1 1 The Liquids

CHAPTER

KEY CONCEPTS AND EQUATIONS

INTERMOLECULAR FORCES IN LIQUIDS

Intheliquid state the molecules are in contact with each other. The forces of attraction between the
moleculesare strong enough to hold them together. Theintermolecular forcesin liquidsare collectively
called van der Waals' forces. These arewesk attractive forcesin large number of substanceslike HCI,
Cl,, Br,, etc. The strength of van der Waals forces range from 0.1 to 10 kJ mol~. Hydrogen bonding
occurs in substances having hydrogen covalently bonded to a highly electronegative atom.
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W Figure 11.1
van der Waal'’s forces and hydrogen bonding.

The strength of hydrogen bond is of the order of 10 to 40 kJ mol™. It is about one-tenth as strong
as covalent bond.

VAPOUR PRESSURE

The vapour pressure of aliquid isthe partial pressure of the vapour over the liquid at equilibrium.
The vapour pressure of different liquids depend upon their nature and the intermolecular forces. For
example, ethyl a cohol hasweaker hydrogen bonding than water and evaporatesfaster than water. With
rise in temperature the vapour pressure increases.

BOILING POINT

When the vapour pressure becomes equal to the atmospheric pressure boiling occurs. The
temperatureat which thevapour pressureof aliquid becomesequal totheatmosphericpressureis
called the boiling point. The graph between the vapour pressure and temperature for some liquidsis
shown in Fig.1.2 which shows that vapour pressure increases rapidly with temperature.
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Variation of vapour pressure with temperature.

SURFACE TENSION

It is defined as the energy required to increase the surface area of aliquid by a unit amount. It is
measured by dynes cm™ (CGS unit) or in Newton per meter, Nm (S| units) or Jn™,
DETERMINATION OF SURFACE TENSION

(i) Capillary risesmethod

The formula used for the determination of surface tension by capillary rise method is

y = h r2d g
wherehistheheight towhichliquid risesin acapillary tube of radiusr, d isdensity of theliquid and
g theforce of gravity.
(ii) Drop-weight method
The formula used in drop weight method is
Ao
v, oom

wherey  and y ,arethe surface tension of given liquid and water, m, and m, the masses of one drop
of each liquid and water respectively. Knowing the surface tension of referenceliquid y ,, the surface
tension of the liquid under study can be calculated.

(iif) Drop-number method

Theformulaused is % n, d,

PR

where y and y , are the surface tension of given liquid and water respectively, n, & n, are the
number of dropsin agiven volume, d, and d, are their densities.
VISCOSITY

Viscosity isthe resistance to flow that is exhibited by all liquids. It may be defined as the force of
resistance per unit areawhich will maintain unit velocity difference between two layersof aliquid at a
unit distance from each other. It is denoted by 7. Its units are mass length™ time™ i.e. kg m™ sec™
(S! units) or g cm™ sec™* (CGS units) and

lpoise = 1gcm?tsec?! = 0.1kgm?tsect
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DETERMINATION OF VISCOSITY
Ostwald'smethod
The formula used for the determination of viscosity by the Ostwald's method is

TPr4t
81V

whereVisthevolume of theliquid flowing through acapillary intimet, P isthe pressure-head, r, the
radius of the tube and | its length.
The relative viscosity is given by the relation

Ul dt

n, d t

272

wheret, andt, aretimes of flow of fixed volume (V) of two liquids with densitiesd, and d, respec-
tively.

Knowing the value of m,, 11, can be calculated.
REFRACTIVE INDEX

Therefractiveindex n  of asubstanceis defined asthe ratio of velocity of light in substance to that

inair or vacuum.
Velocity of light in substance

Velocity of lightinair

The refractive index of the liquid with respect to air isgiven by Snelle'slaw
Sini
Sinr
wherei isthe angle of incidence and r, the angle of refraction.
SPECIFIC REFRACTION
Itisgiven by theformula

n

n? -1 1
Ry = P2 d
where R, is the specific refraction, d the density and n is the refractive index
MOLAR REFRACTION
It isthe product of specific refraction and molecular mass
i.e -1 M
R wez © @

where M is the molecular mass of the substance.
OPTICAL ACTIVITY

A compound that can rotate the plane of polarised light is called optically active. This property of
a compound is called optical activity.

SPECIFIC ROTATION
It isexpressed as

[a] =
I xc
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where [0  isthe specific rotation in degrees
o, the observed angle of rotation in degrees
I, thelength of the samplein decimeter
C, the concentration of the sample solution in g cm™.

ADDITIONAL SOLVED PROBLEMS

SOLVED PROBLEM 1. A capillary tube of internal diameter 0.2 mm is dipped into water when
water rises 15 cm. Calculate the surface tension of water.

SOLUTION :
Formulaused (h++r1)rpg
T
Quantitiesgiven
r =0.1mm=0.0lcm h = 15cm p=1gcm? g = 980 cmsec?
Substitution of values (15+ = x 0.01) cmx 0.01 cm x 980 cm sec? x 1g cm>
Y = 2

73.51dynecm™

SOLVED PROBLEM 2. In a measurement of viscosity by Ostwald's viscometer at 20.2 °C, water
takes 30 seconds to flow between the upper and lower marks while the flow of another liquid of
density 1.5 g cm™ takes 35 seconds. Taking density of water at 20.2 °C to be 0.9982 g cm3, calculate
the viscosity of the other liquid if the viscosity of water at thistemperature is 10 centipoise.

SOLUTION :

Formulausd
Mool 4
mn, dét2
n t
or n, = i:i f -
. . 171
Quantitiesgiven
- 00 = -3 =
n, = 10centipoise  d, = 0.9982gcm t, = 30sec
= 15gcm™ t, = 35sec

Substitution of values
10 centipoise x 1.5 g cm™ x 35 sec
M = 0.9982 g o™ x 30 sec

17.53 centipoise
0.1753 poise

SOLVED PROBLEM 3. At 20 °C, toluene rises 1.95 cm in a capillary tube of radius 0.3412 mm.
Calculate the surface tension of toluene. The density of toluene at 20 °Cis0.866 g cm™.
SOLUTION :
Formulausd .
(h+3r)rpg
L T 2
Quantitiesgiven
h=195cm r =03412mm = 0.03412cm p = 0.866gcm™ g = 981cmsec?
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Substitution of values

(1.95+ = x0.03412) cm x 0.03412 cm x 0.866 g cm3x 981 cm sec 2
2
1961373 003412 0866x BL s o
2

28.42 dynescm™

SOLVED PROBLEM 4. The density of a liquid at 25 °C is 1.2 g mi™ Its refractive index nis
is1.552. Calculateitsmolar refractivity. (Molecular massof liquid = 123)
SOLUTION :
Formulaused
-1 M
R = w72 X 4
Quantitiesgiven
n = 1552 d=1203gml? M =123
Substitution of values
_ (1552*1 123
R = Tassrez X 128

14087 123
42087 X 1208

32.66 cm mol ™

SOLVED PROBLEM 5. In an Ostwald viscometer, the flow times for two liquidsA and B arein
the ratio 4:5. If the density of liquid B is twice as high as that of A, calculate the ratio of their
viscosities.

SOLUTION :
Formulaused n, d t,
M, dz L
Quantitiesgiven
Density of liquidA, d, = d; timefor liquid A = 4tsec
Density of liquid B, d, = 2xd, timeforliquid B = 5tsec
Substitution of values
n d1><4t _ 2
n,  2dx5t 5
_or m:m, = 2:5

SOLVED PROBLEM 6. Time taken for the same volume of water and benzene to flow in
viscometer at 20° C have been found to be 120 seconds and 88 seconds respectively. The
density of benzene at this temperatureis 0.879 g cm™.  If the absolute viscosity of water at 20 °C is
10.05 x 10~ poise, cal culate the specific viscosity of benzene at this temperature.
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SOLUTION :
Formulausd
i _ dl '[l or 0, = T]1 d2 t2
1, d2 t2 dl t1
Quantitiesgiven
n, = 10.05x 10~ poise d = 10gcem? t, = 120 sec
d, = 0.879gcm™ t, = 88sec

Substitution of values
10.05 x 10~ poise x 0.879 g cm™ x 88 sec

1.0 g om™x 120 sec
6.4782 x 10~ poise

, =

SOLVED PROBLEM 7. 1t takes 100 sec for water to flow through acapillary tube at fixed pressure.
How long will it take toluene to do so under similar conditions? Given that :

density of water = 0.998 gcm™ absolute viscosity of water = 0.01 dyne sec cm?
density of toluene = 0.866 gcm™ viscosity = 0.006 dyne sec cm™.
SOLUTION :
Formulausd
Lo 4 o ¢, = L4
n d t d
Quantitiesgiven 2 2 2 M %
n, = 0.01 dynesec cm™ d, = 0998gcm™ t, = 100sec
1, = 0.006 dyne sec cm d, = 0.866gcm™

Substitution of values
_0.006 dyne sec cm™ x 0.998 g cm > x 100 sec
2 0.01 dyne sec cm™ x 0.866 g cm™

69.15 sec

SOLVED PROBLEM 8. At 20 °C, pure water required 102.2 sec to flow the capillary of an

Ostwald viscometer while toluene at 20 °C required 68.9 sec. Calculate the relative viscosity of
toluene. Densities of water and toluene are 0.998 and 0.866 g cn.

SOLUTION :
Formulaused
nl dl tl or _ nl d2 t2
—_— — 1"2 -
T’Z d2 tz dl tl
Quantitiesgiven
n, = 1lpoise d = 0.998gcm™ t, = 102.2 sec
d, = 0.866gcm™ t,= 68.9sec

Substitution of values
1 poise x 0.866gcm x 68.9 sec

0.998gcm™ x 102.2 sec
0.5850 poise

172:
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SOLVED PROBLEM 9. Therise of water level in acapillary of radius0.2 mm at 20°Cis 7.4 cm.
Calculate the surface tension of water taking its density as 1 g cm= at 20 °C.

SOLUTION :
Formulaused , (h+%r)rpg
2
Quantitiesgiven
h=7.4cm r=02mm=002cm p=1gcm® g = 980 dynessec™

Substitution of values

7.4x+x0.02)cm x 0.02cm x 980 dynes sec™
3
2

72.65 dynescm™

SOLVED PROBLEM 10. At 20 °C flow times of water and another liquid in aviscometer are2 min
24 sec and 1 min respectively. Take density of water = 1gcm™ ; density of liquid = 0.8gcm™ ;

viscosity coefficient of water = 1 centipoise (all at 20 °C). Calculate the viscosity coefficient for the
liquidat 20°C.

SOLUTION :
Formulaused
i _ d1 Y or n, = n, dz tz
m, B dz L ’ d t
Quantitiesgiven
d, =1gcm™ t, = 144 sec n, = 1lcentipoise
d, = 08gcm™ t = 60sec

Substitutionsof values
1 centipoise x 0.8gcm™ x 60 sec

1.0gcm™ x 144 sec
= 0.33centipoise

n, =

SOLVED PROBLEM 11. How long a machine oil take to pass through a viscometer
if water under the same conditions takes one minute ? Density of water = 1.0 x 10° kg m= ;
n = 0.00101 Nm2sec; Density of oil = 0.97x10°* kgm= ; n = 0.060 Nm sec.

SOLUTION :

Formulausd
i _ dl tl ot = m, dl t1
n, -4 2 n, d,
Quantitiesgiven
n, = 0.00101 Nm™ sec d, = 1x 103kgm= t, = 60 sec
n,= 0060 Nm7?sec d, = 0.97 x10°kgm™

Substitution of values

0.060 Nm 2 sec x 1 x 10° kg m=x 60 sec
0.00101 Nm secx 0.97 x 103 kgm™

- 3674.59 sec
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SOLVED PROBLEM 12. Some volume of benzene takes 46 sec to flow through an Ostwald
viscometer while an equal volume of water takes 68 sec at the same temperature. Their respective
densities are 0.800 g cm and 0.998 g cm™3. Coefficient of viscosity of water under the conditionsis
1.008 centipoise. Calculate the coefficient of viscosity of benzene.

SOLUTION :
Formulausd
l _ dl tl or n — nl d2 t2
o n d, t ? d t
Quantitiesgiven 2 22 i
n, = 1.008 centipoise d, = 0.998gcm™ t, = 68sec
d, = 0.800gcm™ t, = 46.sec

Substitution of values
1.008 centipoise x 0.800 g cm™ x 46 sec

0.998 g cm=x 68 sec
0.05466 centipoise

SOLVED PROBLEM 13. When 12.0 cc of water isallowed to flow through a stalgamometer, 50.0
drops of water were obtained and when the same volume of liquid is alowed to flow, the number of
dropsformed was 35. If the density of theliquid is 1.2 g per cc and the surface tension of water is 72
dynes cm ™, calculate the surface tension of the liquid.

SOLUTION :
Formulausd
Y, n, d, or v = 7N 4y
- = 2 n d
yZ nl d2 22
Quantitiesgiven
n =35 d, = 10gcem™ y,= 72dynescm™
n, = 50 d, = 12gcm?

Substitution of values
72 dynescm™® x 50 x 1.2 g cm™
3B x1.0gcm3

Y, =

123.428 dyne cm™
SOLVED PROBLEM 14. In an experiment at 293 K, water rosein acapillary of diameter 0.078 cm

to a height of 3.96 cm. Calculate the surface tension of water if the density of water at this
temperatureis0.998 g cm= and g = 980 cm sec™.

SOLUTION :
Formulaused
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Quantitiesgiven

0.078
h =3.96cm r=—_= 0.039cm
d =0.998gcm™ g = 980cmsec?

Substitution of values
0.039cm x 3.96 cm x 0.998 g cm™ x 980 cm sec™

2
- 151é048 dynes cm™ [-1dyne=1gcmsec?]

75.524 dynescm™

SOLVED PROBLEM 15. Fifty dropsof water weigh 3.75 g and that of aliquid 0.850 g. Calculatethe
surface tension of the liquid if the surface tension of water is 72.7 dynes cm ™.
SOLUTION :

Formulaused
Aol
LM
Quantitiesgiven
Y, = 72.7dynescm m = %5 g m, = %g
Substitution of values
72.7 dynescm™ 375 50)
1, - T 0s0
__727x0.8%0 .,
or Y = —3.75 dynes cm

16.479 dynescm™

SOLVED PROBLEM 16. The number of drops of water counted in a stalgamometer at 298 K is
300 whereas the number of drops for ethyl alcohol is 320. Calculate the surface tension of ethyl

alcohol given that the density of water = 0.998 g cm>, density of ethyl alcohol = 0.9614 g cm~surface
tension of water = 72.75 dynescm™.

SOLUTION :
Formulaused
noonoe
Y, n d
Quantitiesgiven 2 z 2
¥, = 72.75dynescm™ n, = 300 d,=0.998gcm
n, =320 d,=0.9614gcm™
Substitution of values
72.75dynescm™ _ 300x0.998gcm™
7, 320x0.9614gcm™
72.75x 320 09614
or Y, = X
30 0.998

77.75dynescm™
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™ SOLVED PROBLEM 17. Thetimes of flow for the same volume of water and carbon tetrachloride,
through an Ostwal d's viscometer are 400 and 300 secsrespectively. The densities of water and carbon
tetracholoride are 0.998 and 1.542 g cmi respectively. Calculate the viscosity coefficient of carbon

tetrachlorideif the valuefor water is0.01002 poise.

SOLUTION :
Formulausd
hooL o4
Tt d
Quantitiesgiven ? 2 2
n, = 0.01002P t, =400 sec d, =0.998¢9 cm®
t, =300 sec d, = 1.542gcm™
Substitution of values
001002P 400 secx 0.988gcm™
n, "~ 300secx 1.542gcm™
0.01002 x 300 x 1.542 .
or = poise
400 x 0.998
= 0.01161 poise

SOLVED PROBLEM 18. Inameasurement of viscosity with Ostwald's viscometer, water takes 580 sec
toflow through agivenvolume, whilean organicliquid takes 395 sec. Cal cul atetheviscosity of organicliquid.
Density of organic liquid and water are 0.7807 and 0.9984 g cm™ respectively. Viscosity of water is 1.01

centipoise.
SOLUTION :
Formulausd
noo d t
Quantitiesgiven Mz %%
n, = 1.01 centipoise d, = 0.9984gcm™ t, = 580 sec
d, =0.7867gcm™ t,= 395 sec

Substitution of values

1.01 centipoise 0.9984 g cm™ x 580 sec

n, ©0.7867 g cm x 395 sec
_1.01 x0.7867 x 395 -
or n, = centipoise
0.9984 x 580

0.542 centipoise

SOLVED PROBLEM 19. The refractive index of carbon tetrachlorideis 1.4573 and itsdensity is
1.5952 g cm. Calculateitsmolar refraction.
SOLUTION :
Formulausd
2 M
R = n_l X ——
n2 +2 d
Quantitiesgiven
n=14573 d = 1.5952gcm M =12+4x355=154gmol™
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Substitution of values

(1.4573)%-1 154
= X
m (14573)+2 15062
1.1237 154
= X

41237 15952

26.30 cm®mol™

B SOLVED PROBLEM 20. A solution of acertain optically active substance in water containing 5.2
gin 30 ml isintroduced in a 20 cm long polarimeter tube. It rotated plane polarised light by 6.2°.
Calculate the specific rotation.

SOLUTION :

Formulaused

la] =

Ixc
Quantitiesgiven
o=6.2° | =20cm=2dm c= 5—:5 gmi?
6.2°x30
= ——— = 1788
lel = 5252

ADDITIONAL PRACTICE PROBLEMS

1. The surface tension of water at 20 °C is 72.75 x 10° Nm™. A 33.24 vol% solution of ethyl alcohol
has y = 33.24 x 10° Nm™ at this temperature. If d = 0.9614 x 10° kg m™ for the solution and
0.9982 x 10°kg m~ for water, how much less in the same capillary tube will ethyl acohol solution rise ?
Answer. 47.4%

2. The surface tension of aliquid at 300 K is 27.1 dyne cm™ and its density at this temperature is 0.9880 g
cm 3. What isthe radius of the largest capillary that will allow the liquid to rise 2.0 cm ? (Assume the angle
of contact to be zero and g = 981 cm sec™?)

Answer. 0.028 cm

3. The surface tension of water at 293 K is 72.73 x 103 Nm= How high will water rise in a capillary of
diameter 0.01 cm?
Answer. 29.7 cm

4. Compare the time of flow of the same volume of 20% wt. sucrose solution (density = 1.0794 x 10° kg m™ and
n = 1.695 centipoise) and 30% wt. sucrose solution (density 1.1252 x 103 kg m2and n = 2.735
centipoise)

Answer. time 20% wt = time 30% wt x 0.65

5. If light machinery oil hasm = 50 centipoise and density = 0.97 x 10% kg m~ at 298 K, how long will it take
for a sample to pass through a viscometer if water under the same conditions takes 1 minute (density of
water = 1.00 x 10% kg m and viscosity = 0.89 centipoise).

Answer. 57.9 minutes
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6.

10.

Therefractiveindex of aliquid at 25°Cis 1.6 and itsdensity is0.87 g cm. Find the molar refraction. (Molar
mass of the liquid is 78)

Answer. 26.36 cm® mol

The molar refraction of aliquid is 12.95 cm® mol~* and its density is 1.046 g cm®. Calculate the refractive
index (molar mass of liquid is 60 g mol™?)

Answer. 1.369

Calculate the optical rotation when sodium D light passes through a solution of acompound in chloroform,
containing 25 g per 100 ml, placed in acell of 20 cm. [o] for the compound in chloroform is 37.5°.
Answer. 18.75°

The refractive index of a liquid of molar mass 72 is 1.34 and its density is 0.98 g cm™. Find its molar
refraction.

