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States of Matter

41 INTRODUCTION

Matter is capable of existing in three physical states: solid, liguid
and gas. Matter is anything which has mass and occupics space.
Any substance can exist in cither of three states depending on
temperature and pressure. Liquid and solid states are condensed
slates as they have much higher densities. Boih lguids and gases
are lermed as - fluids as they have flowing ability.

The three siates of a substance are inferconverfible by
variation of temperature and pressure. A liguid sie is
inicrmediate between the gaseous state {complete molecular
randomness) and the solid state {orderly arrangement of
malecules).
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Fig. 4.1 Schemalic representation of states of matier

Some comman characteristics of three forms of matier are
sumimarised below:

8N, | Gue Liquids ! Selids

I. | Mo definite shape; can fill uniformly any vol- | Mo definite shape, e, assume the shape of | Have definite shape and definite wolume.
ume gvailable; have indefiniie volome. I_L‘ru:nnrHuiu:r'. heve definiie volume,

2. |Extremely disordered pamicles; much empey | Disordered clusters of particles; quite close o | Ordered arrangement of particles; distances
space; paricles have rmeondem  motion; each other; random motion; considerabls |betwesn the pariicles are very small and
intermolecular artraction very small but bigh | intermolecalar attraction; kinetic esergy is |fixed. Imermolecalar forces are high: vibra-
kinetic energics (particles are free o move in | less (particles free to move but always remain | tonal motion only.
all directions). imcomtact with each other).

Y | Low dessity. Intererediate densdty. High denaity.

‘4. | Compressible. iSIig‘ruI.y compressille. Mearly incompressible.
5. | Fhaid, diffuse mpidly. Fluid; diffisse through other liquids. Mot flund; diffuse very slowiy enly through
of sofids,
SECTION 1 : GASEOUS STATE
4.2 THE GASEOUS STATE (1) Gases expand without hmit. A gas sample can oceupy

O the thrée states of matter, the gaseous staie is the simplest and
shows greatest uniformity in behaviour, Gases have the following

general characteristics: :

(iiiy Gases exert

completely and uniformly the volume of any contamner.

pressure on the walls of the contminer

uniformly in all directions,

(i)} Gases aie highly compressible. These can be compressed
inio smaller volumes, i e, increasing their densities by applying
inéreased pressure,

{iv) Gases diffuse rapidly through each other o form a
homogeneous mixture, Conversely, different gases in a mixture
ftke air do not separate on standing.



(%) The characteristics of gases are described fully in terms of
four parameters (measurable properties):
{a) the volume, ¥, of the gas
{b) its pressure, P
() its temperature, T
{d) the amount of the gas {ie. . mass or number of moles).
{a) The volume of the container is the volume of the gas
sample, Volume is expressed in live (L), millilitre {(mL) or cubic
centimetre fcmj Jor cubic metre fm]' 1

IL=1000mL; 1mL =107 L
IL=1dm*; 1dm’=10" ¢m®
I'm? =10% dm? =10% em® =10° mL =10% L

(b} The pressure of the gas 15 the force exerted by the gas per
unit area of the walls of the container. The pressure of gases 1=
measured by a device known as manometer. Two tvpes of

manometers, open-end manometer and closed-end manometer,

are mrmmn_!:.rmr:d [0 MEASIIe @ascous Pressure.

Pressure of one atmosphere (| atm) is defined as the pressure
that can suppord a column of mercury of 7o cm heght at 0°C
{density of mercury= 135951 g cm™) and at standard pravity
= 9R0,665cm 5™, One atmosphere is also refierred 1o as 760 tor,

1 atmi =760 cm of mercury = 760 mm of mercury

= Ted) torr

51 unit of pressure iz pascal (Pa) which 15 defined as the
pressure exeried when a force of 1 newton acis ona 1 m” area,

1atm= 100325 < 10° Mm™ = 101325 kPa

An older unit of pressure {5 *bar” which is equal o 107 Pa

i The temperature of the gas is measured in centigrade
degree (*C) or celsius degree with the help of thermometers.

