. Another common example of sublimation is the
disappearance of naphthalene balls which are used to keep the insects away
from the woolen clothes. Just like evaporation, the energy needed for
sublimation also comes from within the substance which then absorbs energy
from the surrounding. This energy is sufficient to overcome the attractive forces
of the neighbouring molecules which then escape into the vapour phase.

s f Chapter-14
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| Deposition)

The process reverse to sublimation is called deposition where a gas
changes directly to a solid without going into the liquid state. Formation of frost
in winter season is an example of deposition.

1. Does the change in temperature occur during the
process of evaporation?
2. Doesicesublime?
3. Give one example each for sublimation and
deposition other than mentioned in the text.

14.6 Applications of Sublimation

[(a) Solid air fresheners |

The process of sublimation is used in the working of air fresheners. Solid
air fresheners contain a scented substance which mayevaporate with or without
heating. The scented substance undergoes sublimation and disperse scented
vapours throughout the room and mask unpleasant odours.

When a solid air freshener is exposed to the atmosphere or heated in the

air, its solid particles gain enough energy to overcome the attractive forces
holding them together in the solid. state. These particles then spread in the
nearby atmosphere in the form of sweet smelling vapours.

[(b) Sublimation Printing - }}

When the process.ofsublimation is used to print a design into a material
or fabric, it is called sublimation printing. Essentially the process involves printing
that transfers a design into a fabric using ink and heat.

In sublimation printing the first step is to print a design onto a special
paper using sublimation inks. The printed paper is then placed onto a fabric and
heat and pressure are applied. The inks used are converted into vapour. The
printing is permanent which does not fade away with time because the ink is
embedded in the fabric rather than simple attaching with the top of the fabricina
normal printing. The heat supplied during the process opens up the pores
present in the fabric, the ink enters into these pores under applied pressure,
cools down and returns to a solid form. The method is popular for print on
demand t-shirts and it is also available on ceramic, wood and metal that have a
special coating on to receive the inks which are sublimed.

f Chapter-14
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14.7 Kinetic Theory and The Gas Laws
| Pressure —Volume Relationship (Boyle's Law) |

According to Kinetic Theory, the pressure exerted by the gas in a
container is caused by the collisions of its molecules with the walls of the
container. The pressure changes directly with the number of molecules colliding
with the wall per unit of time. When the pressure on the given mass of a gas is

increased at constant temperature it will decrease the distance between its
molecules and the volume of gas will also decrease. If the volume of the gas will

be reduced to one half of its original volume, it will double the number of
molecules per unit of volume. Hence the number of collisions per unit of time on
the same area of the surface will also be doubled. As a consequence of these
collisions, the pressure of the gas will also be doubled. These observations form
the basis of pressure-volume relationship first observed by an Irish chemist,
Robert Boyle, and is called Boyle's law. The law states-that the volume of a given
mass of a gas is inversely proportional to its pressure at constant temperature.
Mathematically Boyle's law is writteng@s:;

\V o ki 3 (VAs Yae volume of given mass of gas
P and P is its absolute pressure)

Activity @ Experimentalverification of Boyle's law

Robert Boyle proved ‘this pressure- l
volume relationship by, performing a g
simple experiment. He' used a simple J l
shaped tube and sealed its shorter limb as .

Trapped Air
shown in the Figure 14.4. He then poured a |
small amount of mercury through its open | , ] V.1 v
end until it just trapped the air in the sealed
end. Since he used a small amount of Initial
mercury it did not squeeze the air inside MEEEdEY

. : : level
the limb and it was now at atmospheric
pressure (760 mm Hg). Boyle then added

760 mm

Figure 14.4: Verification of Boyle's law

more mercury until the difference in the height of the two columns of mercury
was close to 760mm. This mercury exerted the extra pressure on the entrapped

Chapter-14
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air which was now about 2 atmosphere ( 2 x 760 mm). When he read the new
volume of the entrapped air it was one half of the initial volume. During the
experiment the mass of the gas remained fixed and the temperature also did not
change. By doubling the pressure, Boyle had reduced the volume by one half.