Answer. 15.40 cm® mol

A glass capillary of diameter 0.1 cm is dipped into water. Calculate the level of the water that rises
in the capillary if surface tension of water = 72.75 dyne cm™ density = 0.9984 g cm™ and contact
angle for water = 10°.

Answer. 2.93 cm



12 The Solid State

CHAPTER

KEY CONCEPTS AND EQUATIONS

TYPE OF SOLIDS

Inthe solid state the matter isincompressible. That iswhy it haswell defined shape. The unitsatom
or molecules or ionsin solid state are in close contact and have fixed position or sites. We can classify
the solids into four types on the basis of Intermolecular forces holding the structural units together.

A MOLECULAR SOLID

It consists of atoms or molecules held together by intermolecular forces. Examples are solid neon,
Ice, dry ice (solid carbon dioxide), etc.
AN IONIC SOLID

It consists of cations and anions held together by the electrical attraction of oppositely charged
ions(lonic bond). Examplesare CsCl, NaCl, etc.
A COVALENT NETWORK SOLID

It consists of atoms held together in large network or chains of covalent bonds. Examples are
diamond, graphite, etc.
A METALLIC SOLID

It consists of positive cores of atoms held together in a "sea" of electrons (metallic bonding).
Examplesare—copper, iron, silver, etc.
CRYSTALLINE AND AMORPHOUS SOLIDS

Solids may be crystalline or amorphous depending upon the arrangement of constituent units —
atoms or moleculesor ions.
A CRYSTALLINE SoLID

It is made up of one or more crystals and each crystal has awell-defined ordered three dimensional
structure. Examplesare NaCl, Sugar, etc.
AN AMORPHOUS SOLID

It has a disordered structure i.e. the constituent atoms, molecules or ions are arranged at random.
Examplesarerubber, plastic, glass, etc.

155
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Crystalline solid Amorphous solid

W Figure 12.1

Two-dimensional representation of crystalline solid and an amorphous solid.
Each substance has the formula A,O3. A is shown by e and O is shown by O.

ISOTROPY AND ANISOTROPY

Amorphous substances are said to be isotropic because they exhibit the same value of any property
inal directions. Therefractive index, thermal and electrical conductivities, etc. are independent of the
direction along which they are measured.

Crystalline substances are said to be anisotropic because the magnitude of a physical property
varieswith direction. For example, inacrystal of Ag | the coefficient of thermal expansionispositivein
one direction and negative in the other.

CRYSTAL LATTICE

A crystal isathreedimensional ordered repeating arrangement of constituent unit atoms, molecules
orions. A crystal latticemay bedefined asthe geometric arrangement of atomsor ionsin space. The
position occupied by atoms or ionsin the crystal lattice are called lattice sites.

Unit cell Lattice
W Figure 12.2
Two-dimensional illustration of unit cell and crystal lattice.

UNIT CELL

It is smallest repeating box-like unit in space lattice which when repeated over and over resultsin
the crystal of the substance in three dimensions. It is characterised by three axes a,b and ¢ and three
angles between axes o, B and y. Depending upon the rel ationship between edge lengths and angles we

have seven basic shapes possible for unit cells. These are given in Table 12.1 and shown in Fig.12.3.
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M Figure 12.3

Hexagonal

Triclinic
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a b

Orthorhombic

Cc

a@-b

Monoclinic

The primitive unit cells for the seven crystal systems. Where two or more
of the axes are equal, the same letter is shown in each. Right angles (90°)
are shown as 7. The heavy line indicates the hexagonal unit cell.

TABLE 12.1. THE SEVEN CRYSTAL SYSTEMS
Crystal Relative Angles Examples
Edge Length

Cubic a=b=c a=pf=y=90° Cu, NaCl, etc.

Tetragonal a=b=c oa=p=y=90° Sn, TiO,, etc.

Monoclinic azb#=c oa=p=90°%; y=90° Borax, PbCrO,, etc.

Orthorhombic azb#=c a=pf=y=90° BaSO,, CaCO,, etc.

Hexagona a=b=c oa=p=90°;y =120° Zinc Oxide, Graphite, etc.

Rhombohedral a=b=c oa=p=y+90° Calcite, HgS, etc.

Triclinic azb#=c o#B#y#90° K,Cr,0.,
CuSO,5H,0, etc.

CUBIC UNIT CELLS

There are three types of cubic unit cells. These are (i) Simple cubic unit cell (ii) A body centred
cubic unit cell and (iii) A face centred cubic unit cell. Theseare shownin Fig.12.4.

/

Simple cube
W Figure 124
Three cubic uni

t cells.

Body-centred cube

Face-centred cube
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SIMPLE CUBIC UNIT CELL
It is the one in which the constituent units occupy only corners of a cube.
BODY CENTRED CUBIC UNIT CELL
It is the one in which there is one constituent unit at the centre of the cube in addition to the
particles at the corners.
FACE CENTRED CUBIC UNIT CELL
It isthe oneinwhich there are constituent units, one each, at the six faces of the cube apart from the
particles at the corners.
HOW TO DETERMINE THE NUMBER OF ATOMS IN A UNIT CELL
(i) Simple cube: Eight unit cells share each corner atom
. At each corner wehave = 1/8atom
and at 8 cornerswehave = 1/8atomx 8
latom
(i) Face centred cubic unit cell : Each face centred atom is shared by two units cells
At each facewehave = “2atom

and at six faceswehave = Y2atom x 6 =3 atoms
at 8 cornerswehave = 1/8atom x 8=1atom
Thus the total number of atoms in face centred unit cell = 4 atoms

(iii) Body centred cubic unit cell : Each unit cell has one atom in the body
: No. of central atom = latom
and at each corner we have = 1/8aom
at 8 corners we have 1/8atom x 8=1atom
Thus the total number of atom in body centred unit cell = 2 atoms
HOW TODETERMINE MASS OF THEUNIT CELL
Mass of theunitcell = No. of atomsin unit cell x Massof one atom
Molar mass of substance
Avogadro's number

= No. of atomsin unit cell x

CO-ORDINATION NUMBER OF ACRYSTAL LATTICE

The co-ordination number of acrystal lattice is the number of particles (ions, atoms or molecul es)
immediately adjacent to each particlein the lattice. It isthe characterstic of a given space lattice. The
co-ordination numbersin different types of crystal lattice are asfollows:

Typeof crystal lattice Co-ordination number
Simplecube 6

Body centred cube 8

Face centred cube 12

RADIUS RATIO AND ITS RELATION WITH CO-ORDINATION NUMBER
It is defined as the ratio of cation radius to that of the anion radius. It is denoted by ro/r. It is
related to the co-ordination number in the following manner

Radiusratio Co-ordination Number
between 0.225-0.414 4
between 0.414-0.732 6

between0.732-1 8
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BRAGG'S EQUATION
When X-rays of wavelength A strike the first plane at an angle 6, following equation is applicable
niA=2dsné
where d is the distance between two successive planes, n is the order of reflection.

ADDITIONAL SOLVED PROBLEMS

SOLVED PROBLEM 1. Aluminium forms face-centred cubic crystals. The density of Al is
2.70 gcm. Calculate the length of the side of the unit cell of Al (Atomic mass of Al = 27).
SOLUTION :

Number of Al atomsin unit cell =4 [ f ccstructure]
Avogadro's number = 6.02 x 10®mol™*
Mass of one Al atom = Atomic mass
Avogadro's number
_ 27gmol™*
- 6.02 x 10%mol
= 4.485x 102
and Massof oneunitcell = 4 x 4.485 x 10%g

= 17.940 x 103g
Let thelength of sideof unitcellbe = a

. volume of the unit cell = a3M
and density of unitcell = Vdass = 2.70gcm(given)
Substitution of values ume
2 70 g Cm—3 = 17940 X 10_23g
. =
3 17.940 x 10%g
or a = =
270gcm
a® = 66.444 x 10%cm®
or a = 66.444 x 10%cm®
— = 4.0503 x 10°cm

SOLVED PROBLEM 2. Gold has face-centred cubic structure with aunit length 4.07A, a density
of 19.3 g cm™. Calculate the Avogadro's number from the data (Atomic mass of Au = 197)
SOLUTION :

Number of atomsin Gold unit cell =4 [ f ccstructure]
LetAvogadro'snumberbe = N, mol™
Mass of gold atom = Atomic mass
Avogadro's number
_ 197gmol™
= N,
-1
and Mass of onegold unitcell = 4x 197gr_rl10I = LS g
N, mol N,
Edgelength of gold unitcell,a = 4.07A (given)
a = 4.07 x10®%cm
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Volume of onegold unitcell, a®> = (4.07 x 10®%cm)®

788
. M ass Ng )
Density = = =19.3gcm™ iven
Y= Volume (4.07 x 10°cm)? g (given)
Substitution of values
788 g
= 193 =3
N, x (407 x 1097 cm? gem
788 g
or N = 3
o (407 x 10°) x 19.3
= 0.6056 x 10%
L = 6.056 x 10%

SOLVED PROBLEM 3. Polonium crystallises in a simple cubic unit cell. It has an atomic
mass = 209 and density = 91.5 kg m. What is the edge length of its unit cell ?
SOLUTION :

Number of atoms of Poin unit cell =1 [ Simplecube]
M ¢ Po 4t B Atomic mass
assotone om "~ Avogadro's number
209gmol™

6.02 x 10®mol™

347176 x 102g
1x 34.7176 x 102g [. Simple Cube=1 atom]

Mass of one Po unit cell

Let thelength of theunitcellbe = a
Volume of the unit I\;l:ell = a
And Density = ————— = 91.5kgm™  (given)
Volume 5
= 0.0915gm
Substitution of values
23
00915gcm® = 34'7176;; 1079
3 34.7176 x 10%g
or a = =
0.0915gcm
= 379.427 x 10%2cm®
= 3794.27 x 10%cm®
or a

=V‘/ 379427 x 102 cm?
= 15597 x 10%cm

SOLVED PROBLEM 4. Calculate the angle at which first order diffraction will occur in an X-ray
diffractometer when X-rays of wavelength 1.54 A are diffracted by the atoms of acrystal, given that
the interplanar distanceis4.04 A.

SOLUTION :
Formulausd

ni=2d Snéo



Quantitiesgiven

Substitution of values

(atomic massof Cs=133; Br =80)
SOLUTION :

would exitinsimplecubic unit cell.

Length of the edge of simple cube

Volumeof cubicunitcell, a®

Molecular mass of CsBr

Mass of the unit cell

Density of CsBr unit cell

n=1 A = 154A

(i) Tofind out thetypeof unit cell for CsBr
Rediusratio of CsBr Crystal, ——

THE SOLID STATE

d=4.04A

1x 154A = 2x404A x Sineo
o Sng = LA
T 2x 4.04A
= 0.19059
or 6 = sint0.19059
= 10.987°

169pm
195pm

= 0.866

(i) Tocalculatetheunit cell dimensionsand density of CsBr

2 x radiusof Broion
2 x 195pm

390 pm

390 x 10°cm

= (390 x 10%°cm)3

133 + 80 = 213gmol™

213gmol™
Avogadro's Number

213gmol
6.023 x 10®mol™

35.3644 x 102%g
Mass of CsBr unit cell
Volume of CsBr unit cell

35.3644 x 108

(390 x 10°cm)3
35.3644 x 107 B
BE gcm

596gcm™

Sincetheratio liesin therange 0.732 — 1 the co-ordination number will be 8 and the crystal

161

SOLVED PROBLEM 5. Theionic radii of Csis 169 pm and Br is 195 pm. What kind of unit cell
would be expected for CsBr crystal ? Calculate the unit cell dimensions and density of CsBr crystal
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SOLVED PROBLEM 6. Platinum crystallises in a face-centred cubic lattice with all atoms at the
lattice points. It has a density of 21.45 g cm™ and an atomic mass of 195.08 amu. From these data,
Calculate the length of a unit-cell edge.

SOLUTION :
Molecular mass of Pt

195.08amu (Given)

Molecular mass
Avogadro number
19508
6.02 x 107 9

Mass of one atom of Pt

3.240 x 102%g
Number of Ptatominunitcell =4 [ - fccstructure]
Massof unit cell of Pt = 4 x3.240 x 10%g

1.296 x 102 g
M 1.296 x 102 g

D 2l45gcm™
6.042 x 1022cm?®

Edge of theunit cell, a = \/ 6.042 x 102 e

3.924 x 10%cm

and volume of the unit cell, V

SOLVED PROBLEM 7. A body centred cubic element of density 10.3 g cm has a cell edge of
314 pm. Calcul ate the atomic mass of the element. (Avogadro's number = 6.023 x 10%)
SOLUTION :

Number of atomsin bec structure = 8 x ——+ 1 atoms
= 2atoms
Density of dlement = 10.3gcm®
Edgeof theunitcell, | = 314pm = 314 x 10°cm
Volumeof theunitcell, V. = 1¥= (314 x 10%°)* cm?®
Mass of the unit cell = Density x Volume

= 103gcm® x (314 x 10%)3cm?
= 31188 x 102g
3.1188 x 102

Mass of oneatom = B — g [ unit cell = 2 atomsg]
= 15594 x 10%g
Atomicmass = Avogadro'snumber x massof 1 atom
= 6.023 x 10% x 1.5594 x 10%g
= 94gmoal?

SOLVED PROBLEM 8. A crystal of lead (1) sulphide has an NaCl structure. In this crystal the
shortest distance between a Pb?" ion and S*ion is 297 pm. What is the length of the edge of the unit
cell inlead sulphide ?Also cal culatethe unit cell volume (N =6.023 x 102 mol; At. massesPb= 207.2;
S=32)
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SOLUTION :
Length of thecell edge, a = 2(r, + 1)
=2 x297pm
= 5% pm
= 594 x 10%°cm

(594 x 10%°¢cm)?3
2.0958 x 10% cm®

and volume of the unit cell, a®

™= SOLVED PROBLEM 9. Sodium metal crystallises in bcc lattice with cell edge a= 4.29 A. What
is the radius of sodium atom ?

SOLUTION :
We know
For a body centred cube
4r= {3 a
or r= \/—3 X a
4
= LB o 420A
4
= 1.855A

ADDITIONAL PRACTICE PROBLEMS

1. Thecell edge of aface-centred cubic element of atomic mass 108 is 409 pm. Calculateits
denstiy. ( Avogadro's constant = 6.023 x 10%)
Answer. 10.48 g cm™

2. A body centred cubic element of density 10.3 g cm™ hasacell edge of 314 pm. Calculate the atomic mass of
element. ( Avogadro's constant = 6.023 x 10%)
Answer. 94 amu

3. Aneement (atomic mass= 60 ) having face centred cubic structure has a density of 6.23 g cm™. What isthe
edge length of the unit cell. ( Avogadro's constant = 6.023 x 10% mol™)
Answer. 4 x 108 cm

4.  Sodium chloride crystallises in face-centred cubic ( fcc ) structure. Its density is 2.165 g cm™. If the distance
between Na* and its nearest Cl~ is 281 pm, find out the Avogadro's number (Na= 23gmol™; Cl = 35.44
gmol™?)
Answer. 6.08 x 102 mol™

5. Crystalline CsBr has a bce Structure. Calculate the unit cell length if the density of CsBr crystal is
4.29gem3( N, =6.023 x 10 mol~* ; Atomic masses, Cs= 133 ; Br=80)
Answer. 4.369 x 10°cm

6. Lead (1) Sulphide crystal has aNaCl structure. What is its density ? The edge length of the unit cell of PbS
crystal is 500 pm. (N, = 6.023 x 10? mol™; Atomic masses, Pb=207.2 ; S=32)
Answer. 12.7 gcm®
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7.

10.

12.

13.

14.

15.

KF has NaCl structure. What is the distance between K* and F~in KF if its density is 2.48 g cm™ ?
(Atomicmassof K =39.1, F= 19)

Answer. 2.689 x 108 cm

Sodium chloride crystal hasfcc structure. Itsdensity is2.163 x 10 kgm™. Calculate the edge of the unit cell
cube. ( M = 5845 x 10°kgmol™; N = 6.023 x 10 mol™ )

Answer. 5640 x 108 cm

Given for Fe a/pm = 286 ; p g cm = 7.86. Find the type of cubic lattice to which the crystal belongs. Also
calculate the radius of Fe. ( At. mass of Fe =55.85 amu)

Answer. bec ; 123.84 pm

Copper crystal has fee cubic lattice structure. Its density is 8.93 g cm™. What is the length of the unit cell?
(N, = 6.023 x 10% ; Atomic mass of Cu=63.5)

Answer. 3.614 x 108 cm®

A face centred cubic element (at. mass=60) has aunit cell egde of 400 pm. What is its density ?
(N, = 6.023 x 10% atomsmol™)

Answer. 6.226 g cm™3

Calculate the value of Avogadro's number from the data : Density of NaCl = 2.165 g cm™ ; Distance between
Na“ and CI~ in NaCl structure = 281 pm.

Answer. 6.089 x 10%

The nearest neighbour distancein silver atomsinthesilver crystal is2.87 x 107° m apart. What isthe density
of silver ? Silver crystallizesin fcc form ( Atomic mass of Ag = 108)

Answer. 10.73gcm™3

KF has NaCl type structure. What is the distance between K* and F~ in KF, if the density of KF is
2.48 g cm 2 ( Atomic mass of K =39.1 ; F = 19 ; Avogadro's Number = 6.023 x 10 mol™)

Answer. 268.9 pm

A unit cell of sodium chloride has four formulaunit. The edge length of the unit cell is 0.564 nm. What isthe
density of sodium chloride ?

Answer. 2.1656 g cm™=



1 3 Physical Properties and
Chemical Constitution

CHAPTER

KEY CONCEPTS AND EQUATIONS

SURFACE TENSION AND CHEMICAL CONSTITUTION
The surface tension of aliquid isrelated to its density and density of vapour pressure at the same

temperature by the relation. y
,}/ 4

D-d
where vy is the surface tension, D its density and d the density of vapours at the same temperature
and C is a constant. Multiplying both sides by M, the molecular mass of the liquid, we get

Ya
MYZ - mc= [P

=C

D-d
The quantity [P] is called parachor. Asd is negligible as compared to D, the equation reduces to
M
—_ ‘=[P
5 7= [P
Ya _
or vV vy =[Pl
o y = 1then v, =[Pl

Thus Par achor [P] may be defined asthe molar volume of aliquid at atemperature that its surface
tension is unity. The Parachor is very helpful in elucidating structure of molecules as it is both an
additive and constitutive property.

VISCOCITY AND CHEMICAL CONSTITUTION

Viscosity is dueto intermolecular attractions which resist the flow of aliquid.

If molecular volume[ M/d ] be multiplied by the eighth root of the coefficient of viscosity, it givesa
constant value [ R] termed as Rheochor.

Mon's = R
DIPOLE MOMENT d

The dipole moment of a polar molecule is given by the product of the charge at one end and the
distance between the opposite charges. Thus

165
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o= gxr
whereqischargein esu and r the distanceis A units (10" cm) The CGS unit for dipole moment is
debye
10 esu x 10%cm
1 x 10 esucm
The dipole moment is a vector quantity. The net dipole moment of the molecule is the vector
resultant of all the individual bonds.

DIPOLE MOMENT AND IONIC CHARACTER

The magnitude of the dipole moment of adiatomic molecule determinesitsionic character. The %
ionic character of abond is calculated by using the formula

1 Debye

M experimental

% lonic character = x 100

MOLAR REFRACTION AND CONSTITUTION o

The molar refraction of a molecule is a sum of contributions of the atomic refractions and bond
refractions. It is helpful in elucidating the structure of molecules.
OPTICAL ACTIVITY AND CONSTITUTION

Theoptical activity isdueto the pressure dissymmetry in the molecule. An optically active molecule
existsintwo or moreformswhich are non-superimposable mirror images of each other. Thesearecalled
enantiomers. One of these enantiomers rotates the plane of polarised light towards right and is called
dextro-rotatory and the other which rotates the plane of polarised light towards left is called
leavorotatory.
MAGNETIC PROPERTIES

Substances can be classified as Diamagnetic or Paramagnetic depending upon their behaviour in a
magneticfield.