51 unit of temperature is Kelvin (K) or absolute degree,

K="C+2173
() Mass of gas is expressed in gram or kilogram,
lkg=10"g
The mass of the gas 15 also expressed in number of moles,
Mass in grams  m
oles of = = =
moled of gas(n) Molar mass M

(vi] All gases obey certain laws called gas laws.

43 GASLAWS

(i} Boyle's law: It relates the volume and the pressure of a
riven mass of & gas a1 constant temperature.

The relationship beparcen the volume and the pressure of 2 gas
was studied by Robert Bovle in 1662, He found that increasing
the pressure af constant temperaiure on 8 sample of a gas causes
the volume of the gas to decrease proportionately, fe, il the
pressure s doubled, the volume becomes half and z0 on, Boyle's
law states that at constamt temperature, the volume of a
sample of a gas varies inversely with the pressure.

F"_TI: {when temperature is kept constant) -
The proporiionabity can be changed mto an equality by
infroducing a constant, k, L&,

I-f=i or PF=1k
P

Alternatively, Boyle's law can also be stated as follows:

Temperature remaining constant, the prodoct of pressure
and volume of a given mass of a gas is constant.

The value of the constant depends upon the amount of a gas
and the temperature.
Mathematically, it can be written as,
P¥ =R =Rk =...
Baovle's law can be verified by any one of the following three
ways graphically (Fig. 4.2}
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Fig. 4.2 )

The first curve shows the variation of volume of 2 given mass
of gas with pressure at constant temperature, The shape of the
curve is rectangular hyperbola. This curve is also called
isotherm,

The second curve showing the relationship between velume
and reciprocal of pressure is a straight line. It confirms the
staternent that at constant femperature, volume of a given mass of
gas s mversely proportional to the pressure, The thind curve
shows a straight line parallel w presaure-axis, This confirms that
the product of pressure and volume of & given mass of a gas at
CONSLARL lemperatre is constant.

Location of straight line and cwrve changes with temperature
in the isotherm.
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According 1o Boyle's law, PF=constant at constant
temperature
’ 2lag P+ log ¥ = constant
log P == log ¥ + constant

log P
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Fig. 4.2(G)

(i) Charles' law:  [rrelates the volume and temperature of &
given mass of a gas at constant pressure,

Experiments have shown that when 273 mL sample of 2 gas at
0"C s heated to 1°C, iz volume increases by | ml, fe, it
becomes 274 ml. At 10°C, the volume increases 1o 283 ml il the
pressure remains constant i both cases, Similarly, when 272 mL
sample of gas at 0°C is cooled to —1%C, its volume decreases to
272 mL while st —10°C, the volume decreases to 263 mL if the
PICASUNE MEMAINs consiant.

Thus, all gases expand or contract by the same fraction of their
volumes at 1°C per degree change of temperatare, 4 e, for cach

- degree change of temperature, the volume of 2 sample of a gag

changes by the fraction E'I'_] of is volume ai 0FC.

Let the volume of a given amount of a gas be F, at 0°C. The
temperatare is increased by r* Cand the new volurme becomes V.

Th
- PYE

i

A new temperature scale was introduced known as Kelvin
scabe or absolute scale named after the British physicisi- and
mathematician Lord Kelvine The lower limit of the scale s

called absolute zero which comesponds to —273%C. At absolute
zero or =273°C, all molecular motions would stop and the
volume of the gas would become zero. The gas would become a
liguid or zolid. Thes, absolute zero is that temperature at
which no sobstance exists in the paseons state. The
temperature n absolute is-always obtained by adding 273 to the
temperature expressed in "0,
K={"C+2T3

This new temperature scale may be used for deducing Charles”
law.

By substinating I for 273 + ¢ and T, for 273 in Eg. (i},

¥, ..M
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This is Charles” law. It can be stated as follows:
The volume of a given amcuni of a gas ai constant

© pressure varies directly as its absolutc temperatare,

FeT (if pressure is kept constant)

Charles’ law can be venfied experimentally by plotting the
wvalues of volumes of a given amount of a gas under respechive
absolute temperatures at constant pressure, The straight line
confirms the above stalement. :

{ill) Pressure-temperature law: It relates the pressure and
absolute temperature of a given mass of a gas at constant volume,

Volume remaining constant, the pressure of o given mass

of a gas increases urdmw%&nriuprﬂmu L oy

per degree chanpe of temperature.
P =py+ 2
273

I
p=plie L
o ! “[+113]
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At constant volume, the pressure of a given amount of a
gas is directly proportional to its absolute temperature.