| Temperature - Volume Relationship - Charles' law |

According to kinetic theory, if temperature of a gas increases, it increases
the average speed and kinetic energy of its molecules. An increase in average
speed results in more frequent and harder collisions with the walls of the

container and hence its pressure

. Pressure

increases. If the pressure of the gas

is kept constant, the increase in the Pressure s

temperature must increase the ) P - _- - :
y Temperature AL\ - emperature

volume of the gas. This may be n if'“"" S @

wseal:zed easily lf.a gas Is tt':lken m‘a ~ i

cylinder to which a piston is

attached. When the gas is heated \F___;.-i"

the piston must move up to increase u

the volume if the pressure is to Figure 14.5: Charles' law

remain constant Figure 14.5. -

French scientist Jacgues Alexander Charles summed up these
observations in the form ofa law which is called Charles’ law. The law states that
the volume of a given mass of a gas varies directly with temperature when
pressure is kept constant. The temperature must, however, be measured on
absolute or kelvin scale.

Mathematically,
Voo T (Pand mass of gas are kept constant)

[ Avogadro’s Law

According to kinetic theory, the pressure exerted by a gas is due to the
number of collisions of its particles per unit area. This, in turn, depends upon the
number of particles and their speed.

If you have two containers containing the same amount of a gas at the
same temperature and pressure, and you increases the amount of gas in one
container. Naturally the pressure of the gas in this container will increase. To keep

Chapter-14
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the pressure constant the volume of the gas must increase. This larger volume
compensates for the increased number of particles, ensuring the pressure
remains the same. Therefore, at constant temperature and pressure, a greater
number of molecules simply requires a larger volume to maintain the same
pressure.

These observations led Avogadro to @f"' 14.4 Quick Check!

formulate a law which states that equal \ith the help of kinetic particle

volumes of different gases must contain an theoryexplain:
() Howdoesagas exert pressure?

() How does the volume of a gas
and pressure are kept constant. change when its temperature is

Mathematically Avogadro’s law is decreased? (Pressure and mass
written as: constant)

\V o< n (at constant temperature and pressure)

equal number of molecules if the temperature

14.7 Diffusion

Molecules present in gases are in a constant state of random motion. Due
to this molecular motion the gas particles spread out and intermix from an area
of high concentration to an area of loweoncentration. This property of gases is
called diffusion. When a bottle of boay perfume is opened in one corner of a
room its sweet smell slowly spreadsthroughout the room after sometime due to
the process of diffusion. Figure14.6. shows the diffusion of hydrogen gas from
one container to another ane. Diffusion is a spontaneous process during which
gas particles spread out.

ﬂ T
ng".: Sometime after

"y
J;l. ﬂ'ﬂ "-‘%n Stopcock

closed nE’ﬂQ ' Qﬂmu ok
o0 nﬂﬁ opened

O eepn” oOpened

% 00°
“ %j H Stopcock n“%% T Lofoe Stopcock EL"
ﬁ'i-é ; A

Figure14.6: Diffusion of gases

The difference in the rates of diffusion of gases can be explained with the
help of kinetic particle theory of gases. According to the kinetic theory,
molecules of all the gases possess same average kinetic energy at constant
temperature. Since hydrogen is lighter than oxygen its molecules will move
faster than oxygen at a given temperature. The rate at which hydrogen gas will
diffuse is thus much faster than that of oxygen.

Chapter-14
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Rate of diffusion increases with the increase in temperature as the

particles have more kinetic energy and hence they move faster. This eventually
leads to rapid mixing and spreading.

Activity @ Different gases diffuse at different rates

Two cotton plugs soaked in hydrogen chloride gas and ammonia
solutions are introduced in the open ends of a 100 cm long glass tube
simultaneously as shown in Figure 14.7. The two gases produce white dense

fumes of ammonium chloride at the point at which they meet in the tube. HCI
molecules travel a distance of 40.5 cm while ammonia molecules cover 59.5 cm
Inthe same duration.
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Figure 14.7: Rates of diffusion of gases

Thus ammonia diffuses faster than hydrogen chloride gas because itis
lighter than hydrogen chlgride gas.

@ 14.5 Quick Check!

1. Which gas among the following will diffuse at the fastest speed and which will
diffuse at the slowest speed under similar conditions of temperature and pressure?
NO, SO, H,S
2. Explain with the help of kinetic particle theory why does ammonia gas diffuse faster
than hydrogen chloride gas?