Diamagnetic substancesare dlightly repelled or pushed out of magnetic field, and

Paramagnetic substances are dightly attracted or pulled into the magnetic field.

Paramagnetism is due to the presence of unpaired electrons in the ion or molecule wheresas all
electrons are paired in Diamagnetic substances.

The magnetic moment of amoleculeisgiven by theformula

g = n(n+2)
where L is magnetic moment in magnetons and n is the number of unpaired electrons.

ADDITIONAL SOLVED PROBLEMS

SOLVED PROBLEM 1. Parachor of decaneisfound to be 424.2. Each—CH_—group has aparachor
value of 39. Find out the parachor of hydrogen and carbon.
SOLUTION :
Formulaused
Parachor of decane =2 x Parachor of CH,— + 8x Parachor of CH,—
Quantitiesgiven
Parachor of decane = 424.2 Parachor of -CH,— = 39
Substitution of values
424.2 = 2x Parachor of CH— + 8% 39
or 2x Parachor of CH,— = 424.2—-8x 39




PHYSICAL PROPERTIES AND CHEMICAL CONSTITUTION = 167
1122

or Parachor of CH,- = - =56.1
Parachor of H = Parachor of CH,~ — Parachor of -CH -
= 56.1-39 =17.1
Parachor of C = Parachor of CH- — 3x Parachor of C
=561-3 x 17.1
= 48

SOLVED PROBLEM 2. For quinone, the following two structures are proposed :
(o}

¢}
® (ii)
The experimental value of parachor of quinoneis 237.0. Parachor valuesforH = 17.1,C = 4.8,
O = 20.0, doublebond = 23.2, 6-carbonring = 6.1. Which constitution will you accept ?
SOLUTION :
Parachor of Structure (i) = 6xP_. + 4xP,+ 2xP + P_ ring 3% P biebond
6x4.8 + 4x17.1 + 2x20.0 + 6.1+3%x23.2
2129
Parachor of structure (i) = 6xP_+ 4xP, + 2xP_+ Pcarbonring + AXP, ebond
6x48 +4x171 +2x20+ 6.1 + 4x23.2
288 + 684 + 40+ 6.1+ 928
= 2361

The value of Parachor structure (ii) is close to the experimental value. Thus the structure (ii) is
accepted.

SOLVED PROBLEM 3. Predict the parachor for CH,~C_H,—CN if the parachor equivaent for Cis
4.8;H,17.1;N,12.5; doublebond, 23.2; triple Bond, 46.6 ; and six-membered ring, 6.1.
SOLUTION :
The predicted parachor is the sum of the equivalentsi.e.

8C = 8x48 = 3B4

7TH = 7x171 = 197

IN = 1x125 = 125
Onesixmemberedring = 1x61 = 6.1
Triplebond (one) = 1x46.6 = 466
Threedoublebonds = 3x232 = 696
Total = 2929
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SOLVED PROBLEM 4. The density of hexane at 25 °C is 0.6874 g cm™. Calculate the surface
tension of hexane if the parachors of ethane and propane are 110.5 and 150.8 respectively.
SOLUTION :
(i) Tocalculatetheparachor of C.H
[P] = 2x [P]CH3 = 1105

[P]03H8 = 2><[P]CH3+[P]CH2 = 150.8
[P]CH2 = [P]C3H8 - [P]CZH6
= 150.8-1105=403
[P]Ca Hia - [P]CaHa *3x [P]CHz
= 150.8+3x40.3
= 2/17
Molar massof Hexane = 86
(ii) Tocalculatethesurfacetensionof C.H,,
Formulaused
M v
—_—y = P
57 (F]
Quantitiesgiven
[P] = 2717 M =86 D = 0.6874gcm™
Substitution of values
& xy”* = 2717
0.6874
y 271.7x 0.6874 .
or y* = ————— dynecm
86
Y = 2172 dynescm™
and y = (2172)* dynescm™
| = 22.25dynecm™

SOLVED PROBLEM 4. The density of paraldehyde is 0.9943 g cm™. Calculate the parachor if
the surface tension is 25.9 dyne cm*. The molar mass of paraldehydeis 132.16 g mol .

SOLUTION :

Formulausd

[P]
Quantitiesgiven

M = 132.16gmol ™ D = 0.9943gcm™ y = 25.9dynecm™
Substitution of values

09943
132.91 x 2.256
. 299.84

Pl = x (25.9)%
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ADDITIONAL PRACTICE PROBLEMS

1. Theparachor equivalent for Cis4.8; for H, 17.1; and for O, 20.0 Calculate the parachor for methanol.
Answer. 93.2

2. Theparachor equivalentsfor Cis4.8 ; for H, 17.1; and for O, 20.0. Calculate the parachor for ethyl acohol.
Answer. 132.2

3. Caculate the parachors of methanol and ethanol if y = 22 x 10° Nm? for each alcohol and if
d=0.7914 x 10° kg m™ for methanol and 0.7893 x 10° kg m for ethanol.
Answer. 87.6 and 126.2

4. For benzil, the following two structures have been proposed

C, H-C-C-CH, C, H-C-C-CH,

ST I I ]
(ON©)

| I

The experimental value of parachor of quinoneis479. Parachor values for H=17.1, C=4.8, 0=20., double
bond = 23.2, 6-carbonring = 6.1. Which constitution will you accept ?
Answer. |

5. A substance having the molecular formulaC, H, O may beallyl acohol (CH, = CH — CH,, — OH) or acetone
(CH,-CO-CH,). Determine the correct formulaif the observed molar refractivity of the compound is 15.998
cm?® mol™. Given that refractivities of C = 2.418, H = 1.100, O (Carbonyl) = 2.211, O (hydroxyl) = 1.525
and C = C double bond = 1.733.
Answer. 16.06 acetone

6.  For isocyanide, the following two structures have been suggested

+ -
-N=C - N=C
I I
The experimental value of parachor of quinoneis65. Parachor valuesfor N =12.5, C = 4.8, double bond 23.2.
Which constitution will you accept ?
Answer. 11
7. Themolecule AsF, has adipole moment of 2.59 D. Which of following geometries are possible?
Trigonal planar, Trigona pyramidal, T-shaped
Answer. Trigonal pyramidal
8. Which of the following molecules would be expected to have zero dipole moments on the basis of their
geometry ? (a) H,S (b) PF, (c) TeF, (d) BeF,
Answer. (c) and (d)
9.  Calculate the %ageionic character of H — Cl bond if the distance between the two atomsis 1.275 A and its
dipole moment is 1.03 D.
Answer. 16.885%
10. Each of the following molecules has a non zero dipole moment. Select the geometry that is consistent with
this information.
@ 802 : Linear, Bent
(b) PH, ; Trigona planar, Trigonal pyramidal
Answer. (a) Bent (b) Trigonal pyramidal



CHAPTER

KEY CONCEPTS AND EQUATIONS

SOLUTION AND ITS CONCENTRATION

A solution isahomogeneous mixture of two or more substances. The substance whichis present in
smaller amount is called a solute and the one which is present in alarge amount is called solvent. The
concentration of a solution is the amount of solute present in a given amount of solution i.e.

Amount of solute
Volume of solution

Concentration =

WAYS OF EXPRESSING CONCENTRATION
(i) Percent by weight
It isthe weight of solute as a per cent of the total weight of the solution i.e.

Weight of solute
Weight of solution

% by weight of solute = x 100

(i) MoleFraction
Itistheratio of number of moles of solute and the total number of moles of solute and solvent. Thus
moles of solute

X =
solute moles of solute + moles of solvent
_ n _ N
Xowe = n+N and X e = n+N

Where nis the number of moles of solute and N the number of moles of solvent.
(iii)yMolarity
It isthe number of moles of solute per litre of solution.

moles of solute
volume of solution in litres

i.e Molarity, M =
(iv)Molality
It isthe number of solute per kilogram of solvent i.e.

moles of solute

Molality, = -
o, m mass of solvent in kg

170
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(V) Normality
It is defined as the number of gram equivalents of solute per litre of solution. Thus

no. of gram equivalents of solute
volume of solution in litres

Normality, N =

(vi) Formality
It isthe number of formulaweight in grams dissolved per litre of solution. When formulaweight is
equal to the molecular weight, the formality and molarity are the same.

SOLUTION OF GASES IN GASES
When two gases which do not react chemically are mixed, a homogeneous solution is obtained.
Such amixturefollows Dalton'slaw of partial pressure.

HENRY'S LAW

The solubility of a gas in a solvent depends upon the pressure and temperature. The effect of
pressure on solubility of a gas can be predicted quantitatively by Henry's law which states that the
solubility of a gas is directly proportional to the partial pressure of the gas above the solution.
Mathematically,

CeP or C=kP

where C is the concentration of the gas in solution, k, the proportionality constant and P, the

pressure of the gas.

VAPOUR PRESSURE OF MIXTURE OF NON-MISCIBLE LIQUIDS

Inamixture of non-miscibleliquids, each component exertsits own vapour pressureindependent of
others and the total vapour pressure is equal to the sum of individual vapour pressures of al the
liquids. Thisgeneralisation isthe basic principle of steam distillation. The number of molecules of each
component in the vapour will be proportional to its vapour pressure i.e. to the vapour pressure of the
pureliquid at that temperature. Hence

P, _

where n, and n, are the number of moles of the two components, p, and p, are their vapour pressures.

We can also write

n, P,

w, /M, P

w, /M, " p
2 2 2
wherew, and w, are the masses of two liquids with their molecular masses M, and M, respectively
From this we can calcul ate the molecular mass of one component if that of other is given.

ADDITIONAL SOLVED PROBLEMS

SOLVED PROBLEM 1. Calculate the molality of asolution of sodium hydroxide which contains
0.2 g of sodium hydroxide in 50 g of the solvent.
SOLUTION :
Formulausd

No. of moles of solute
mass of solvent in kg

Molality, m =

Quantitiesgiven
0.2¢g
amount of NaOH = 0.2gand no. of molesof NaOH = ————
40 g mol

massof solvent = 50g =50 x 10°kg = 0.005kg
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Substitution of values

Molality, m

Formulaused

Normality, N
Quantitiesgiven
Amount of oxalic acid in 500 ml solution

No. of gram equivalents of oxalic acid

volume of solution =
Substitution of values
Normality, N

SOLUTION :
Let the weight of a sample of ethanol be

Amount of ethanol in the sample =
and Amount of water inthe sample =
Formulausd

0005

50 x 107
0.1m

SOLVED PROBLEM 2. Calculate the normality of a solution containing 6.3 g of oxalic acid
crystals (molecular mass = 126) dissolved in 500 ml of the solution.

No. of gram equivalents

~ volume of solution in litres

= 6.3¢
Amt. of solute
gram equivalent weight

6.39
63 g equiv?
0.1 equiv
500ml = 0.5lit.

01
05

02N

SOLVED PROBLEM 3. A sample of spirit contains 92% ethanol by weight, the rest being water.
What is the mole fraction of its constituents ?

1009
92% = 929
8% =8¢

No. of moles of A

0.1MNa,SO,.
SOLUTION :

Since NaCl = Na

XA - Total no. of moles
Quantitiesgiven
No. of moles of ethanol = Amount = 929 = 2moles
Molar mass 46 g mol™
No. of moles of water = __Amount_ 89 = 0.444mole
o Molar mass 18 g mol~*
Substitution of values
_ 2moles 2mole  _ g1
ehandl —  2moles+0.444mole =~ 2444mole
0.444mole 0.444mole
d X = = 0.182
_an H0 2moles+ 0.444 mole 2.444mole

SOLVED PROBLEM 4. Calculate the ionic strength of a solution containing 0.2 M NaCl and

Amount of Na“ from 0.2 M NaCl =0.2 x Atomic massof Na"



and
Amount of Na* from 0.1 M Na,SO,

Thus total strength of Na" ions

NaCl
Amount of CI~from 0.2 M NaCl

Now

and Amount of SO42‘ from0.1M Na,SO,

is1.0816 gmi~L.
SOLUTION :

(i) To calculatethemolality

N%SO A
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=02 x 23

= 4.6¢lit™?

= 2Na

= 2 x 0.1 x Atomic massof Na*
=2x01x23

= 4.6¢lit?

= 46glitt+4.6¢lit?
9.2glit™

= CI-

= 0.2 x Formulamassof CI~
0.2 x 355

7.1glit?

0.1x Formulamass of SO,*
=0.1x 96

= 96¢lit?

SOLVED PROBLEM 5. Determine the molality of a solution containing 86.53 g of sodium
carbonate (molar mass= 105.99) per litrein water at 20°C. The density of the solution at thistemperature

(i) Tocalculatetheamount of Na,CO, in 1000 g of water

Density of solution = 1.0816gmi~
Massof 1 litresolution = 1.0816 gml™x 1000ml ["M =density x vol.]
= 108169
Amt. of sodium carbonatein 1081.6gof = 86.53 g(given)
-~ Amt. of Na,CO, in 1000 g of water = %
= 80.0g

Formulaused ) Amount of Na,CO, in 1000 g of water
Molality, m = ol Tass
Quantitiesgiven
Amount of Na,CO, in 1000 g of water = 80.0g
Molar mass of Na,CO, = 105.99gmol™
Substitution of values
. _ 8049
Molaliym = 105 5o gmol

- = 0.7548 m

SOLVED PROBLEM 6. A solution contains 25% water, 25% ethanol and 50% ethanoic acid.
Calculate the mole fraction of each component.

SOLUTION :

(i) Tocalculatethetotal number of moles

Let themass of solutionbe = 1009
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Amountof H,O =25% = 25¢g

Amountof CH.OH =25% = 25¢g

Amount of CH,COOH =50% = 50g
259

Number of molesof water = rlz 1.3888 moles
g mol
Number of molesof CH.OH = Aﬁ: 0.5435mole
509
Number of molesof CH,COOH = GTmol‘lz 0.8333moles
Total number of moles = 1.3888 +0.5434 + 0.8333 moles
= 2.7655moles
(ii) Tocalculatethemolefraction of each component
Formulaused
No. of moles of component
X component = Total no. of moles
Substitution of values
Molefractionof H, O, XHzo = % = 0.502
Mole Fraction of CH.OH, X, o, = SDIAe = 01965
. 0.8333mole
_Mole Fraction of CH,COOH, XCHacOOH = S esEmoe - 0.3013

SOLVED PROBLEM 7. What ismolarity and molality of a 13% solution (by weight) of sulphuric
acid ? Itsdensity is1.09 g ml™.

SOLUTION :
Let themass of solutionbe = 1009
Amount of H SO, insolution = 139
Amount of H,Oinsolution = 87g
Number of molesof H,.SO, = &-1 = 0.1326 mol
98 g mol

(i) Tocalculatethemolality

Formulaused No. of moles of H,SO,

Molality, m = Mass of solvent in kg

Quantitiesgiven
No. of moleﬁH2 SO4
Mass of solvent

0.1326
879 = 87 x 103kg

Substitution of value

0.1326
Molality, = =
odit,m = 5 109kg
= 1.524m
(il) Tocalculatethemolarity
Mass _ 1009

Volume of 100 g of solution

Density ~ 1.09gml™



Molarity, M
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91.74 ml
0.091741it
No. of moles of H2 SO4

Volume of solutionin litre
01326

0.09174
1.4459M

SOLVED PROBLEM 8. 49 g of H,SO, aredissolved in 250 ml of solution. Calculate the molarity

of the solution.
Solution :

Amount of H 2SO A in 250 ml solution

Amount of HZSO4 in 1lit solution

No. of moles of HZSO4 in1lit solution

SOLVED PROBLEM 9. 45 g of glucose, C

molality of the solution.
SOLUTION :

Molarity, M

Amount of glucosein 500 g water

No. of moles of glucosein 500 g water

Mass of water

Molality, m

6

499
49 x 1000
250

196¢g

196¢g
98 g mol™
2moles

No. of moles of HZSO4

Volume of solutionin litre
2 moles

1lit
2M

H,,O,, are dissolved in 500 g of water. Calculate the

459

S

180 g mol™

0.25mol

5009

500 x 102kg

No. of moles of glucose

Mass of water in kg
0.25

500 x 1072
05m

SOLVED PROBLEM 10. Nitrobenzeneis completely misciblewith water. A mixture of two liquids
boilsat 99°C and 753 torr pressure. The vapour pressure of water is 733 torr at thistemperature. Find
out the weight composition of liquid mixture.

SOLUTION :
Formulaused
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Quantitiesgiven

p, = Vap. pressure of mixture—vap. pressure of water
= 753torr—733torr
= 20torr
P, = 733torr M, of Nitrobenzene(C,HNO,)= 123 M, of water = 18
Substitution of values
w, 20 torr 3
W, ~ 733tor * 18
= 536
W, _ 5%
w, T 1
_or woiw, = 536:1

SOLVED PROBLEM 11. Calculate the mole fraction of water in amixture of 12 g of water, 108 g
of acetic acid and 92 g of ethyl alcohol.
SOLUTION :
(i) Tocalculatethetotal number of moles

12
No. of molesof HO = —g_l = 0.667mole
2 18 g mol
108g
No. of molesof CH_COOH = ——— =180mole
3 60 g mol
929
No. of molesof CH.OH = ————— =20mole
46 g mol™
Total number of moles = 0.667 moles + 1.80 moles + 2.0 moles
= 4.467 moles
(i) Tocalculatethemolefraction of H,O
Formulaused
X _ Number of moles of H.O
H0 ~  Total number of moles
_0.667mole
4.467mole
= 0.1493
" SOLVED PROBLEM 12. Caculatethe moldlity of 1M solution of sodium nitrate, the density of solution
is1.25gonm,
SOLUTION :
Mass of 1 litre solution of NaNO, = Density x volume
= 1.25gcm™ x 1000 cm®
= 12509
Molar massof NaNO, = 23 + 14 + 48 = 85gmol™
Mass of water in onelitresolution = 1250g- 859
= 1165¢g
= 1.165kg

Number of moles of NaNO3
Mass of water in kg

Molality of NaNO, =
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B 1mole
~ 1.165kg

0.8583 m

SOLVED PROBLEM 13. 2.82 g of glucose (mol mass = 180) are dissolved in 30 g of water.
Calculatethe (i) molality of the solution (i) molefraction of glucose and water.
SOLUTION :
(i) Tocalculatethemolality of thesolution

_ mass of glucose
molar mass

2.829
= — =0.01567
180 g mol™

30g =30 x102kg
No. of moles of glucose
amt. of water in kg

Number of moles of glucose

Amount of solvent

Molality of glucose, m

_ 001567
~ 30 x 107
= 05223m
(i) To calculatethemolefraction of glucoseand water
3049
No. of molesof HO = W = 1.6667 mole
Number of molesof glucose = 0.01567 mole

Total number of glucose = 0.01567 + 1.6667 mole

= 1.68237
Formulaused
_No. of moles of component
X component = Total number of moles
X _ 0.01567 mole — 0.0003
glucose 1.68237mole '
1.6667 mole
| Xiuo = T1e8237moe - 99907

SOLVED PROBLEM 14. Calculatethe mole fraction of ethyl alcohol in asolution of total volume 86
ml prepared by adding 50 ml of ethyl acohol (d= 0.789 gml™) to 50 ml of water (density =1.0gml™)
SOLUTION :
Mass of 50 ml ethyl alcohol = Density x volume= 0.789 gml™x 50 ml

= 39.45¢g
Number of molesof C.H. O Amt of CH,OH 39.45¢
umber of moleso = =
25 molar mass of C,H.OH 46 g mol™*
= 0.8576 mole
Mass of 50 ml of water = Density x volume
= 1.0gml™ x 50ml
= 509
509
Number of molesof HO = —————— = 2777moles
2 18 g mal
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) No. of moles C_H_OH
Mole fraction of ethyl alcohol, X _, . = ol o, o n210I505
2''5 .