4.4 |IDEAL GAS EQUATION

This equation is obtained by combining Boyle's and Charles”
laws.

Fee— L {i){at constant temperature and definite mass)
FeT (i) ({at constant pressure and definite mass)
Combining egs. (1) and (1), we get
F oo r (for definite mass)
PV
- = comstanl woe L)

From the above relation, we have
PI VI _ P, 1“"1

T, 1, T
From eq. (),
P =R
T
or PV =RT forl mole gas
PV =uRT for n mole gos (%] .

When mass of the gas is taken in grams, the value of n will be
given by

Mass of the gas in gram
”:

i‘iﬂl. mass of the gas in gram
Let wand M be the mass and melecular mass of a gas; then

W
neE—

Hemee, g, (v) becomes

W ’ ,
P¥=—RT
. {vi)
KT [w  Mass .
P = i o — —_— = m E ar
o M ¥ |_F" Volume Asity }i|
d oo .
Pa— RT e vt)
or M {vn

Egs. (vi) and (vil) are modified forms of gas equation. The
above equations are strictly followed by ideal gases.

Mature of Molar Gas Constant /
(izs equation for one gram mole,
P¥F =RT

Numerical Values of R

FxF  Pressure = Volume

or H= =1
T Temperature
Force

JE——

Arca H.l.:hﬂlhfli

Fnﬂ::
Pressure =

Volume = (Length) 2

_Force {Length}”
So. g - (Length)’ —
Tmtpi:rarm':
_ Force x Length
Temperaturs
Work

" Temperature
Thus, the value of & should always be mtpn:ﬁqcad in umits of
work per degree kelvin per mole.

r=r
. T

One gram mole of a gas an ong amospheric pressure and 0°C
(273 K eccupies a volume 22,4 Bre

F = latmosphere, T=2T31K, F =224 litre
=224
Tom
= (L0821 litre-mim K~ mal ™!
If pressure is taken in dy'l'l:._fcm" and volume inmlL,
P Tox 1367 % 98 dyneom ™, ¥ = 22400 mL for | mole,

T=1T5K
5o, k=

S

Thx 1367 x 21X 22400

73
=831 % 10 erg K™ mol™!

Since, 1 joule =107 erg, so
R = 8314 joule K" mol™
Since, | calorie = 4.184 % 107 erg, 50
8314 %107
4184 % 107

=087 = 2 calorie K™ mol ™

Mote:  Although, & can be expressed in differest units, but for
pressure-valume calculations, 8 must be aken im the same unals
of pressure and valume,

Barometric Distribution

In the case of ordinary gases, pressure in the contiiner is
unaffected by the pravitational feld, But in high melecular mass
polvmeric gases, pressure varies with heighi.

Let Py be the pressure at ground level and # be the pressure at
height “h°; then

A=



(p Mih
23031 — -
LT \7 = R ]

Similardy for density and number of moles the equation may

be given as:
%
2303 log,, fi - ifg—*]
g} i

~ j' M|

23031 [“ﬂ'—
3031ogya| == {528

These relations are valid under iscthermal conditions for
density, pressure and number of moles,

If temperature 15 not constant then the relations of barometrie
distribution may be given as,

Pl Mgh

2,303 1og ] — | = - HEY
“Elu[Pu] RT
z.z.ujtng,,[ih—@

i My RT

Upen vessel concept:  In open vessel of a gas, pressure and
valume are always constant, '

PV =mRT S )]

PV =n AT, coa (2D

Here, n; and n, are number of moles at wemperatures T, and
L

Dividing eq. (1) by (2), we get
ﬂ] T] =n ]-T:

Dry and moist gas:  IF volume undeér moist condition 15
given then volume of dry gas can be determined.