14.8 Importance of Rates of diffusion of

Medicines in Human Body Body

The tendency of the molecules contained in a medicine to move from a
region of higher concentration to one of lower concentration in called diffusion.

3 —— ™ Chapter-14
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The diffusion rates of medicines control how rapidly and effectively they can be
absorbed, distributed and eliminated from the body.

When the medicines are taken orally, the rates of their diffusion between
the stomach and intestine control how quickly they are absorbed in the blood. A
faster diffusion rate means early absorption and hence a faster onset of action.

Once the drug molecules are absorbed by the blood, they start diffusing
into various tissues and organs. The rate of diffusion here determines how
quickly the drug becomes effective. For example, lipid-soluble drugs diffuse
more easily through cell membranes, making them more effective in shorter
time. Generally, a faster rate of diffusion leads to higher drug concentration at its
target organ which means a more effective response.

In short, rates of diffusion play a crucial role in the delivery and movement
of drugs throughout the body. This process of diffusion ensures that essential
substances reach their target locations quickly which eventually helps in the
treatment of diseases.

___EXERCISE__
Q Multiple Choice Questions
Choose and tick the correct answer from the given choices.

1. According to kinetic theory, the basic difference between solid, liquid and
gasisdueto:
(a) the difference in the movements of the particles.
(b)  thechemical properties of the particles.
(c) the size of the particles.
(d)  theshape of the particles.
2. Upon heating the rate of evaporation:
(a) decreases
(b)  increases
() remains the same
(d) initially decreases and then increases upon further heating

3. The inter-particle attractions are the strongest in:
(a) Solids (b) Liquids
(c) Plasma (d) Gas
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4. Cooling the vapours of some gases change them directly into solid state.
This phenomenon s called:
(a) evaporation (b)  condensation
(c) sublimation (d)  deposition
5. Physical state in which the particles possess the maximum energy:
(a) Solid (b) Liquid
(c) Gaseous (d)  Vapour
6. How does the process of evaporation depend on the force of attraction

presentamong the molecules of a liquid?

(@) Itdecreases with the increasing strength of attraction.

(b) It increases with the increasing strength of attraction.

(c) Itisindependent of the strength of the force of attraction.

(d) Itfirstincreases and then decreases with the increasing strength of
the force of attraction.

7. Which gas will diffuse at the fastest rate?
(a) HCI (b) S©),
(c) H.,S (d) €LY
8. The phase changes AandBin gasi—y-liquidi} solid are:
(a) Melting, evaporating (b) Condensation, melting

(c) Condensation, freezing (d) Boiling, freezing
9. A student noticed frost falling on the ground at 6.30 am and disappearing
by 8.30 am. Which phase change was responsible for changing the frost

into water vapours?
(a) Melting (b) Evaporation
(0 Sublimation (d)  Deposition

Short Answer Questions

14.1 Fromwhere does the energy come when a liquid evaporates?

14.2 Iscondensation an endothermic process?

14.3 Whynaphthalene balls (used to repel insects) disappear after sometime?

144 Whydoes the temperature remain constant during a phase change?

14.5 Isitpossible to compressa liquid like a gas?

14.6 Canyou change the temperature at which water boils in an experiment in
your lab?
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14.7 Inwhich season the wet clothes get dry after a relatively longer time?

14.8 Whenasolid is heated, what happens to its particles which are vibrating?

14.9 Do solids and liquids also diffuse just like gases?

14.10 Why dew is formed in the early hours of the morning?
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G Constructed Response Questions

14.1 Differentiate between evaporation and boiling.

14.2 Describe how boiling is related to the external pressure?

14.3 Whythe process of evaporation does not need the input of energy?

144 Why the heating and cooling curves for the phase changes adopt the
same path?

145 Whyice melts when the pressureis exerted on it?

14.6  Why do phase changes occur?

0 Descriptive Questions

14.1 Explain the difference in the ratesof diffusion of two gases based on
kinetic theory.

14.2 How does the process of sublimation helpful in printing and in the usage
of air freshner?

14.3 Draw heating curve.for the physical changes water undergoes with
change in temperature.
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