0.8576 mole

0.8576 mole + 2.777 moles
0.2359

SOLVED PROBLEM 15. The density of a 3 M sodium thiosulphate solution is 1.25 g ml™.
Calculate (i) the % by weight of sodium thiosulphate, (ii) the mole fraction of sodium thiosulphate,
and (iii) the moldity of Na*and 82032‘ ions.
SOLUTION :
(i) Tocalculatethe% by weight of sodium thiosulphate
Density of thesolution = 1.25gml™
Mass of 1000 ml of solution Density x volume
1.25gml™ x 1000ml = 12509
3 x molar massof Na,S,0,
3 x 158¢g
4744
4744
_ 4749
12509
= 37.92%
(i) Tocalculatethemolefraction of Na,S,0,
Amount of Na_S,0, in 100g solution = 37.92
Amount of H,0in 100 g solution = 100 — 37.92 = 62.08¢

Amt of Na28203 in 3 M solution

1250 g of solution contains N&a,S,0,

x 100

% by weight of Na,S,0,

371929
Number of molesof Na,S,0, = m = 0.24mole
Number of moles of water = ﬂSg_l = 3.449 mol
18 g mal
Total no. of moles = 0.24mole + 3.449 mole = 3.689 moles
M _ _024mole
olefraction of Na,S,0,, XNazszoa Ry —— 0.065
(iii) To calculate molality of Na" and Szoaz‘ions
No. of molesof Na,in68.02gwater = 0.24mole
No. of molesof Na,S,0,in1000g water = 3.528 mole
Molality of Na*ions = 2 x 3.528 moles [ NaS0,=2Na]
= 7.056m
and Molality of S,0,* ions = 1 x 3528 moles [+ NaS,0,=50,"]
= 3528m

SOLVED PROBLEM 16. Calculate the molality of water in pure water.
SOLUTION :
Massof 1 litre of purewater = Density x volume
1.0gmi™ x 1000ml
= 10009
Molar massof H,O = 18gmol™
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1000g
18 g mol™
Molality, m = 55.55m

No. of molesof H,Oin 1000 g of pure water

SOLVED PROBLEM 17. 8.0575 x 1072 kg of Glauber's salt is dissolved in water to obtain 1 dm? of
asolution of density 1077.2 kg m™. Calculate the molarity, molality and mole fraction of Na,SO, inthe
solution.

SOLUTION :
Mass of Glauber's salt, Na,S0,.10H,0 dissoloved = 8.0575 x 102kg
Molar massof Na,SO,.10H,0 = 46+32+64+180 = 3229 mol ™
8.0575 x 1072

322 x 10°kg mol™
= 0.25mole

Mass of 1 dm?® (1 lit.) solution of Na,SO,.10H,0 = Density x volume
= 1077.2kgm= x 10°m?3
= 1.0772kg

322gof Na,SO,.10H,0 containsNa,SO, = 1429
142 x 8.0575 x 102kg
32
= 3.553 x 102kg
Mass of water in 1 dm?® solution (1litre) = 1.0772kg — 3.553 x 102kg
= 1.04167kg

Number of moles of NaZSO4.10HZO =

8.0575x102kg of Na,SO,.10H,0 containsNa,SO,

(i) Tocalculatemolarity of Na,SO,
Formulaused
No of moles of NaZS)4

Molarity, M = . ;
\ol. of solution in dm® (litre)
0.25mal
= =210 - g5\
1dm

(ii) Tocalculatemolality of Na,SO,

Formulaused
No of moles of N32804

Molality, m = —merwater in kg
0.25mole  _
WWKQ =0.2400m

(iii) To calculatemolefraction of Na,SO,
Formulausd

) No of moles of Na,SO,
Mole fraction of NaZSD4, X Na,S0, = Total Mo of Toles

0.25mole

1.04167 x 10°
18

0.25mole

57.87+0.25mole

0.25mole  _
58.12mole 0.0043

+ 0.25mole
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ADDITIONAL PRACTICE PROBLEMS

10.

12.

13.

14.

A solution contains 100 g of NaCl and 900 g of water. Calculate the mole fraction of the
components of the solution.

Answer. 0.0331 and 0.9669

Calculate the molarity of a solution containing 331g of HCI dissolved in sufficient water to
make 2 dm?® of solution.

Answer. 4.534 M

Calculate the molality of a solution containing 100 g of H,SO, dissolved in 2 kg of water.
Answer. 0.51 m

How many grams of Na,CO, should be added to 2000 g of water in order to prepare 0.100 m
solution of Na,CO, ?

Answer. 21.2 g

What is the normality of a solution containing 28.0 g of KOH dissolved in sufficient water to
make 400 ml of solution ?

Answer. 1.25 N

Calculate the molarity, molality and mole fraction of ethyl alcohol in a solution of total volume
172 ml obtained by adding 100 ml ethyl alcohol (d = 0.789 g ml™1) to 100 ml of water
(d=1.0gml™?

Answer. 9.953 M ; 17.12 m; 0.0299

Calculate the molality and mole fraction of the solute in a aqueous solution containing 5.0 g of
ureain 250 g of water. (molecular mass of urea = 60)

Answer. 0.0833 m ; 0.00596

A solution has 20% water, 20% ethyl alcohol and 60% acetic acid by mass. Calculate the mole
fraction of each component.

Answer. 0.437 ; 0.170; 0.393

Calculate the molarity and normality of asolution containing 5.3 g of Na,CO, dissolved in 1000
ml solution.

Answer. 0.05M; 0.10 N

Calculate the molarity of the diluted solution obtained by diluting 1 litre of 12 M HCI to 20
litre.

Answer. 0.6 m

Wiater was added to 25.0 ml of 98 percent H,SO,,, density 1.84 g mi~! to make 100 ml solution. Calculate the
normality and molarity of the solution.

Answer.9.2N ;4.6 M

A 6.90 M solution of KOH in water contains 30% by weight of KOH. Calculate the density of the solution.
Answer. 1.288 g ml™?

Concentrated NH,OH has a density of 0.90 g mi~t and is 28 percent by weight. Wheat isits normality ?
Answer. 15N

Calculate the molarity and molality of a solution of K ,CO, containing 22% of the salt by weight and has a
density of 1.21 g ml™.

Answer. 1.93M ; 2.04 m



15.

16.

17.

18.

19.

20.

21.

22.
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What is molarity of Fe?* ionsin a solution containing 200 g of FeCl,, per litre of solution ?

Answer. 1.574 M

5g of NaCl isdissolvedin 1 kg of water. If the density of the solution is0.997 g ml~2, calculate the mol arity,
molality and mole fraction of the solute.

Answer. 0.085 M, 0.0847 m, 0.00153

How many kilograms of wet AICI, containing 24% water are required to prepare 100 litres of 0.5 M
solution.

Answer. 8.782 kg

A sugar syrup of weight 214.2 g contains 34.2 g of sugar (C ,H,,,0,, ). Calculate (i) molal concentration and
(i) mole fraction of sugar in syrup.

Answer. (i) 0.556m; (ii) 0.0099

A water solution contains 8.0% sugar by weight and has adensity of 1.03 g ml~t. How many grams of sugar
are therein 400 ml of the solution ?

Answer. 33.0g

Cdculate the amount of Na“ and Cl~ ionsin grams present in 500 ml of 1.5 M NaCl solution.

Answer. 17.3 gNa" and 26.6 g CI~

Calculate the number of molecules of sugar present in 1 ml of 10% sugar solution having density = 1.20 g mi™.
Answer. 2.1 x 10%°

The acid solution in afully charged lead storage battery contains one-third of sulphuric acid by weight and
has a density of 1.25 g ml~%. Calculate the molarity and molality and mole fraction of the acid solution.
Answer. 421 M ; 5.02m



5 Theory of Dilute Solutions

CHAPTER

KEY CONCEPTS AND EQUATIONS

COLLIGATIVE PROPERTIES

Certain properties of solutions which depend only on the concentration (number of particles) of
solute particles are called colligative properties. These are independent of the size or nature of the
particles. Colligative properties may be used to measure the concentration of solute. In thisway, we can
determine the molecular weight of the solute.
LOWERING OF VAPOUR PRESSURE - RAOULT'S LAW

When a non-volatile solute is dissolved in a solvent, the vapour pressure of the pure solution is
lowered than that of pure solvent. Thislowering of vapour pressure relative to the vapour pressure of
the pure solvent is equal to the mole fraction of the solutein dilute solution. (Raoult'slaw) i.e.

P-by _ n
P n+N
where pisthe vapour pressure of the pure solvent, p_the vapour pressure of solution, n the number
of moles of solute and N the number of moles of solvent.
DETERMINATION OF MOLECULAR MASS
If wisthemass of the solute of molecular mass mdissolved in Wgrams of solvent of molecular mass

M, wecanwrite:

w
P-p, _ m
p w.,w
m M
For avery dilute solution wy misvery small and is negligible in the denominator, then we have
P-P,  w/m  wM
P WM~ Wm

From this we can cal culate the molecular mass of the solute if other parameters are given.
BOILING POINT ELEVATION

The addition of non-volatile solute lowers the vapour pressure and the solution hasto be heated to
a higher temperature in order to make its vapour pressure equal to the atmospheric pressure. i.e.

182
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Elevation in boiling point occurs. The elevation in boiling point, AT is given by
AT =T-T,
where T isthe boiling point of the solution and T, the boiling point of pure solvent. The elevation
in boiling point, A T isdirectly proportional to the relative lowering of vapour pressure, i.e.

AT, o P=h
From Raoult'slaw we can write
wM .. PP wM
ATb o< * =
Wm p Wm
w 1 . .
or AT = K X —x — [ since M is constant]
m W

whereK isaconstant called Boiling point constant or Molal Elevation constant. It isdefined asthe
boiling point elevation produced when 1 mole of the solute is dissolved in 1 kg (1000g) of the
solvent. If the mass of the solvent (W) is given in grams, it has to be converted into kilograms. Then
we have

AT = K X w X 1
b T "m T WI1000
Kb><1000><w
or themolecular mass, m = ———
ATbxW

The molal elevation constant is characterstic of a particular solvent used. It can aso be calculated
by using the relation.

R sz
K = —————
b 1000 %L,
where R is gas constant, T, the boiling point of the solvent used and L, the molar latent heat of

vaporisation.
FREEZING POINT DEPRESSION

The addition of a non-volatile solute lowers the vapour pressure and the freezing point decreases.
This difference of the freezing point of pure solvent and the solution is called depression in freezing
point, denoted by A T,. It is given by

AT =T-T

where T, is the freezing point of pure solvent and T, the freezing point of the solution. It is directly

proportional to the relative lowering of vapour pressurei.e.

pP—=p,
AT o _p
From Raoult'slaw we can write
wM P-B, ~ wM
AT < Wm P 7 Wm
or AT e W [ since M is constant]
Wm L
w
or AT o« — X T,
f m W
S K ox L
T m W
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where K; is caled the Freezing point constant or Molal depression constant. It is defined asthe
freezing point depression produced when 1 moleof soluteisdissolved in onekg (1000 g) of the solvent.
If the mass of solvent (W) isin grams, it hasto be converted into kilograms, then we can write

W 1
AT = K X — X ———
f f m W/1000
Kf x 1000 x w
or molecular mass of solute, m = W

Themolal depression constant is characteristic of aparticular solvent used. It can a so be calcul ated
by using the relation.
R sz
Ki = T000x L,

COLLIGATIVE PROPERTIES OF ELECTROLYTES

The electrolytesionisein solution and yield more than one particle per formulaunit in the solution.
Therefore, the colligative effect of an electrolyteis always greater than that of a non-electrolyte of the
same molal concentration. To account for the effect of electrolytes, afactor known asvan't Hoff factor,

i, wasintroduced. It isdefined asratio of thecolligative effect produced by an electrolytesolution to
corresponding effect for the same concentration of anon-electrolytesolution, i.e.

ATf ATb Ap

[ATl, — AT, [ad,

whereA T, AT and A pareelevationin boiling point, depressionin freezing point and lowering of
vapour pressurefor the electrolytesolutionand [A T] |, [AT,] ;and [A p]  are corresponding colligative
properties for non-electrolyte solution of the same molal concentrations.

The vant Hoff factor, i, can be calculated by using any colligative property eg.

i x 1000 x K x w
AT, = mx W

ABNORMAL MOLECULAR MASSES OF ELECTROLYTES

In case of electrolytes, which dissociate into ions, the experimental molecular mass will always be
less than the theoretical value calculated from the formula. The van't Hoff factor, i, is also equal to the
ratio of number of particles in solution to the number obtained assuming no ionisation, i.e.

Actual number of particles

Number of particlesfor no ionisation
The degree of dissociation is the fraction of a electrolyte which is dissociated into ions in aqueous

solution. It isdenoted by A and is related to the van't Hoff factor by the relation
i—1
A= v —|
where v isthe no. of ions formed on complete dissociation of 1 mole of an electrolyte.

ADDITIONAL SOLVED PROBLEMS

 SOLVED PROBLEM 1. A Solution containing 10.0 g of a compound in 100 g of water lowers
the vapour pressure from 17.5 mm of Hg to 17.41 mm of Hg at 20°C. Calculate the molecular mass
of the compound.
SOLUTION :
Formulaused P=h _ wxM
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Quantitiesgiven

p = 17.5mmof Hg p, = 17.41mmof Hg w = 18g
w = 10g W = 100g
Substitution of values
17.5mm-17.41mm 10gx 18
175mm = mx 100g
or 00 _ 10x18
175 mx 100
10x18x17.5
or m = —
0.09x 100
. = 350

SOLVED PROBLEM 2. 10 g of anon-volatile solute was dissolved in 100 g of acetone (molecu-
lar mass = 58) at 25 °C. The vapour pressure of the solution wasfound to be 192.5 mm Hg. Calculate

the molecular mass of the solute. The vapour pressure of pure acetone at 25 °C is 195 mm Hg.
SOLUTION :

Formulaused
P=P, wx M
p mx W
Quantitiesgiven
p = 195mmHg P, = 192.5mmHg w = 10g
W = 1009 M = 58
Substitution of values
195mm-1925mm _ 10gx58
195mm 100g x m
25 10x 58
or =
1% 100xm
10x58x 195
or m =  —-
100x2.5

L = 4524
=== SOLVED PROBLEM 3. Napthalene freezes at 80.1 °C. It has amolal depression constant 6.89 °C
kg mol . A solution of 3.2 g of sulphur in 100 g of napthal ene freezes at atemperature 0.86 °C lower
than pure napthalene. What is the molecular formula of sulphur in napthalene ?

SOLUTION :

Formulaused
B 1000><Kf><w
Molecular mass,m = ATf—xW
Quantitiesgiven
K = 6.89°C kg mol ™ w = 3.2g AT, = 0.86°C
W =100g

Substitution of values 1000x 6.89°Ckgmolx 3.2g

0.86°C x 100g

= 256
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Calculated mol. mass
Atomic massof S

Number of sulphur atomsin napthalene =

B
= -
Thus, themolecular formulaof sulphur in napthaleneisS,.

SOLVED PROBLEM 4. A Solution of ureain water has a freezing point of —0.400 °C. Calculate
the boiling point of the solution. (K, =1.86; K =0.51)

SOLUTION :
Formulausd
lecul 1000 x K, xw ]
molecular mass, M = — M8 — N (
oS AT XW ®
4 lecl _ 1000x K, xw §
an molecular mass, m = ATb—xW .. (i1)
Quantitiesgiven
AT, =04°C K, =186°C K, = 051°C
Substitutionin (i) and (i) wehave
1000x 1.86°Cx w 1000x 0.51°C xw
m = and m =
04°CxW AT XW

On equating we get
1000x1.86°Cxw  1000x0.51xw

04CxW AT, xW
or 4650 = ﬂ
AT,
—_ _510 — Of
or AT = = 0.10968°C
Boiling point of the solution = Boiling point of water + Elevationin boiling point
= 100°C + 0.10968 °C
= 100.10968°C

SOLVED PROBLEM 5. Boiling point of 2.5 m solution of glucose (mol mass = 180) in water was
101.3°C. Calculatethe molal €elevation constant of water.
SOLUTION :
Formulaused
AT, =mx K or K = —2

Quantitiesgiven
AT, =1013°C-100°C = 1.3°C m=25
Substitution of values

K, = 25 = os2oc
25

SOLVED PROBLEM 6. A solution of 8.585 g of sodium nitratein 100 g of water freezesat —3.04°C.
Calculate the molecular mass of sodium nitrate. (K, for water =1.86 K mol™)
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SOLUTION :

Formulaused
1000 x fow
molecular mass,m = ATf—xW

Quantitiesgiven
K= 186K mol AT, =3.04°C = 304K w = 8585¢g W =100g
Substitution of values

1000x 1.86 K mol1x 8.585¢

3.04Kx100g
52.52

SOLVED PROBLEM 7. A 0.1 molar solution of urea at the room temperature freezes at —0.25 °C
at normal pressure. What would be the approximate freezing point of 0.1 molal agueous solution of
aluminium chloride at room temperature assuming completeionisation ?