Fyy = Fopig = AQUEOUS IENEI0N OF VEPOUr Pressuns of water
Partial pressure of water inair

Relative humidity =
Wapour pressure of water

Payload (Lifting Capacity of Balloon)
When a balloon is filled with lighter gas like H, and He

(lighter than air) then it rises up due to the difference in the

density of air and the gas. Payioad or lifting capacity of halloon

may be calculated as;

Mass of gas filled in the

Pay Load -[Mﬁ'ﬁl‘; E!H}— balloon a1 same tempera -
in on hure and p

_| Mass of

balloon

Example 1. A sample of a gar occupies 10 litre under a
pressure of | atmosphere. Whar will be its valume if the pressure
is incveased to 2 atmosphere? Assume that the temperature of the
pas sample does not change.

Solutlon: ¥, = 10litre ¥, =7
P =lam P =2am
Applying Bovle's law,

¥ = P,
501 F!=ii=ﬂ=5!itﬂ!
I

Example 2. A sample of @ gar occupies 600 mi af 17°C
amd 1 afm. What will be the volume ar 127°C if the pressure is
kepi constant?

Solution: ¥, s 600mL T, =27+ 273= 300K
=1 T, =127+ 173 =400 K
— Fl

=

Applying Charles” law,

= 80 mL
Example 3. A4 gas cylinder confaining cooking gas can
withsiand a presaure of 149 amosphere. The pressure gauge of
the cylinder indicates 12 atmosphers at 37°C. Due to @ sudden
Jire in the building, the femperature starts rising. A what
temiperature will the cylinder explode?
Solution:  Since, the gas 1s confined in a cylinder, its volume
will remain constant.

Initial conditions Final congditions
F =12am P; = 149atm
T, =27+ 2173= 300K L=?
Applying pressure-lemperanare law,
A_F
L
S0, r,=fxh
A
_ 14.9 % 300 SIS K

Temperature in * C= (3725 - 273} =90.5°C
Example 4. A 1000 ml sample of @ gas at -73°C and 2
armnsphere iv heated to 123°C and the pressure 5 reduced ta 0.5
atmosphere, What will ke the final volume?

Solution:
Initial conditions Final conditions
B, =2atm F; =105 amm
¥, = 1000 mL v, =?
T, ==73"Cu= (=734 273) Ty =113 C= (1234 273)
= 200 K =400 K



We know that,

AV PV,
T, T,
%4 2x100¢ _ 0.5x¥,
z 200 400
2% 1000 % 400
or ] S ——
200 % 0.5
= 8000 mL.

Example 5. A sample of a gas occupies a volume of 512
ml at 20°C and 74 em of Hg as pressure. What volume would this

gas occupy at STP?
Solution:
Initial conditions Final conditions (STP)
Py =74cm Py =T6em
7, =20°C=(20+273)= 293K, 1, =0°Cw=273K
¥, =512mL Vo =%
We know that, Ll 4
L n
T4x 512 T6xV.
293 273
So, v, = T4 x512% 273
293x 76
= 464.5mL

Example 6. 37 g of a gas at 25°C occupied the same
volume as 0.184 g of hydrogen at 17°C and at the same pressure.
What is the molecular mass of the gas?

Solution: For hydrogen,

w=0184g; T=17+273=290K; M=2
We know that, PV=5—R7’
L0184 O
For unknown gas,
w=1Tg T=254273=298K; M =?
PV =]y R x 208 L@
M
Equating both the equations,
37 Rx208=2134 R 200
M
or M:M:“J}
0.184 x 290

Example 7. What is the pressure of HCI gas at -40°C if its
density is 80 kgm ™ ? (R=8314J K ' mol ')

Solution: Equation for ideal gas,
Py =2 Rr
M

1

Given, d =80kgm™; R=8314JK™ mol™;
T=-404273=233K
and M =365gmol™ =365x%107" kg mol™