SOLUTION :
Formulaused
AT = K xm or K = —
Quantitiesgiven
AT, = 0.25°C m = 0.1
Substitution of values

0.25°C

K, = —— =25°C
f 0.1
Now,forAICI3
ATf = Kf X m
= 25°Cx 0.1
L = 0.25°C

SOLVED PROBLEM 8. The values of molal elevation constant and molal depression constant
for water are 0.52 and 1.86 °C kg mol™ respectively. If the elevation in boiling point by dissolving a
solutein water is+ 0.2 °C, what will be the depression in freezing point of this solution ?
SOLUTION :
Formulaused
AT =K xm and AT = K xm
or = ﬁ

A Kf

>
LA

Quantitiesgiven
AT =02°C K, =0.52°C kgmol™ K,=1.86°Ckgmol™

Substitution of values
02°C _ 0.52°Ckgmol™

AT, 1.86°C kgmol™

o AT = LB5x02C
052
- = 0715°C

SOLVED PROBLEM 9. 1.065 g of an organic solute dissolved in 30.14 g of diethyl ether raises
the boiling point by 0.296 °C. The molal elevation constant of ether is2.11. Calculate the molecular
mass of the solute.
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SOLUTION :

Formulaused
1000 x Kbxw
ms= —=——
ATbx W

Quantitiesgiven

K,=211C w=1.065¢g AT =0.296°C W=30.14¢g
Substitution of values

1000x 2.11°Cx 1.065¢g
0.296°Cx 30.149

251.88

SOLVED PROBLEM 10. A 0.5 percent solution of potassium chloride was found to freeze
at —0.24 °C. Cdculate the degree of dissociation of potassium chloride. ( Mola depression constant for

water=1.80°C)
SOLUTION :
(i) To calculatethe molecular massof KCI
Formulausd
1000x K, xw
ms= ——
AT xXW

Quantitiesgiven
K,=180°C AT =0.24°C w=5¢g W =99.5¢g
Substitution of values
1000x 1.80°Cx0.5¢g
0.24°Cx99.5¢g
= 37.69

(i) To calculatethe degr ee of dissociation of KClI

The observed molecular mass = 37.69

and thenormal molecular mass = 38+35.5=73.5
. Normal molecular mass
van't Hoff factor,i =
observed molecular mass
- BS = 1.950
37.69
The degree of dissociation isrelated to van't Hoff factor by the relation
i = 1+«
or 1950 = 1+«

or o 0.95 or 95%

~ SOLVED PROBLEM 11. 10 g of asubstance is dissolved in 100 g of water at 25 °C. The vapour
pressure of water islowered from 17.5 mmto 17.2 mm. Cal culate the mol ecular mass of the solute.
SOLUTION :

Formulausad P-p,  wxM
Quantitiesgiven P mx W
p = 17.5mm p,=17.2mm w = 10g

W = 1009 M =18
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175mm-172mm _  10gx18
175mm ~ mx100g
or 03mm _ 10x18
175mm mx 1009
10x18x17.5
or m = —
100x0.3
= 105

SOLVED PROBLEM 12. 20 g of anon-volatile substance ( mol mass = 60 ) was dissolved in 100
g of water. Calculate the vapour pressure of the solution at 100 °C.

pressure. (K, - of water =0.573)

SOLUTION :
Formulaused
pP-p,  wx M
p T mx W
Quantitiesgiven
p = 760mm w = 20¢g W = 1009
m=60 M =18
Substitution of values
7/60mm-p. _ 20gx18
7600mm  60x100g
760mmx20x 18
or 760mm — p <100
or 760mm —p = 456mm
p, = 760mm-45.6mm
= 714.4mm

SOLVED PROBLEM 13. The molecular mass of awater soluble non-electrolyte is 58. Compute
the boiling point of a solution containing 24 g of the solute and 600 g of water at atmospheric

SOLUTION :
Formulaused
1000 x K, xw
I AT, = mx W
Quantitiesgiven
K, = 0.573°C w = 249 W =600g m = 58
Substitution of values
1000x0.573°Cx 24g
ATy = 58% 6009
= 0.395°C
Thus the boiling point of solution = Boiling point of water + AT,
= 100°C+0.395°C
- = 100.395°C
= SOLVED PROBLEM 14. When a certain amount

of solute is added to 100 g of water at 25 °C, the
vapour pressure reducesto one half of that for pure water. The vapour pressure of water is23.76 mm
Hg. Find out the amount of salt added.
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SOLUTION :
Formulaused
P=b;  wxM
P mxw
Quantitiesgiven
p = 23.76mm P.= % p =7%x23.76 mm = 11.88mm
W=100g M=18

Substitution of values

23.76mm-11.88mm _ w 18

23.76mm " Tm 1m0

118mm  w 18

or 2B76mm  m 10
or w1, 10
m 2 18

| = 278mole

SOLVED PROBLEM 15. 0.3 x 10~ kg of camphor ( molar mass 154.5 x 10~kg mol™ ) when added
to 25.2 x 10~ kg of chloroform raised the boiling point of the solvent by 0.299 K. Calculate the
molecular elevation constant of chloroform.

SOLUTION :
Formulaused
KbX].OOOXW mx AT xW
ms= ———0 or K = ——b5
AT xW b 1000 W
Quantitiesgiven
m = 154.5gmol™? = 154.5x 10°kgmol W = 252x10°kg
w = 0.3x10° kg AT, = 0299K

Substitution of values

_ 1545x10°kgmol™ x 0.299K x 25.2x 102 kg
b 1000% 0.3x 1023 kg

3.88x 10K kg mol

SOLVED PROBLEM 16. When 0.946 g of sugar is dissolved in 150 g of water, the resulting
solution is observed to have afreezing point of 0.0651 °C. What is the molecular mass of sugar ?
(K, forwateris1.86°C).

SOLUTION :
Formulaused

1000 x Kf XW
molecular mass,m = ATf—xW
Quantitiesgiven
K, =1.86°C w = 0.9469g AT = 0.0651°C W= 150¢g
Substitution of values
1000x 1.86°Cx 0.9469g
"~ 0.0651°Cx150g

b = 180
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= SOLVED PROBLEM 16. An immiscible liquid system composed of water and an organic liquid
boilsat 95°C when the barometer reads 740 mm. The vapour pressure of pureliquid at thistemperature
is63 mm. Thedistillate contains 55% of the weight of the organic compound. Calcul ate the molecul ar
mass of the organic compound.
SOLUTION :
Formulaused
A LA M,

w, =, © M,
Quantitiesgiven

w, =45 w, =55 M, =18

p, (water) = Vap. pressureof mixture—Vap. pressureof liquid = 740 mm-63mm=677mm
Substitution of values

45 677mm 18
—_— = X —_—
% 63mm M2
677x18x55
or M = —————
2 63x 45
= 236

SOLVED PROBLEM 17. A solution containing 7.5 g of urea ( mol mass 60 ) in one kg of water
freezes at the same temperature as another solution containing 15 g of solute Sin the same amount of
water. Cal culate the molecular massof S

SOLUTION :
Formulaused
1000 % K, xw

AT = —Tmxw
(i) For urea
Quantitiesgiven

w =759 m = 60 W = 1kg =10009g
Substitution of values
1000xKx7.59
AT, = 60 1000g = 0.125K;

(i) For solute S
Quantitiesgiven

w = 15¢g W = 10009
Substitution of values

1000x K x 159 K,
AT, = —mxmooog "B
Since A T,, is the same in both cases, we have «
0.125K, = 15 —
or m = L
0125
_ = 120

SOLVED PROBLEM 18. A solution containing 12.5 g of unknown solute in 170 g water gave a
boiling point elevation of 0.63 K. Calculate the molar mass of the solute (K, =0.52K).
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SOLUTION :
Formulaused
1000 x KID X W

m =
ATbxW

Quantitiesgiven
K, = 052K w = 1259 W = 170g AT, = 063K
Substitution of values
1000x0.52K x12.5g

0.63Kx 1709
60.69

SOLVED PROBLEM 19. Therelative molar mass of anionic compound is58.5. If the experimen-
tally observed molar massis 30, calculate van't Hoff factor.
SOLUTION :

Formulaused
Normal molecular mass

van't Hoff factor,i =
Observed molecular mass

Quantitiesgiven
Normal molecular mass = 58.5 Observed molecular mass = 30

Substitution of values
585

0
= 195

van't Hoff factor, i

SOLVED PROBLEM 20. 1.8 of glucose ( mol mass 180 ) is dissolved in 100 grams of water.
Calculatethe freezing and boiling point of the solution. Molal freezing point constant of water = 1.86.
Mola boiling point constant of water = 0.513

SOLUTION :
(i) Tocalculatethefreezing point of the solution
Formulausd
1000 x K, xw
AT = mx W

Quantitiesgiven
K, = 186°C w = 1.8¢g m = 180 W = 100g
Substitution of values

1000x 1.86°Cx 1.89
ATy = 180x 100g
= 0.186°C
Thefreezing point of solution = 0°C-AT,
= 0°C -0.186°C
= -0.186°C
(i) Tocalculatetheboiling point of the solution
Formulausd
1000x K, xw
AT = ————

b mxW
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Quantitiesgiven

K, = 0.513°C w = 18g m = 180 W = 1009
Substitution of values

1000%x0.513°Cx 1.89

180x 1009
= 0.0513°C

100°C+AT,
= 100+0.0513°C
= 100.0513°C

AT,

The boiling point of solution

SOLVED PROBLEM 21. Calculate the value of K_for water, given that pure water boils at
100 °C and latent heat of its vaporisation is 540 cal g .

SOLUTION :
Formulaused
RxT?
Ko = “1000%L,
Quantitiesgiven
R=199ca T, = 100 + 273 = 373K L, = 540cd gt

Substitution of values
1.99ca x (373K )?

b 1000 x 540 ca
0.512K

SOLVED PROBLEM 22. The molal elevation constant K and the boiling point for carbon tetra-
chloride are 5.02 deg/molal and 76.80 °C respectively. Calculate boiling point of 1.0 molal solution of
naphthalene in carbon tetrachloride.

SOLUTION :
Formulaused
AT = K xm
Quantitiesgiven
K,= 5.02°C/molal m = 1.0 ( for naphthalene)
Substitution of values

AT

b 5.02°C/mola x 1.0 mold

5.02°C

Theboiling point of 1 molal solution of naphthalene in chloroform
boiling point of chloroform + AT,
76.8°C + 5.02°C

81.82°C

SOLVED PROBLEM 23. 8.0 g of solutedissolvedin 100 g of water boilsat 100.255 °C. Determine
the molecular mass of the solute. ( K, for water 0.51)
SOLUTION :

Formulaused
1000 x Kb X W

ATbxW

m =
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Quantitiesgiven
K, = 051°C w = 8.0g AT, =0255°C
Substitution of values
1000x0.51°Cx8.0g

0.255°Cx 1009
= 160
SOLVED PROBLEM 24. A solution containing 5.0 g of KCl per litre of water boilsat 100.065°C at
760 mm pressure. Determine the degree of dissociation of KCI. (K for water =0.54°C)
SOLUTION :

(i) To calculatethe molecular massof KCl.
Formulausd

1000 x Kbxw
M= AT xwW
Quantitiesgiven

m = 5.0g KID = 0.54°C ATb: 0.065°C W =1000g

Substitution of values

1000x0.54°Cx5.0g
M = " 0.085°Cx 1000g
= 4153
(i) Tocalculatethedegree of dissociation
Formulausd
_ Normal molecular mass
' = Observed molecular mass
- A
= s =1.7939
and i = 1l+a
or 17939 = 1+«
_or a = 0.7959 or 79.59%

SOLVED PROBLEM 25. The boiling point of a solution containing 0.20 g of non-volatile sub-
stance Xin 20 g of solvent is0.17 higher than that of pure solvent. Cal cul ate the molecular mass of X.
Boiling point elevation constant of solvent per kgis2.16 K.

SOLUTION :

Formulaused
1000 x KID X W

M= TAT xw

Quantitiesgiven
K,= 216K w =0.20g AT, =017K W = 20g
Substitution of values

1000x 2.16 K x0.2g

0.17K %209
= 127

SOLVED PROBLEM 26. Molal elevation constant of Chloroform is 3.63 kg mol™. A solution of
same organic solute boils at 0.15 K higher than Chloroform. What is the molality of the solution ?




THEORY OF DILUTE SOLUTIONS = 195

SOLUTION :
Formulaused

Quantitiesgiven
AT =015K K, = 3.63K kg mol~

Substitution of values
0.15K

3.63K kgmol™
0.0413 mkg™*

SOLVED PROBLEM 27. The mola depression constant for benzene is 5.12 K mol™. A solution
containing 1g solute per 100 g benzene freezes at 5.1 °C. What is the molar mass of the solute?
( Freezing point of pure benzeneis5.5°C)

SOLUTION :
Formulaused
1000x K, xw
m AT XW
Quantitiesgiven
K = 512K w=1g
W = 1009 AT, =55%C-51°C = 04°C=04K
Substitution of values
_1000x5.12K x 1g
m 04K x 1009
= 128

= SOLVED PROBLEM 28. The vapour of pure benzene at a certain temperature is 640 mm Hg. A
non-volatile solid weighing 2.175 gisadded to 39.0 g of benzene. The vapour pressure of the solution
is 600 mm Hg. What is the molecular weight of the solid substance ?

SOLUTION :
Formulaused
w
p-p,  m
p w W
e ™™
Quantitiesgiven
p = 640mm p, = 600 mm w = 2175¢g
W= 39.0¢g M =178
Substitution of values
21759
640—-600mm B m
640mm ~ 2175¢ 399
_—
m 3
40mm 2175

640mm 2175+0.5m
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or 2175+05m = %
or 05m = 34.8-2.175
or m = 65.25

SOLVED PROBLEM 29. 2.0 g of benzoic acid dissolved in 25 g of benzene shows a depression
infreezing point equal to 1.62 K. Molal depression constant K, of benzeneis 4.9K kg mol™. What is
the percentage association of the acid ?

SOLUTION :
(i) To calculatethe molecular massof benzoic acid
Formulausd
1000 x K, xw
M= AT xW

Quantitiesgiven
K, = 49K kgmol™ w = 2g AT, = 162K W = 25¢g

Substitution of values
1000x 4.9K kgmol*x2g

162K x25¢g
241.975
(i) To calculatethe degree of association of benzoic acid
observed mol. mass of benzoicacid = 241.975
normal mol. massof benzoicacid = 122
Normal molecular mass

van't Hoff factor, i Observed molecular mass
= 12 - o5m
241.975

2CH,COOH —— (C,H,COOH),
Degree of association x isrelated to van't Hoff factor by the relation

i = 1_-2
2
or 0.504 = 1—%
or 1.008 = 2 —x
or X = 2-1.008

= 0.9920r 99.2%

~ SOLVED PROBLEM 30. The degree of dissociation of Calcium nitrate in dilute aqueous solution
containing 7.0 g of the salt per 100 g of water at 100 °C is 70%. If the vapour pressure of water at
100°C is 760 mm. Calcul ate the vapour pressure of the solution.

SOLUTION :

(i) Tocalculatethenumber of molesof Ca(NO,), andH,O

The dissociation of Calcium nitrate is represented by

Ca(NO), — Ca + 2 NO,
Initial Conc. 1 0 0
Equilibrium Conc. 1-07 0.7 2x0.7
Total number of molesof equilibrium = (1-0.7)+0.7 + 2x0.7
= 24
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Number of moles at equilibrium when the conc. of Ca(NO,), is 7.0g
24x79

= ——— = 0.1024 mole
164gmol
: 1009
Number of molesof waterin100g = —— . = 5.55moles
18gmoal
(i) To calculatethevapour pressureof thesolution
Formulaused
P-ps n
p ~ n+ N

Quantitiesgiven
p = 760mm n = 0.1024mole N=5.55moles
Substitution of values

760mm—p, 0.1024mole
760mm ~  0.1024mole+5.55mole
0.1024 x 760 mm
or 60mm—-p. = T gea
or 760mm —p_ = 13.76mm
or p, = 760mm-13.76mm
- = 746.24mm

SOLVED PROBLEM 31. Addition of 0.643 g of acompound to 50 ml of benzene (density 0.879
gml™) lowersthefreezing point from 5.51°C t0 5.03°C. If K, for benzeneis5.12K kg mol %, calculate
the molar mass of the compound.

SOLUTION :
Formulaused
1000 K, xw
M= AT xw
Quantitiesgiven
K, = 512K kg mol= AT =551°C-503°C=048°C = 048K
w = 0.643¢ W =50mlx0.879gmit=4395¢
Substitution of values
1000 5.12K kgmol=x 0.643g
m 048K x43.95¢
— = 156.056

SOLVED PROBLEM 32. In acold climate water getsfrozen causing damageto theradiator of acar.
Ethylene glycol isused as an antifreezing agent. Calcul ate the amount of ethylene glycol to be added
to 4 kg of water to prevent it from freezing at — 6 °C. (K, for water = 1.85K kg mol™)

SOLUTION :
Formulausd
1000 x K, xw

AfoW

m =
Quantitiesgiven
Kf:1.85KkgmoI‘l AT, =6°C=6K
mof ethyleneglycol [ OHCH,—CH,OH] = 62 W=4kg=4x10°g
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Substitution of values
1000 % 1.85K kgmolx w

6K x4x10%g
62x6x4x10°g 804324
iy YT T i000x1ss T MY

SOLVED PROBLEM 33.What mass of the non-volatile solute, urea, (NH, CO NH.) needs to be
dissolved in 100 g of water in order to decrease the vapour pressure of water by 25%? What will bethe
molality of the solution ?

SOLUTION :

Formulausd

Quantitiesgiven

p = pmm (say) pS:75%ofpmm:3—mm

m =60 W = 1009 M =18
Substitution of values

W
9]

w 100
® 1B

- Y 1555
0

N

w

or —_ = 555
a0

or = 555

60 x 5.55
moles of solute

mass of solvent in kg
1119

60g mol™ x 100 x 10°kg
= 1850m

or

or Molality

SOLVED PROBLEM 34. The freezing point of asolution containing 0.2 g of acetic acidin 20.0g
of benzeneislowered by 0.45 °C. Cal cul ate the degree of association of acetic acidin benzene. (K, for
benzeneis 5.12 K mol™kg)

SOLUTION :

(i) Tocalculatethemolecular massof acetic acid

Formulaused
1000 x Kf X W

m = AT, x m
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Quantitiesgiven
K. =5.12K kgmol™ w = 0.2g
AT= 045K W = 20.0g
Substitution of values
1000 x 5.12K kgmolx0.2g
045K x 20.0g
113.778

(i) To calculatethedegree of association of acetic acid

2CH 3COOH — (CH3 COOH)2
Normal molecular mass

Thevan't Hoff factor,i =
Observed molecular mass

= 60 = 0.527

T 1331
L et the degree of association of acetic acid be = x
and van't Hoff factor,i = 1 — %

X
0527 = 1- =

or 5
or X = 2-2x0527

= 0.9460r 94.6 %

199

SOLVED PROBLEM 35. Calculate the amount of ice that will separate out on cooling a solution

containing 50 g of ethylene glycol in 200 g of water to 9.3. (K, for water = 1.86K mol~kg)

SOLUTION :
Formulaused
1000 x K, xw
m = ————
AT, x W
1000 x K, xw
or WOE T xm
Quantitiesgiven
K= 1.86K kgmol™ w = 50g
molecular mass, m, of glycol (HO CH,—CH, OH) = 62 AT =93K
Substitution of values
w 1000 x 1.86 K kgmol™x 509

9.3K x 62

161.29¢g
Amt. of ice separated from 200 g water = 200g — 161.29¢g

=3871g
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ADDITIONAL PRACTICE PROBLEMS

10.

12.

13.

Calculate the freezing point of a one molar agueous solution ( density = 1.04 g mi™) of KCI. K for water is
1.86 K kg mol~* ( Atomic massK =39, Cl =35.5)

Answer. 269.15 K

Calculate the boiling point of one molar aqueous solution ( density = 1.04 g mi~) of potassium Chloride, K,
for water is 0.52 K kg mol™. ( Atomic massof K = 39, Cl = 355)

Answer. 374.077 K

12.5 g of the solute when dissolved in 170 g of water resultsin elevation of boiling point by 0.63 K. Calculate
molecular mass of the solute. K, for water = 0.52 K kg mol .

Answer. 60.69

The normal freezing point of nitrobenzeneis278.82 K. A 0.25 molal solution of a certain solute in nitroben-
zene causes a freezing point depression of 2 degrees. Calculate the value of K, for nitrobenzene.

Answer. 8K kg mol™

Calculate the amount of KCI which must be added to 1 kg of water so that the freezing point is depressed by
2K.

Answer. 80.1g

The boiling point of water is 100 °C and it becomes 100.52 °C if 3 g of anon-volatile solute is dissolved in
200 g of it. Calculate the molecular mass of the solute. (K for water = 0.52K kg mol ™).

Answer. 15

The vapour pressure of methyl alcohol at 298 K is 96 torr. Its mole fraction in a solution with ethyl acohol
is 0.305, what is its vapour pressure if it obeys Raoult's law.

Answer. 29.28 torr

Benzene and toluene form ideal solutions. At 323 K, the vapour pressure of pure benzeneis 269 torr and that
of pure toluene is 926 torr. What is the total vapour pressure at 323 K if a solution is prepared from 39.0 g
benzene and 23 g toluene ?

Answer. 299.9 torr

The capacity of the radiator of a car is 5 dm?. If the car isto be used in Srinagar when the temperature is
263.15 K, calculate the mass of ethylene glycol (C,H,O,) which must be added so that it does not freeze. K,
for water = 1.86 kg dm®).

Answer. 1.426 kg

The vapour pressure of a dilute solution of glucose (C,H,,0,) is 750 mm of Hg at 373 K. Calculate the
molality and mole fraction of the solute ?