Substituting the values m the above equation,
8.0x8.314x233
v
36.5x 107
Example 8. A certain quantity of a gas occupies 100 mL
when collected over water at 15°C and 750 mm pressure. It
occupies 91.9 mL in dry state at NTP. Find the aqueous vapour
pressure at 15°C.
Solution: Let the aqueous vapour pressure be p mm.
Initial conditions NTP conditions
Py (dry gas) = (750— p)mm Py =760 mm
¥, = 100 mL V, =919 mL
T, =15+273=288K I, =213K
Applying gas cquation,
(750~ p)x 100 _ 760x 91.9
288 273
& 750 ‘760x9l.9x288
. 100x 273
=T736.8 mm
p=750~-7368
=13.2mm

Example 9. A balloon of diameter 20 m weighs 100 kg.
Calculate its payload if it is filled with helium at 1.0 atm and
27°C. Density of airis | 2 kg m .

(R=0.082dm" atmK ™' mol ")

Solution:

=424.58 % 10° Pa

(11T 1994)

Volumeofballoon=—nr -‘-;-ngx(w) =419047m’
Mass of the air displaced = 4190.47 x 1.2 = 5028.56 kg
No. of moles of belium in the balloon = :—’;

_1x419047x 10°
0.082 x 300

Mass of helium = 4 x 170.344 x10* g = 681.376 kg

=170344

Mass of filled balloon = 681.376 + 100 =781.376 kg
Payload = Mass of air displaced — Mass of filled balloon
= 5028.56— T81.376=4247.184 kg



Mo, Mo

ar M!n=£r2,.r.¢, H.]
(i

12, The rates of diffusion of hydrogen and deuteriom are in the

rali)
{1 W2l crd:l {dil:d
[Ans. (b
EHint: il: ”—DJ B
T My, -
g o 4
hy, V2
rH: _\Erl:l:\.]

13,  The time taken for eftfusion of 64 mL of oxygen will be same
as the time taken for the efMudon of which of the following
gases under identical conditions?

(a) 64 mL of H, (b} 100 mL of N, "
e é4mb of €O, - *(d) 45.24 mL of S0,
s, (] -
W =
inl: =t =
“’ " - ﬂ-'l"
ﬁq I

. 4
7= Y _ﬁ_dﬁ.l,‘_i_m_l.i
14. - Whch of the follewing pairs of gases will have wdentical rate
of effusion under similar conditions?
[a) Daprotium: and didewtenom
i) Carbon dioxide and ethane
(] Dideuterium and heliom
id) Ethene and sthane
[Ams. o)) BRI AR
[Hime: * Dideuterim and hetium have same molar mass, hence
- they will diffuse with identical mte under ientical conditions.]
15, Two gas bulbs A and & are connected by a tebe having a
© stopcock. Bulb 4 has 'z volume of 100 mL and contains
hydrogen. After epening the gas from A to the evacuated
btk &, the pressure Falls down to 40%. The volume (mL} of

B must be: CIPET (Kerala) 20046]
(a) 73 i) 150 {c) 125 (dy 200

(] 250 .

[Ams, (B3]

[Mint:  BF(4)+ PV 8} = -FHFI +¥i)
100 s 100 = b By = (100 + ¥}
;=250 100 =150 .|

‘47 KINETIC THEDH‘I" OF GASES

This theory was a generalization tor about l.d-ﬂl gm Tt was
presented by Beraoulli in 1735 and developed in 1860 by
Claiisis, Maxwell, Eronimg and Bultmnnn Postulates of
kinetic theory of pascs are:

(I (rases are made up of small siruciural units called atc
or molecules. Volume of individual atom or melecule
congidered negligible,

(21 Gas molecules are ulwu_'r's in rapid random meot
colliding with each other and with the wall of container. -~

{31 Collision among gas molecules is perfectly elastic, |
there is no loss in kinetic energy and moment during s
collisiomn.

{4} Gas molecules neither attract nor repel each other.

(5} Pressure exeried by gas 15 due 1o coliisions of
molzcules with the wall of the container.