Answer. 0.7404 m; 0.132

An agueous solution contain 5 % and 10 % of urea and glucose respectively (by weight). Calculate the
depression in freezing point of solution (K, for water = 1.86°)

Answer. 3.03°C

Benzene, CH, (boiling point 353.1 K) and toluene, C.H, (bailing point 383.6) are two hydrocarbons that
form avery nearly ideal solution. At 313 K, the vapour pressure of pure liquids are benzene = 160 mm Hg
and toluene = 60 mm Hg. Assuming anideal behaviour, calculate the partial pressures of benzeneand toluene
and the total pressure over the solution obtained by mixing equal number of moles of benzene and toluene.
Answer. 80 mm, 30 mm and 110 mm

Ethyl alcohol and methy! alcohol form a solution which isamost ideal. The vapour pressure of ethyl alcohol
is44.5 mm and that of methyl acohol is88.7 mm at 293 K. Calculate the partia pressures and total pressure
of the solution obtained by mixing 100 g of ethyl alcohol with 50 g of methy! a cohol.

Answer. 96.73 mm ; 138.59 mm ; 235.32 mm
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An aqueous solution contains 30 % by weight of aliquid A (molecular mass 120) has a vapour pressure of
160 mm at 310 K. Find the vapour pressure of pure liquid A (the vapour pressure of water at 310 K is 150
mm)

Answer. 1715 mm

Calculate the Mola elevation constant for benzeneif its boiling point is353 K and AHvap is 30.8 kImol™
Answer. 2.62 K kg m?

The boiling point of asolution containing 2.56 g of substanceA per 100 g of water ishigher by 0.052 °C than
the boiling point of pure water. Cal culate the molar mass of the substanceif molar elevation constant of water
is0.512 K kgm™.

Answer. 252 g mol

Calculate the molal depression constant of benzene if its enthalpy of fusion at 30.05 cal g and it freezes at
5.48 °C.

Answer. 511 K kg m?

50 g of sucroseisdissolved in 300 g of water. Calculate the boiling point and freezing point of the solution.
(R = 8314JK mol?tand AH, = 40.67kJ mol™)

Answer. 100.26 °C ; — 0.95°C

Calculate the amount of CS, present as an impurity in 50 g of Chloroform which raises the boiling point of
Chloroform by 0.3 °C.

Answer. 3.14g

Calculate the molar mass of a solute, 1 g of which in solution depresses the freezing point of benzene by
0516 °C. (K, = 5.12°Ckg mol™)

Answer. 198.4

Phenol (C,H,OH) associatesin water to form associated molecules. 0.6677g of phenol dissolved in 35.5 g of
water decreasesthe freezing point of water by 0.215 °C. Calculate the degree of association of phenol. (K, for
water = 1.85°C kg mol™)

Answer. 83.8%

Thedepressioninfreezing point of asolution containing 1.5 g of Bariumnitrate [Ba(NO,),] in 100 g of water
is0.72°C. Calculate the degree of dissociation of the salt. K, for water is 1.86 °C (At mass of Ba= 137, N
= 14andO= 16)

Answer. 0.81 or 81 %

A very small amount of non-volatile solute (that does not dissociate) is dissolved in 5.68 cm?® of benzene
( density 0.889 g cm™). At room temperature, vapour pressure of this solution is 98.85 mm Hg while that of
benzeneis 100 m m Hg. Find themolality of thissolution. If the freezing point of this solution is0.073° lower
than that of benzene, what is the value of mola freezing point depression constant of benzene.

Answer. 0.144m ;57K

Calculate the boiling point of a solution containing 0.61 g of benzene acid in 50 g of CS, assuming 84%
dimerisation of the acid. The boiling point and K, of CS, are46.2°C and 2.3K kg mol ! respectively.
Answer. 46.333°C

How much ethyl acohol must be added to 1.00 litre of water so that the solution will breeze at 14° F ?
(K, for water = 1.86 °C /mole)

Answer. 247.39g



16 Osmosis and
Osmotic Pressure

CHAPTER

KEY CONCEPTS AND EQUATIONS

0SMOSIS

Theflow of the solvent through a semipermeable membrane from pure solvent to solution or from a
dilute solution to concentrated solution is termed Osmosis.
OSMOTIC PRESSURE

The hydrostatic pressure built up on the solution which just stops the osmosis of pure solvent into
the solution through a semipermeable membraneis called Osmotic Pressure.

It may also be defined as the external pressure applied to the solution in order to stop the Osmosis
of solvent into solution separted by a semipermeable membrane.
VAN'T HOFF EQUATION FOR SOLUTION

It has been shown by experimentsthat for n moles of the solute dissolved in V litres of the solution,
the Osmotic pressure  at temperature T is given by

n V =nRT
where Ris gas constant
- NnRT
or v
= CRT
where C is the molar concentration of the solution. At a given temperature, both Rand T are
constants. Therefore m o< C

Thus osmotic pressure depends upon the molar concentration of solution and is, therefore ,
colligative property.
DETERMINATION OF MOLECULAR MASS FROM OSMOTIC PRESSURE MEASUREMENTS
According to van't Hoff equation.
T = —RT Q)
Y
where n isthe number of moles of solute. It may be written as
w

n= —

M
wherewisthe mass of the solute and M its molecular mass. Substituting thisin equation (i) we have

_w A
T =M

\%
202
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WRT
or molecular mass of the solute, M =
VXxr

ABNORMAL MOLECULAR MASSES

The molecular masses of some substances as determined experimentally by osmotic pressure mea-
surements are different from those cal culated theoretically from their chemical formula. In such cases
either association or dissociation of molecules takes place. The number of particles decrease or in-
crease as compared to the number of particles if no ionisation or association takes place. Since the
osmotic pressure is a colligative property (dependent on the number of particles) it shows deviations.
In such cases van't Hoff equation may be written as

nV = inRT

wherei iscalled van't Hoff factor and is given by
Normal molecular mass

Observed molecular mass

[
In case of association i < 1 and
in case of dissociation i > 1
The van't Hoff factor, i isrelated to the degree of dissociation, o., by the relation.
i = l+ta
Thevalueof i will liebetween 1 and 2.
RELATION BETWEEN OSMOTIC PRESSURE AND VAPOUR PRESSURE
It has been found experimentally that the osmotic pressure is directly proportiona to the relative
lowering of vapour pressure, i.e.
P — P
p

where p isthe vapour pressure of the solvent and p,_, the vapour pressure of the solution at agiven
temperature.

T oc

RAOULT'S LAW AND THE OSMOTIC VAPOUR PRESSURE

We know 7V = nRT
n

or = —RT
d Vv

and the relative lowering of vapour pressure is proportional to the osmotic pressurei.e.

or

where n is the number of moles of the solute and N the number of moles of solvent.
From equation (ii) and (iii) we have

Thisis Raoult’s law equation.
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ISOTONIC SOLUTIONS
Isotonic solutions are those solutions which have the same osmotic pressure. For two isotonic
solution at the same temperature we have

ADDITIONAL SOLVED PROBLEMS

SOLVED PROBLEM 1. Calculate the osmotic pressure of a 5% solution of glucose at 27 °C.

SOLUTION :
Formulaused n
T = T RT
Quantitiesgiven
1

n= —9  _002778mol V= — lit = odlit

180gmol 10
R = 0.0821amlit K*mol = T = 27+273 = 300K

Subsitition of values

3 0.02778 mol x 0.0821 atm lit KX mol™x 300K
h 0.11it

=  6.8422atm

SOLVED PROBLEM 2. A 0.100 molal aqueoussolution of NH,Cl freezesat 0.344 °C. Calculatei. (
K, = 1.86°C)
SOLUTION : (i) To calculatethe molecular massof the solute

FormulaUsed

1000 x Kf X W

m= ——
W x Tf

Quantitiesgiven
K, =186°C w = 0.Im = 0.1mx53.5gmol™ = 5.35g
AT, = 0344°C W = 1000g
Substitution of values

1000x 1.86°C x 5.35g

1000g x 0.344°C

= 289

ii) Tocalculatethevan't Hoff factor i

Formulaused

Normal molecular mass
Observed molecular mass
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535
289
1.849

SOLVED PROBLEM 3. Calculate the osmotic pressure of a5% solution of glucose (C,H
18°C. R=0.0820 atm lit K™ mol ™

1206) a

SOLUTION :
Formulaused
T = —RT
Vv
Quantitiesgiven
5
n=—23__ - 002778mol V = < it = 0101t
180gmol 10
T = 18+273= 291K R = 0.0820am lit K= mol™
Substitution of values
i 0.02778 mol x 0.0820 atm lit K mol = x 291K

0.10lit
6.628 atm

SOLVED PROBLEM 4. An agueous solution contains 20 g of glucose per litre. Calculate the pres-
sure of the solution at 25 °C ( molecular mass of glucose=180).

SOLUTION :
Formulaused
n
= —RT
d Y,
Quantitiesgiven
n=—29 - 0111 mol v = it
180g mol*
T = 25+ 273 = 298K R = 0.0821 atm lit K-*mol=

Substitution of values

0.111 mol x 0.0821 atm lit K mol ™ x 298K
1lit.

= 2.71atm

SOLVED PROBLEM 5. A 1% solution of potassium chloride is 80% dissociated. What isits
osmotic pressureat 300K ?(R=0.082amlitK*mol™ ; K = 39 ; Cl = 35.5)
SOLUTION: (i) Tocalculatethevan't Hoff factor, i

19

No. of molesof KCl in 1% solution = ——————
0. of moleso in 1% solution 7459 moL

= 0.01342 mo1™
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Kd — K + CI?
Initial Concentration 0.01342 0 0
Final Concentration (0.01342 — o) 0.013420. 0.013420.
Total number of particles = 0.01342 (1-o) + 0.01342¢. + 0.013420:
= 0.01342 (1+o)
Since a = 80%or0.8 wehave
Total number of particles = 0.01342(1+0.8)
= 0024126
tHoff factor, | =
van't Ho o, i = 001342
= 180

(if) Tocalculatethe osmotic pressure

Formulaused
i NRT

Quantitiesgiven
i =18 n = 0.01342moal VvV = %Iit = 0.1lit
R = 0.082 amlitK* mol* T = 300K
Substitution of values

1.8x0.01342 mol x 0.082atmlit K* mol™ x 300K
0.1lit

5.94 atm

SOLVED PROBLEM 6. Calculate the molality and osmotic pressure of 0.5% solution of urea
(molecular mass = 60) inwater at 0°C. (R=0.082am it K™ mol™?).

SOLUTION : (i) To calculate the molality

Formulaused
mass of ureax 1000

mol mass of ureax mass of solvent

molality, m =

Quantitiesgiven
massof urea=0.5¢g mass of solvent = 99.5¢g
mol massof urea = 60 g mol~

Substitution of values

. 0.5g x 1000
molality, m =
60g mol™ x 99.5g
= 0.0838m
(if) Tocalculatethe osmotic pressure
Formulausd
n = 4 RT
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Quanitiesgiven
0549

n = ————= 0.00833 mol R = 0.082 atm lit K-*mol=
60gmol

1 . .
V= Ellt—o.lllt T = 273K
Substitution of values

0.00833mol x 0.082atm litK*moal™ x 273K
0.1lit

1.86 atm

SOLVED PROBLEM 7. Calculate the osmotic pressure of 0.01 M solution of cane sugar at 30 °C.
SOLUTION :
Formulaused

n = CRT
Quantitiesgiven
C=0.01M R
Substitution of values

0.0821 atm it K-* mol~* T =30+ 273 = 303K

0.01 mol x 0.0821atmlit K*mol= x 303K
0.249 atm

B}
I

SOLVED PROBLEM 8. What is the concentration of cane sugar which is isotonic with solution
containing 6 g of urea per litre? (mol mass of ureaand cane sugar are 60 and 340 respectively).
SOLUTION : (i) To calculate the osmotic pressure of ureasolution

Formulaused
T = + RT
Quantitiesgiven
69
n="—"—__— =01ma V = 1lit
60gmol
Substitution of values
_ 01lmol x Rx T
o= 1iit
= 0.1RT
(i) Tocalculatetheconcentration of canesugar
Formulaused
n =CRT
Quantitiesgiven
n = 01RT
Subsitution of values
0.1RT =CRT
or C =0.1moal
|
= glit
L = 34.2¢lit?
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SOLVED PROBLEM 9. Calculate the osmotic pressure of 0.745% solution of KCI at 27 °C assum-

ing to be 86% dissociated.
SOLUTION : (i) Tocalculatethevan’t Hoff factor i

Number of molesof KCl in0.745% solution = 079 =0.01mal
745gmol™
KCI — K + clt
Initial Concentration 0.01 0 0
Final Concentration 0.01( 1-o ) 0.0l 0.0l
Total number of particles = 0.01(1-a) + 0.0la + 0.0l
= 0.01 (1+o)
Since o = 8% or 0.86, wehave
Total number of particles = 0.01(1+0.86)
= 0.0186
0.0186

van't Hoff factor,i = o0l — 1.86

(if) Tocalculatethe osmotic pressure

Formulaused
_ihn
T =1 v RT
Quantitiesgiven
i =186 n=0.01lm T = 300K
R = 0.0820 atmlit K- mol— = % lit =0.011it

Substitution of values
1.86 x 0.01 mx 0.0820 atmlit K mol= x 300K

- 0.101it
= 4.576 atm
" SOLVED PROBLEM 10. 155% solution of cane sugar ( mol mass= 342 ) isotonic with 0.877% sol u-
tion of urea?
Formulausd
=  RT
Y
Quantitiesgiven
59 1. :
n= 32gmol~ - 0.01462 mol V = 0 lit=0.11it
Substitution of values
0.01462mol™
T = —
0.1lit
= 0.1462RT
(i) To calculatethe osmotic pressureof 8.77% urea solution
Quantitiesgiven
1
= 28779 _ 51462mol V =55 lit = 0. lit

60gmol™
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Substitution of values
0.1462mol x RT

0.11it
1462RT

Sinceboth solutionshavethe sameosmotic pressure, they areisotonic.

SOLVED PROBLEM 11. Calculate the concentration (g/litre) of aqueous glucose
(mol mass = 180) which isisotonic with blood (Osmotic pressure for blood is 7.65 atm at 37 °C and
R=0.0821amlitK*mol™)

SOLUTION :

Formulaused .
n=CRT or C= =2
Quantitiesgiven RT
m =7.65 am R = 0.0821 atm it K= mol=* T = 310K
Substitution of values

c = 7.65am
0.0821 atmlit K*mol™ x 310K
= 0.3005mol lit*
= 0.03005x 180glit* [ -1 mol of glucose=180q]
L = 54.1¢glit?

SOLVED PROBLEM 12. Caculate osmotic pressure of solution at 25°C containing (i) 5.85g of
NaCl and (ii) 5.0 g of ureaper litre of solution.
SOLUTION: (i) To calculatethe osmotic pressureof NaCl solution

Formulaused
n
= — RT
TN
Quantitiesgiven
5.85¢ .
n = —————— =01m R = 0.0821 atmlit K-* mol~
58.5gmol™
T = 25+273 = 298K V = 1lit
Substitution of values
0.1mol x 0.0821 atmlit K mol™ x 298K
To= 1lit

245atm
(i) Tocalculatethe osmotic pressureof ureasolution
Quantitiesgiven

n = i_l = 0.0833 mol R = 0.0821atmlitk*mol=*
60g mol
T = 25+273=298K V = 1litre

Substitution of values

0.0833mol x 0.0821 am it K™ mol™ x 298 K
1lit

. 2.038 atm
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SOLVED PROBLEM 13. 10 g of urea of molecular mass 60 is dissolved in one litre of water.
Calculate the osmotic pressure of the solution at 20 °C.

SOLUTION :
Formulaused n
T o= Iva RT
Quantitiesgiven
109 .
n= = 0.1667 mol R = 0.0821 atmlit k-* mol=
60g mol ™
T =20+273=293K V = 1lit

Substitution of values

0.1667 mol x 0.0821 atm it K-t mol™x 293 K
1lit

4.01atm

SOLVED PROBLEM 14. A solution containing 8.6 g per dm® of urea( mol mass60 ) wasfound to be
isotonic with a 5% solution of an organic non-volatile solution. Calculate the molecular mass of the
latter.

SOLUTION :
Formulaused
T = % RT
(i) For urea
Quantitiesgiven
- 869 _ (1433mo0l v=1lit
60gmol
Substitution of values
- 0.1433mol RT — 01433RT
1lit
(i) For organicnon-volatilesolute
Quantitiesgiven
n = i_l:—smol V = 0.1lit
M g mol M
Substitution of values
5/Mmol~™x RT 50)
TS 0.1lit = RT
Since both solutions are isotonic we have L
0.1433RT = % RT
0]
o M = Sz
= 348.9

SOLVED PROBLEM 15. A solution contains 5g of urea ( mol mass 60 ) per 100g of water. If the
density of water at 25°C is 0.998 g cm, caculate the osmotic pressure of the solution at the
same temperature (R=0.082 atm lit K™ mol ).
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SOLUTION: (i) Tocalculatethevolume of 100g of water

Density of water = 0.998gcm™ M
Volume of 100g of water = 100g + 0.998gcm [V=T]
= 100.2cm®
= 0.1002lit [ * 1lit=1000cm?]
(i) Tocalculatetheosmaotic pressure
Formulaused
n
= — RT
d v
Quantiitiesgiven
5
n = _gl = 0.0833mol R = 0.0821amlit K*mol-
60g mol™
T = 25+273=298K V = 0.1002lit

Subsitution of values

0.0833mol x 0.0821 atmlit K*mol™x 298K
0.1002lit

20.34 atm

SOLVED PROBLEM 16. 3.58 g of NaCl wasdissolved in 120 g of water at 77 °C. If the osmotic
pressure of solution is 26.31 atm, then cal cul ate the degree of dissociation of NaCl.
SOLUTION: (i) Tocalculatevan't Hoff Factor, i

Formulaused
=i
T =1 v RT
Quantitiesgiven
T = 26.3lam R = 0.821amlit K-*mol= T = 77+273 = 350K
3.58
n = =00 = 0.0612 mol V = 1D = 0.12lit
58.5gmol™ 1000
Substitution of values
it -1 -1
26.31am = i x 0.0612m0|x0.0821atm_I|tK mol* x 350K
0.121it
or i = 1.7954
(i) Tocalculatethedegreeof dissociation
Formulaused
i =1+ o
or a =i-1
= 17954 -1
= 0.7954 or 7954 %

SOLVED PROBLEM 17. A 5% solution of cane sugar ( mol mass 342 ) isisotonic with 0.877%
solution of substance X. Find out the molecular mass of X.
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SOLUTION :

1
Concentration of canesugar = _209lit
342gmol™

D ol lit?
w0

Concentration of unknown substance = 0.877 g/100 ml

8.77glit?

_ 877glit?
M g mol~

877 mollit?
M

Since both solutions are isotonic, their concentration must be equal i.e.
0 ., 8 o
E77) mol lit™ = ™ mol lit™
3A2x8.77

or M = 50

= 60

SOLVED PROBLEM 18. Calculate the osmotic pressure of glucose containing 1.75 in 150 ml of
solution at 17 °C.

SOLUTION :
Formulaused

n
Quantitiesgiven v
1759
180gmol
R = 0.0821amlit K*mol* T =17 + 273 = 290K
Substitution of values

= 0.009722 mol V =150ml = 0.15lit

0.009722 mol x 0.0821 atm lit K-*mol—tx 290 K
0.15lit

= 1.543atm

— SOLVED PROBLEM 19. Calculate the freezing point of an agueous solution of anon-elctrolyte
having an osmotic pressureof 2.0atmat 300K. (K, =1.86K kgmol™; R=0.821atm it K™ mol™).

SOLUTION: (i) To calculatetheconcentr ation of thesolution

Formulaused
_ -
T =CRT or Cc = RT
Quantitiesgiven
T = 2.0am R = 0.0821 atmlit K* mol= T = 300K
Substitution of values
2.0am

0.0821 am it K mol™ x 300K
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= 0.0812moal lit?
molality, m = 0.0812mol kg™ [1litH,0=1kgH,0]
(it) Tocalculatethedepression in freezing point
Formulaused
AT = K xm

f
Quantitiesgiven
m = 0.0812mol kg K, =1.86K kgmol™
Substitution of values

AT = 186Kkgmol™ x 0.0812mol kg™
= 0.151K
Freezing Point of solution = 273K - 0.151K
= 272.849K

ADDITIONAL PRACTICE PROBLEMS

1.  Calculatethe osmotic pressure of 2% solution of glucosein water at 25 °C. Molecular mass of glucose = 180;
R= 8.314 K1 moal™
Answer. 2.75 x 10° Nm

2. A solution of sucrose (mol mass 342 g mol™) is prepared by dissolving 30 g of it per litre of solution.
Calculate the osmotic pressure at 300 K ( R = 0.082 atm lit K™ mol™).
Answer. 2.15 atm

3. A solution containing 3.0 g of asolutein 100 cm?® of the solution exhibits an osmotic pressure of 2.05 atm at
27 °C. Calculate the molecular mass of the solute.
Answer. 360

4. The osmotic pressure of a solution containing 2.0 g of protein in 200 ml of aqueous solution is 0.2 atm at
300K . Calculate the molar mass of the protein. ( R =0.082 atm lit K2 mol™)
Answer. 1230 g mol

5. Calculate the molecular mass of a solute when 10 g of it is present in 200 ml of the solution at 27 °C which
has an osmotic pressure of 2.85 atm. R = 0.0821 atm lit K2 mol
Answer. 864

6.  Osmotic pressure of asolution containing 2.0 g of dissolved proteinin 250 ml of solution is 20 mm of Hg at
300 K. Calculate the molecular mass of the protein. ( R = 0.0821 atm lit K™ mol™)
Answer. 7487

7. Caculatethe osmotic pressure of amixture solution obtained by mixing 1 litre of 7.5% solution of substance
A with mol mass = 75 and two litres of a 5% solution of substance B (' with molecular mass 60 at 453 K. )

Answer. 7.95 atm
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8.

10.

12.

13.

14.

15.

16.

17.

18.

Calculate the osmotic pressure of a glucose solution containing 15 g in 100 ml solution at 27 °C.

Answer. 20.5 atm

An aqueous solution contains 20 g of glucose in one litre of the solution. Assuming the solution to beidesl,
calculate its osmotic pressure at 25 °C.

Answer. 2.718 atm

Calculate the osmotic pressure of asugar solution in which 3.42 g of sugar has been dissolved in 100 cm?®of
solution at 300 K.

Answer. 2477 atm

The osmotic pressure of solution containing 5 x 1072 kg sugar in 250 cm™ is 1.45x 10° Nm2at 298 K. What
isthe molar mass of sugar cane ?

Answer. 341.7 gmol

A 1.8% solution of an unknown solute isisotonic with 10.26% solution of sugar cane ( molecular mass=
342 ). Calculate the molar mass of the solute.

Answer. 60 g mol™

The average osmotic pressure of human blood at body temperature 37 °C is 7.6 atm. Calculate the total
concentration of various solutes in blood.

Answer. 0.298 mol~*

Calculate the osmotic pressure of a 10% solution of urea (molecular mass = 60; R =0.0821 atm
lit K-*mol™) at 300 K.

Answer. 40.05 atm

Calculate the osmotic pressure of a solution obtained by mixing 100 ml of 5% solution of urea (molecular
mass = 60) and 100 ml of 4% solution of sucrose at 300 K. (molecular mass = 342)
R=0.0821 atm lit KX mal™)

Answer. 11.70 atm

Calculate the osmotic pressure of a solution at 25 °C obtained by mixing 100 cm® of 4.6 % of glucose and
200 cm? of 4.5% solution of glucose.

Answer. 8.332 atm

The formula for starch is (C;H, H,)  where n = 200. When 1.0 g of starch is dissolved in 100 ml of water

10
solution, what is the osmotic pressure of 27 °C ?

Answer. 7.60 x 1072 atm

The osmotic pressure of blood at 37 °C is 7.6 atm. A solution that is given intravenously must have the same
osmotic pressure as blood. What should be the molarity of a glucose solution to give an osmotic pressure of
7.6amat 37°C?

Answer. 0.298 mol ™



19.

20.

21.

22.
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A solution containing 4 g of a non-volatile organic solute per litre was found to have an osmotic pressure
360mm of Hg at 27 °C. Calculate the molecular mass of the solute.
Answer. 197

A 5% solution of glucose (molecular mass 60) is isotonic with 3% solution of an unknown compound.

Calculate the molecular mass of the unknown substance.

Answer. 36

A solution of sucrose ( molar mass 342 g mol™) is prepared by dissolving 68.4 of it per litre of the solution.
What isits osmotic pressure at 300 K ? (R = 0.082 lit atm deg™ mol™)

Answer. 4.92 atm

A 1.2% solution of NaCl is isotonic with 7.2% solution of glucose. Calculate van't Hoff factor of NaCl

solution .

Answer. 1.95
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CHAPTER

KEY CONCEPTS AND EQUATIONS

CHEMICAL EQUILIBRIUM

The state of areversible reaction when the two opposing reactions occur at the sasme rateis called
Chemical equilibrium. At equilibrium the concentrations of reactants and products do not change with
time. Thusat equilibrium

Rate of forward reaction = Rate of backward reaction

LAW OF MASS ACTION

Therate of achemical reaction is proportiona to the active masses of the reactants. For the reaction

A + B —— Products

wecanwrite
Rateof reaction «< [A] [B] = k [A][B]
and for the reaction
aA + bB —— Products
we have

Rateof reaction « [A]*[B]® = K [A]?[B]®
EQUILIBRIUM CONSTANT

The product of the equilibrium concentration of the products divided by the product of the equilib-
rium concentrations of the reactants, with each concentration term raised to a power equal to the
coefficient of the substance in the balance equation is called the Equilibrium constant.

For the reaction

aA+ bB —= cC+dD

the equilibrium constant is given by
- [C]° [D]

[Al* [B]®
EQUILIBRIUM CONSTANT IN TERMS OF PARTIAL PRESSURE

The partial pressure of agasin the equilibrium mixtureisdirectly proportional to its molar concen-
tration at a given temperature. For the reaction

ILg + MMy == yY, + 2Z

K

C

()]

the equilibrium constant K is given by
P (py)Y (P,

) ()"

p

216
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RELATION BETWEEN K, AND K,
For the reaction
jA + kB +—— IC + mD
K, = K x (RT)An
where An (I+m) —(j+k)
when An =0 K = K

p c
RELATION BETWEEN AG AND THE EQUILIBRIUM CONSTANT

The change in free energy of areaction and the equilibrium constant K are related to each other
by the relation

AG = —RTInK
Casel when AG is —v e theforward reaction is spontaneous.
Casell when AG is O thereactionisat equilibrium.
Caselll when AG is +ve thereversereaction is spontaneous.

TEMPERATURE DEPENDENCE OF EQUILIBRIUM CONSTANT (VAN'T HOFF EQUATION)
The value of equilibrium constant changes with temperature. The reaction between equlibrium
constants at two different temperatures and the enthalpy change is given by

KPZ _ AH Tz_ T1
log &= = 23R |7T,T,

by
where K, is the equilibrium constant at temperature T, and K, isthe equilibrium constant at
2 1
temperature T,

In terms of AE the equation becomes

T,-T
T,T

I Cy _ A E
o9 K. ~ 2308R

1

LIQUID SYSTEMS
The reaction between acetic acid and ethyl alcohal to form ethyl acetate and water is represented by
CH,COOH, + CHOH, —— CH,COOCH,, + H,0O,
Initial conc. a b 0 0
Eg. conc. a-x b —x X X
The equilibrium constant may be written as

% X
X2

) o @=x (b-x

X
\Y

where V isthe volume
HETEROGENEOUS EQUILIBRIA

The equilibriain which the reactants and products are not all in the same phase are called
heterogeneous equilibria. The examples with their equilibrium constants are

CaCO, 6§ Ca0 o CO, o Kp = pCoz
2H20(|) A 2H2<g) + 0, © Kp - szz % pOz
NHCl o — NH, + HC =~ K = Pr, X Pac
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ADDITIONAL SOLVED PROBLEMS

SOLVED PROBLEM 1. The equilibrium constant at 444 °C for the reaction

2HI, — H, + |
© 2 2
is1.39 x 102 Calculate the equilibrium constant at thé same te(gr)nperature for the reaction
H, + |, &= 2HI
2 2 ©
SOLUTION : “ “
Formulausd
K'= 1
o T K

Quantity given

K = 1.39x 102

Substitution of value
, 1

1.39 x 102
100

1.39
— = 7194
SOLVED PROBLEM 2. One mole of PCI, is heated in closed two-litre vessel. At equilibrium
40% of PCl. isdissociated. Calculate the equilibrium constant of the reaction

SOLUTION :

The dissociation of PCI. is represented by

PCl, — PCl, + Cl

5 2

Initial concentration 1.0 mole 0 0
Equilibrium concentration 0.6 mole 0.4 mole 0.4 mole
Formulaused [PCla] [C'Z]
K= Tpa]
Quantitiesgiven
_ 0.6mole _ - _ 04 mole _ -
[PCL] = ST 0.3moal lit [PCL] = —n - 0.2moal lit=
0.4 mole

[C] = 7> = 02madl lit?t

Substitution of value o _ _O2mollitx02mol it
0.3moal lit*
= 0.133moal lit?

SOLVED PROBLEM 3. The concentration equilibrium constant K _for the reaction
N, + 3H, = 2NH,
at400°Cis0.5. Findthevalueof K (R = 0.0821 atmlit K= mol~)
SOLUTION :
Formulausd
K = K x(RT)™

p
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Quantitiesgiven
An=n,-n=2-4= -2 K
T = 400+ 273 = 673K R
Substitution of values

0.5
0.0821 atmlit K * mol -

X
1

0.5 x (0.0821x 673)2
0.5x (55.2533)2

I = 0.000164

SOLVED PROBLEM 4. Cdlculate the equilibrium constant of the reaction from the data given below:

A+ B —2C

The reaction was started with 2.0 moleslitre™ of A and 2.0 moleslitre™ of B and the equilibrium
constant of C was found to be 0.32 mal litre™.

SOLUTION : The equilibrium reaction is
A + B — 2C

Initial conc. 2.0 mole 2.0 mole 0
Eqg. conc. 1.84 mole 1.84 mole 0.32 mole
Formulaused
[C]?
~ [A [B]

Quantitiesgiven
[C]=0.32mal lit? [A] =1.84moal lit [B] =1.84moal lit?

Substitution of values (0.32 mol lit )?

(1.84 mal lit 1) x (1.84 mal lit 1)

= 0.0302 mol lit*
SOLVED PROBLEM 5. Calculate theratio of K 'to K _at 27 °C for the equilibrium reaction :
COCIz © Y co o ¥ Clz ©
SOLUTION :

Theequilibriumreactionis
cocl,, — co, + d

2 (9 2@
Formulaused K
K = K/(RT)™ or K= = (RT)”

P
c

Quantitiesgiven
An=n,-n, = 2-1=1mole R = 0.082 atm lit K-t mol
T = 27 + 273 =300K

Substitution of values K

K

. (0.082 x 300)*

[

(24.63)* = 0.406
SOLVED PROBLEM 6. On heating in a closed vessel PCI, dissociatesinto PCl, & Cl,. At 200 °C

the vapour density of the gaseous mixture is 75.5 Calculate the degree of dissociation of PCl,
(P=31;,Cl =35.5).
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SOLUTION :
Formulaused
P Lix
P, 1
Quantitiesgiven
mol. mass of PCI, 31+5x355
p, , the density of undissociated gas = > = T = 104.25

p,, the density of dissociated gas= 75.5
Substitution of values

104.25 1+X
745 ~ 1
or 139 = 1+x
or X = 139 -1
= 0.399

SOLVED PROBLEM 7. Calculatethe free energy change (A G°) associated with chemical reaction
for which theequilibrium constant at 298 K is0.01 (R=8.314 JK*mol %)

SOLUTION :

Formulaused
AG® =—2.303RTlog K

Quantitiesgiven
R = 8.314JK'mol? T =298K K=0.01
Substitution of values
AG® = —-2.303%x8.314JK tmol1x 298K 1 xlog0.01
= —5705.84J x log0.01
= -5705.84J x -2
= 11411.68J

= SOLVED PROBLEM 8. For the reaction
Coz © + Hz o v Co(g) + Hzo(g)

Theequilibrium constant at 1000 K is0.53.

(a) If amixtureat equilibriuminal dm?vessel contains 0.25 mole of CO, 0.5 moleof CO,and 0.6
mole of H,, how many moles of H,O are therein the vessel ?

(b) 5molesof inert gas are added to the equilibrium mixture containing 1 moleof H,and1 moleof CO,
Predict the equilibrium concentration of CO, and H,O.

SOLUTION : (a)

Formulaused
[CO] [H,O]

[CO,] [H]
Quantitiesgiven

K = 053 [CO] =0.25 [CO,] =05 [H,] =06
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Subsgtitution of values 025 x [H,0]
053 = 05 x 06
0.53x05x%x0.6
MOl = 0.25
= 0.636

SOLVED PROBLEM 9. The equilibrium constant K_for the reaction
N,y * 3H,, == 2NH

2 (9 3(9

is1.64 x 10*a 673K and0.144 x 10~ at 773 K. Calculate the mean heat of formation of
ammoniafromits elementsin thistemperature range.

SOLUTION :
Formulaused
K, aH T,- T,
log K~ = T230R TT
1 21
Quantitiesgiven
sz = 0.144 x 10* T, = 773K R = 8.314JK*mol *
KF,1 = 164 x 10* T, = 673K
Substitution of values
| 0.144 x 10* ~ AH 773 — 673
%9 164 x 104 T 2303 x 8314 |773x 673
_ AH 100
105648 = 9714714 | 673 x 773
1.05648 x 19.14714 x 673 x 773
or AH = — 100
= -105.235kJ
Thisisthe heat of reaction in which two moles of NH, are formed.
The mean heat of formationof NH, = — —105'2235 kJ
= —52.6174 kJ

SOLVED PROBLEM 10. For the reaction
N + 3H e 2NH

2 (g) 2 (g) 3(9)

atm, 30 atm and 3 atm respecitvely ; (iii) |s the reaction spontaneous ?

SOLUTION :
(i) TocalculateAG

Formulaused
AG =—-2303RT logK,
Quantitiesgiven
R = 8.314JK*mol* T = 673K K, = 1.64x10*

221

Kpisl.64 x 10*at 673K. Caculate(i) AG; (ii) AG whenthepartial pressureof N, H, andNH, are 10



222 17 QUESTIONBANK

Substitution of values
AG =-2303x8.314JKTmoltx 673K xlog(1.64x10%)
—12886.027 Jx (—3.78515)

4877553
48.7755J

(i) Tocalculate A G when partial pressuresaregiven
Formulausd

AG =-2303RT log K,

L 5
Quantitiesgiven = NH, 3

K = ———— = ———— = 00000333 =333x10°
PN, x PH, 10 x 30°

R 8.314 Kt mol * T=673K

Soubstitution of values

>
®

—2.303%x8.314JKTmoltx 673K xlog(3.33x107%)
—12886.027 Jx (—4.47755)
57697.8J
57.6978 kJ
(iii) No- thereaction isnot sponteneoussince A G ispositive.

SOLVED PROBLEM 11. The equilibrium constant K, for a reaction

A+ B—=C + D
is10'2at 327 °C and 10~ at 427 °C, Cal culate the enthal py of thereaction (R = 8.314 Kt mol 1)

SOLUTION :
Formulaused K
p2 AH T1 — T9
log Kp ~ 23BR| TT,
Quantitiesgiven !
KpZ: 107 R= 8.314JKmol™* T, = 427+ 273 =700K
Kp, = 102 T, = 327+ 273 = 600K
Substitution of values
| 10”7 AH 700K —600K
0 =
9 10w 2.303 x 8.314 JK mol = 700K x 600K
log 10°% 2.303 x 8.314 J x 600 x 700
or AH = 100
= 402089.98J
S = 402.08998 kJ

SOLVED PROBLEM 12. For the dissociation of water

— + 1
HZO (9 H2 (©) / 2 O2 (9

at 1773 K thevalue of K, is1.87 x 10 atm. Assuming ideal behaviour of gases, Calculate the
value of K

SOLUTION :
Formulaused

K, = K (RT)™
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K

or K = -
¢ (RT)An

Quantitiesgiven
K,= 1.87x10°am R = 0.082atmlit K-* mol * T =1773K
An=n-n.= 1/,—-1=1,

Substitution of values
1.87 x 10°
K =

c (0.082 x 1773)"
1.87 x 10°

12.0576
155 x 107

SOLVED PROBLEM 13. For the reaction

CO, + 2H,, == CH,OH

() (©)

constant Kp and K.

SOLUTION :
(i) Tocalculatethetotal number of molesof all gasat equilibrium
Formulaused PV
N _PV:nRT or n:ﬁ
Quantitiesgiven
P =492am V = 5litres R = 0.082atmlit K-*mol~*
T = 327 + 273 = 600K.
Substitution of values
= 4.92 atm x 5 lit
0.082 aim lit KT mol x 600 K
= 0.5mole
(i) Tocalculatethevalueof K _
Formulaused ‘- [CH, OH]
© [COI[H,)?
Quantitesgiven
01
No. of molesof CH,OH = 0.1 - [CH,OH] = < - 0.02mol lit?
No. of molesof CO =01 - [CQ = 05_1 = 0.02moal lit?
No. of molesof H, =05-(01+01)
= 03 Al = 92 = ooemollitt
Substitution of values « - 0.02 mol lit2 S

¢ 0.02mol lit! x (0.06 mol lit?)2
277.78 mol = lit?

223

hydrogen gasintroduced into afive litreflask at 327 °C containing 0.2 mole of CO,, and acatalyst,
until the pressureis4.92 atm. At thispoint 0.1 moleof CH, OH . isformed. Calculatethe equilibrium
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(iii) To calculatethevalue of K,

Formulaused
K, = K X (RT)"
Quantitiesgiven
K.,= 277.78 R = 0.082amlitK*mol *
T = 600K An=n,-n, = 1-3=-2
Substitution of values
K = 277.78 mol 2lit1x (0.082atm itk mol-x 600 K)=2

277.78 x (49.2 am)
. 0.11475 atm™

™ SOLVED PROBLEM 14. When sulphur in the form of S, is heated at 900 K theinitial pressure of
lam fallsby 29% at equilibrium. Thisis because of conversion of some S;to S,. Find the value of
equilibrium constant for the reaction.

SOLUTION :
Theequilibriumreactionis

. Sy 7 482(9)
Initial pressure latm 0
Equilibrium pressure (1-o)am 4 o.atm
At Equilibrium o = 29% or0.29
l-o0 = 1-029 = 071
and 4o = 4x029 =116
Formulaused o - p‘é (4o
p f—
Quantitiesgiven Ps, 1-a
4o, = 1.16am l-o = 0.71am

Substitution of values . (1.16 atm)? 13456
» ~ 07lam 071

1.8952 atm

SOLVED PROBLEM 15. An equilibrium mixtureat 300 K containsN,O, andNO, at 0.28 at 1.1 atm
pressure respectively. If the volume of the container is doubled, calculate the new equilibrium pres-
sure of the two gases.