Pressure = Number of collisions per it time per unil area

by the melecules on the wall of the container

(0} Kinetic energy afgas melecules depends only on absol
emperaiure,

Kinetic encrgy = absolule temperature

{7 The force of gravity has no effect on the speed of

miolecules

Derivation of Kinetic Gas Equation

O the basis of the postulutes of kinetic theory of gases, |
possible to derive the mathematical expression, comma
known as kinetic gas equation, L,

I . 3
PV.= = mrig¢
3

where, P = pressure of the gas, ¥ = volume of the gas, m=1m
of a molecule, n = number of molecules present in the gi
ampuntof & gas and ¢ = rool mean square speed,

The veat mepn square speed {rms speed) may be defined a3
siguare roof of the mean of squares of the individual ap-md ol
the molecules,

|£'|I+¢§ +rrf ool

r.n“.ﬂm= “ : [
i
- {om
i
; § . .'-"'G
! ' Ty
| Balome —>L,
i eollision U,
B o
| After Uy
1 collision
.-II __________________
Pl
’.-".-..
1} - t
oy
Fig. 4.5



. Consider a certain mass of a gas enclosed in a cubical vessel of

side *I" cm, Let the total number of gas molecules be *n” and mass
of each molecule be “wf. Let ¢ he the rod mean square speed.
Spieed can be resolved into three components, Le U7 LT, and 7,
parallel to the edges of the containet (i.e ,pm-aJleI 10 ﬂﬂb&n&s X,
wand = 1

et = L +l'_u'1 +L"l

Consider the movement of & single molecule between opposite
faces A and B parallel to r-axis. When the molecule strikes with
one wall of the container, it bounces back with the same speed
and subsequently stnikes the opposite wall.

The momentum of the molecule before collision wnh
face 4 = mlf,

The momentum of the molecule afier ml[mon = —mU
The change in momentum in one collision = mUx —{ ""Lr; }

w Il

. . 1
After collision, the molecule must move a distance 2 om along

x-axis before making another impact on this wall. Since the
veloctty ‘I " remains unchanged, the time tuken to travel a

E second.
o

i

distance 2/ cm =

S0, the number ::pl'cnlllsl.nnshy the gas molecule in one second

L i
Change of momentum per second = 2m 7 RE‘- m%

The change of momentum on both the opposite ihm Aand &
r
along xaxiz per second would be double, i e, U,

Simnilasly,

D 2mi?
Change in momentum per second along p-axis = 7 £

. . : o ml?
and change in momentum per second along z-axis = T

Hence, total change of momentum per second on all faces will
b
Il UL amp?
= + +—
I i !
Im .
== WI+U +UT)

H—ﬂ
LB

Change of mmmm per second = Fuw:

Fuorce
Pressure =
CAren
Pressure created by one molecule = m :r—
Imm:l

Pressure created by o molecales =

1 mwe’ o
= e e— II = F
3V i ]
or . iy PV_:—IHtr!E-? ..
This equation is f;alln:.l'l;tinclic gas equation,
For ane gram mole of the gas, e
' n=N {Avrogadro’s number)
= 602 x 107
i N = M = molecular mass of the gas.
The above kinetic equation can be wiilten as:

Pr=t aget

=1I|? . [d = density]

1“|'|'|,|5r N el ] 'Eﬂ @-'ﬁ
VM Vo V4

The value of # should be taken inerg K™ mol ™, ez,
RE=8314%10" erg K" mol™

o Jw“ 0 xT s |_x||} cm/ sec
fita Vad

Calculation of Kinetic Energy

Pli-"'=lmm:?.
3

For one gram mele of the gas,
PF=RT and n=N

mNe® =RT

%
mNet = RT l—;m.'fcz =H.E|:u:rmn:J
) ,

--KE=RT
3

or K.E:%RT

'\--'Ilr-'l
MI-—-u.rl—

Average kinetic energy per mol does not depend on the nanire
of the gas but depends only on temperature. Thus, when two
pases are mixed at the same wemperature, dhere will be no rise or
decrease in iemperature unless both rezct chemically.

- A KE le
Srerape Kinelic energy per molecule = —"m—g:-—ﬁiﬁ o

_3RT 3,
1N 2

k= Bolizmunn constant

*

The ratio R/N is constant and is known as Boltzmann constant. Its numerical value is 1.38 x 10-2¢ erg K* molecule™.