SOLUTION :

(i)TocaIcuIatethevalueKp

N.O — 2NO

274 () 2(9
0.28 atm 1.1 atm

Formulaused P2

NO2

K =
P pN (o)

274

Quantitiesgiven
pNoz = llam pNZO4 = 0.28am

Substitution of values
_ (L.1am)y

o = O0o28am = 4.32am
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(i) Tocalculatethenew equilibrium pressureswhen volumeisdoubled
When volume is doubled the pressure reduces to one half we have

N2 04 (@ 2N02 (©)]
Initial pressure 0.28/2 atm 1.1/2 atm
Equilibrium pressure (0.14 — x) atm (0.55 + 2x) atm
Formulaused pzNoz
K =

i . P pN O

Quantitiesgiven 274
Pro, = (0.55+2x) atm Py, = (0.14-x) am
Kp = 4.32am
Substitution of values
(0.55 + 2x)? anv?
4szam = =090 % am
or 4x2+22x+0.3025 = 0.6048—-4.32x
or 4x+6.52x-0.3023 = 0
—6.52++/42.510 +4.837 I
or X = \/ = D% b2—4ac]
8 2a
_ —6.52 +6.88
8
= 0.045 or —1.675

R pNoz = 055+ 2x 0.045=0.64atm (Reecting—1.675)
and Po, = 0l4x=0095am

SOLVED PROBLEM 16. The equilibrium constant for the reaction
Co(g) + Hzo @ v Coz o T Hz ©
is0.63. A mixtureof 1 mole of water vapour and 3 molesof CO isallowed to cometo equilibriumat a
total pressure of 2 atmospheres. Calculate
(i) the no. of moles of hydrogen present at equilibrium

(i) the partial pressure of each gasin the equilibrium mixture.

SOLUTION :
(i) Tocalculatetheno. of molesof hydrogen at equilibrium
Thereaction equilibriumis
Co(g) + HZO ()] AN COZ ()] + H2 ()]
Initial concentration 3 1 0 0

Equilibrium concentration (3—X%) (1-X) X X
Total number of molesat equilibrium B—X) + (1-x +x+ X
(3+1)

Formulausd [COJ [H,]

Ko = Tco] [H,0]

Quantitiesgiven
K = 0.63 [CO] =3-x [HO] =1-x

p
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Substitution of values

or
or

or

Formulaused

Quantitiesgiven
Total pressure = 2 am
Subtitution of values

thevalueof K is1.0x 10°
SOLUTION :

Initial concentration
Equilibrium concentration

Molar Concentrations

Formulaused

Quantitiesgiven
K,= 10x10°

[S] =%y
Subsitution of values

0.63 x (x2-4x + 3)
0.373x*+252x —1.89

063 =

X =

Thus the no. of moles of hydrogen at equilibrium =

Partial pressure

pCO >

Py, =

2

Peo =

pH ,0

_—
—

2H,S

_—
—

2H.S

27 (9
0.1
0.1-x

0.1 —Xx

\Y

1.0x10°

X X X
3—-Xxx 1-X
X2

0

0.68

0.68

(if) Tocalculatethe partial pressureof each gas

No. of moles of the gas
Total no. of moles

x Total pressure

Total no. of moles =4

X x 2am 0.68 x 2atm
= = 0.34atm
4 4
X x 2am 0.68
a = x 2am = 0.34atm
4 4
3—X 2 am .
(3= x _ 2.32x 2am _ 116atm
4 4
(1) x 2am 0.32x 2am
2 = 7 = 0.16atm

SOLVED PROBLEM 17. Calculate the percent dissociation of H,S  if 0.1 mole of H,Siskept
in0.4litrevessel at 1000 K. For thereaction.

2H + S

2(9) 2 (9)

The chemical equation representing the equilibrium is

2H2(g) SZ (©)
0 0
X X/2
X X
~ o
2
_ [H][S]
2
[H3
X
Hl =
[H,S] = le—_xwhereV:OAlitre
2
2L
(v (zv
0.1-x |
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X3
or 10x10° = W [+ 01-x =0.1]
2x04x0.01x1.0x10° [~V = 04litre]
8x10°
w/ 8x107°
2x10°®
0.002

Amt. dissociated
Initial concentration
0.002
0.1
= 2%
SOLVED PROBLEM 18. At temperature T, acompound AB, dissociates according to the reaction
2AB — 2AB © + B

2(9) 2(9
with adegree of dissociation, x, which is small compared with unity. Deduce the expression for x

in terms of the equilibrium constant, K, and the total pressure P.
SOLUTION :
The chemical equation representing the equilibriumis
2AB — 2AB, + B

or x3
or x3

x
1

|
&
8

% Dissociation

x 100

2 (9 2(9)
Initial concentration 1 mole 0 mole 0 mole
Initial concentration 1-x mole x mole 7)( mole

X
(1-x) +x+ >

2+ X
2

Total number of molesat equilibrium

X
=1+ ? =
(i) Todeducetheexpression for thetotal Pressure

Formulaused No. of moles of the gas

Total no. of moles

Partial pressure = x Total Pressure

Substitution of values

1-x 2(1-x)
pABZ = 2+x Xp = W
2
Y === Xp = 2x
"7 24x P = 2+X P
2
X 2 X
P = =
B2 >t x X p > x
2
Total pressure = Pa, + Pt P,
2(1-x) 2 x X

= Tovx PT2Ex P 2Ex P

1
= o x [1-x+2x+2]p
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1-x +p
2+X
(if) Todeducetheexpression for K,
Formulaused P, X P,
K =
p pZAB2
Substitution of values (Zx )2( 2 )2
p
2+X 2+X
Kp - 2
2(1-x)
2+X
X p

T @20 1-x2
SOLVED PROBLEM 19. At 700 K, hydrogen and bromine react to form hydrogen bromide. The
value of equilibrium constant for this reactionis5x 10°. Calculate the amount of H, Br, and H Br at
equilibriumif amixture of 0.6 moleof H, and 0.2 mole of Br,isheatedto 700K.
SOLUTION :
The chemical equation representing the chemical equilibriumis
H + Br — 2HBr,

2 2
(9
Initial concentration 0.6 mole 0.2 mole 0 mole
Equilibrium concentration (0.6 —x) mole (0.2 —x) mole 2x mole
Formulaused [ HBr |2

Ko = TH,] [Br]

Quantitiesgiven

K, =5x10° [HBr]2 = 2xmole

K, =5x10° [Br] = (0.2-x) mole
Substituting of values

(2xmole)?
5x10° = (0.6—xmole) (0.2—xmole)
x = 0.6moleor0.2mole
Rejecting the value 0.6 mole since it can not be greater than the initial concentration (= 0.2 mole)
Thus [H] = 0.6mole—0.2mole = 0.4mole
[Br] = 0.2mole—0.2mole = Omole
[HBr] = 2x0.2mole = 0.4mole

SOLVED PROBLEM 20. 20% of N,O, molecules are dissociated in a sample of gas at 27 °C and
760torr. Calculate the density of the equilibrium mixture.
SOLUTION :

The chemical equation representing the decomposition of N,O, is
NO, — — 2NO,

Initial concentration 1 mole 0 mole

Equilibrium concentration (1 — 0.2) mole 2 x 0.2 mole
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Total no. of moles at equilibrium

(1-0.2) mole+ 2 x 0.2 mole
0.8 mole + 0.4 mole

= 1.2mole
Formulaused nRT
PV=nRT or V= ——
P
Quantitiesgiven
n = 1.2mole R = 0.82 atmlit K-* mol*
T = 27+273 = 300K P = 760torr = 1atm

Substitution of values
1.2 mole x 0.082 atm lit K** mol* x 300 K

V =
1am
= 29.52lit
Tocalculatethedensity
Formulaused
. Molecular mass
Density = ——M—
Volume
Quantitiesgiven
Molar massof N,O, = 92¢ V = 20.52lit
Substitution of values
Density = —929
Y= omlit
- = 3116¢glit?

SOLVED PROBLEM 21. At some temperature and under a pressure of 4 atm, PCI, is 10%
dissociated. Calculate the pressure at which at which PCl_ will be 20% dissociated, temperature
remaining the same.

SOLUTION :

The chemical equation representing the dissociation of PCI

—_— +
PCl 5( T PCl 3(9 Cl 2 (9

Initial concentration 1mole 0 mole 0 mole
Equilibrium concentration (1 — o) o.mole o.mole
Total number of molesat equilibrium = 1-a + o + aomoles
= 1+ amoles
(i) Tocalculatethevalueof K
Formulaused . - PPCI3 X PC|2
e P P
Quantitiesgiven PClg
P S P P = -
PO, T 1+0 PCl, 1+o0
l1-a
P = P whereP=4atmando=0.1
5 1+a
Substitution of values
o
1+« P x 1+ o
K =
P —
1-a =

1+a
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o
K, = —
1-o?
_ (01y x 4am
S 1-0r°
0.01 x 4at 0.04
= kLU am = 0.040atm
1-0.01 0.99
(if) To calculatethe pressurewhen a.=0.2
Formulaused
(XZ
K, = P
1-o?

Qunatitiesgiven
K, = 0.04am o =02
Substitution of values

0.04 _ 022 x 02 xP
aam = 50
0.04 x P
T 1-004
0.04 x 0.096
or P 0.04 am = 0.96atm
ADDITIONAL PRACTICE PROBLEMS
1. Theequilibrium constant K, of the reaction
280 + O — 23S0
C) C) 2@

is900atm at 800 K. A mixture containing SO, and O, havinginitial partial pressuresof 1 and 2 atm respectively
is heated at constant volume to equilibrate. Calculate the partia pressure of each gas at 800 K.
Answer. 0.023 atm; 2.0115 atm; 0.977 atm
2. N, O, is25% dissociated at 37 °C and 1 atm pressure. Calculate (i) K, and (i) the percentage dissociation at
0.1 atm and 37 °C.
Answer. 2.66 x 10 atm; 63.2%
3. For the reaction
[Ag(CN),]” == Ag" + 2CN~
the equilibrium constant at 25 °C is 4.0 x 10'1°. Calculate the equilibrium concentration in a solution
which was originally 0.1 molar in KCN and 0.03 molar in AgNO,
Answer. 7.5x 108 M
4. One mole of HZ, two moles of Izand three moles of HI are injected in 1 litre flask. What will be the
concentration of H,, I, and HI at equilibrium at 490 °C? The equilibrium constant for the reaction at 490 °C
is45.9.
Answer. 0.316 mol lit*; 1.316 mol lit*; 4.368 mal lit*
5. Find Kp for the following reaction
SO,Cl, — SO, + Cl,
when the degree of dissociation is 63% at 78 °C and total pressureis 1 atm.
Answer. 0.656 atm
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12.

13.

14.
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Calculate the equilibrium constant Kp for the reaction

NHHSy = NHy + H,Sy

when the total pressure of the mixtureis 10 atm.
Answer. 25am

A sample of CaCO, isintroduced into a sealed container of volume 0.500 litre and heated to 800 K
S
until equilibrium is reached. The equilibrium constant for the reaction

CaCOS(g) CaO(g) + COZ (©)]

is3.9 x 102 atm at this temperature. Calculate the mass of CaO present at equilibrium.
Answer. 2.97 x 10* mol or 0.0166 ¢

Determine the value of Kp for the following reaction
co(g) +H, — CO, +H

©) 29 2
The value of KC is23.2 at 327 °C.
Answer. 23.2

Determine the value of equilibrium constant for the reaction
P+2Q — 2R

if 1.0 mol of P and 1.5 mol of Q are placed in 2.0 litre container and allowed to come to equilibrium. The
equilibrium concentration of R is0.35 mol lit™.
Answer. 2.36 mol lit™

At 25°C and 1 atm pressure the partial pressurein an equilibrium mixture of N,O, and NO, are 0.7 and 0.3
atm respectively. Calculate the partial pressures of these gases when they are in equilibrium at 25 °C and a
total pressure of 5 atm.

Answer. 4.47 atm and 0.53 atm

PCl, dissociates according to the equation

PCl, — PCl, + Cl,

The density of the gas mixture at 473 K and 523 K is 70.2 and 57.9 respectively. Calculate the percentage
dissociation of PCl, at these temperatures.

Answer. 48.5% and 80%

Calculate the value of K for the following reaction

— 2 NO
2 Thg) 2@

when Kp is0.113 atm at 25 °C.

Answer. 4.624x 10 mol lit™

Alcohol and acetic acid were mixed in equimolar proportions in aqueous medium at room temperature. At
equilibrium 50% alcohol is converted into ester. Calculate how much ester will be formed if 2 moles of
acetic acid and 1 mole of alcohol were mixed.

Answer. 0.67 mole]
Calculate the percentage dissociation of H,S if 1.0 mole of H,S is introduced into 1.1 litre vessel at
1000 °C. The value of K _ for the reaction
2H, S(g) — 2 Hz(g) + Sz(g)
is1.0x 10°.

Answer. 1.3
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15.

16.

17.

18.

19.

20.

The equilibrium constant Kp for the equation

2 Hl(g) — |

2(9) b @
at 425°Cis 1.84. What isthe value of K_ for the following equation?

H | — 2HI ©

2(9) *h ()]
Answer. 0.543
Thevalue of K_ for the following reaction at 1173K is 0.28.
CSZ ()] +4 H2 @ CH4(g) + 2 H2 S @
Calculate the value of Kp at this temperature.
Answer. 3x 107
The reaction
1, —_
SO, @ * 720, @ T SO, @

has K equal to 56.30 at 627 °C. What is the value of K at this temperature?

c p
Answer. 6.55
Phosgene, COCI.,, is prepared according to the equation

CO g *Clhy ™ COClLy

An equilibrium mixture at 395 °C contains 0.012 mole of CO and 0.025 moleof Cl, per litreaswell asCOCI,,.

if the value of K_at 395°Cis1.23x 10°.
Answer. 0.37m
At 27 °C and 1 atm pressure N,O, is 20% dissociated in the NO,. Calculate the value of Kp under these
conditions.
Answer. 0.17 atm
One mole of nitrogen is mixed with three moles of hydrogenin a4 litre container. If 0.0025 mole of nitrogen
is converted to ammonia by the following reaction :
NZ(g) *2 H2(g) — 2 NH3(9)

Calculate the equilibrium constant K_ for the reaction :

2N
Answer. 3.82x 102 lit mol™

+ .
2(g) H2 (9) NH3 ()]



1 8 Distribution Law

CHAPTER

KEY CONCEPTS AND EQUATIONS

NERNST'S DISTRIBUTION LAW
If asolute X distributesitself between two non-miscible solvents A and B at constant temperature
and X isinthe same molecular condition in both solvents, then

Concentration of X in solvent A _
Concentration of X insolvent B
where K, or K isthe Distribution coefficient or Partition coefficient.
MODIFICATION OF NERNST DISTRIBUTION LAW
Casel. When solute under goesAssociation
Let the solute X present in solvent A as simple molecules and in solvent B association of n
molecules of X takesplaceto form X . Then, we have
c

1
n C2
when association occurs in solvent B.
Casell. When solute under goes dissociation
Let the solute X be present in solvent A as simple molecules and in solute B it dissociatesto Y and
Z and the degree of dissociation is o.. Then we have
C

1
C,(1-o)
when dissociation occurs in solvent B.
HENRY'S LAW
At aconstant temperature the solubility of agasinaliquidis proportiona to the pressure of the gas
aboveit. i.e.

KD or K

= K

= K

C=kxP
where C is solubility or concentration, k is a constant and P is the pressure of the gas, k is called
Henry's constant.

233
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EXTRACTION WITH A SOLVENT

The removal of an organic substance from an aqueous solution is done by shaking the agueous
solution with a non-miscible organic solvent. After some time the agueous and organic solvent layers
separate in the funnel when most of the organic substance passes into the organic layer. It has been
found that multistep extraction is more efficient than single step extraction as the amount of solute
recovered is2/3 Ain asingle step extraction as compared to 3/4 A in multistep extraction.

ADDITIONAL SOLVED PROBLEMS

SOLVED PROBLEM 1. Succinic acid was shaken with a mixture of water and ether. The
concentration of acid in two layers are as follows per 100 of the solution :
Concentration in water layer (C,,) 254 332 126
Concentration in ether layer (C) 42 55 71
Find out the partition coefficient. If succinic acid hasnormal molecular mass 118 inwater, find its
molecular massin ether.

SOLUTION :
Formulaused
CW
Partition coefficient, K =
e C
Quantitiesgiven E
C, =254 332 426
C. =42 55 71
Substitution of values
y 332
K =22 _605 K=-—2 =605 kK= 26 _gp
42 55 71

Averagevalue = 6.02
Sincethevaluesof K arealmost equal, molecular mass of succinic acidin ether will bethe same
asinwater i.e. 118.

== SOLVED PROBLEM 2. 12 g of an organic substance A is present in 100 g of its aqueous
solution. How much of it would be left behind after extracting the solution with two successive
applications of 50 ml each of ether ? The distribution coefficient of A between water and ether is2in
favour of ether.

SOLUTION :
Formulaused
C X1/50 )
K = E = for the first step
Cw (A—xl)/100
Quantitiesgiven
K=2 A = 12g
Substitution of values
xl/ 50
2 = —
(12—xl)/100
s - 2 X
12—xl
or 12—xl = X

or X, 69
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Now Amount | eft, A =12g-6g=6g

X, /50
(A, —x,) /100

Again using the formula K
Quantitiesgiven

K=2 A, =6g
Substitution of values

X, /50 2X,
2 = 6-x)[10 = 6-x
or 6-X, =X,
or X, = 39
Thetotal amount of succinic acid extracted = 6g + 3g = 99
theamount of succinic acid left = 129 — 99 = 3¢

™ SOLVED PROBLEM 3. If the distribution coefficient of benzoic acid between water and ben-
zeneis 3.304 at 20°C, cal cul ate the number of moles of benzoic acid which may be extracted from 100
ml of 0.2 molar aqueous solution by 10 ml of benzene.

SOLUTION :
Formulaused
K — C benzene - X/V
C _
Quantitiesgiven water (A=x)v
K =3.304 V =10ml v =100ml
A—x = 0.2mole
Substitution of values
X
10
3.304 =
02
100
or X X 100 = 3.304
10 02
or 10X - 3304
02
0.6608
or X = 0 = 0.0668 mole

SOLVED PROBLEM 4. Benzoic acid was shaken between benzene and water. From the
following concentrations of the acid in gramsin 10 ml of the aqueous and benzene layers, show that
acid existsin benzeneas (C, H, COOH),

AcidinH,Olayer 0.150 0.19%5 0.289
Acidin Benzenelayer 0.242 0412 0.970
SOLUTION :
Formulaused
C
1
K =
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Quantitiesgiven
n = 2 (dimerisation)

C1: 0.150 0195 0.289
C,= 0.242 0412 0.970
Substitution of values
0.150
K = —— =03061
20242
K = 0195 = 0.3047
2[0412
0.289

= W =0.2934

_Si nce the value of K is amost constant, benzoic acid exists as dimer in benzene.

SOLVED PROBLEM 5. The solubility of a substance is twice as great in ether as in water.
Compare the quantities extracted from 100 cc of aqueous solution by
(i) 100 cc ether in single operation
(i1) 50 cc ether in two successive operations.

SOLUTION :
(i) Singlestep extraction
Formulaused
B x/V
T (A=XV
Quantitiesgives
Cether
K= —=2 V = 100 ml v =100 ml
water
Substitution of values
5= x/100
~ (A -x)/100
or 2(A=Xx) = x
or X = Ai
3
(i) Two step extraction
Formulaused
LAY ) )
K = ———— forfirst operation
o (A=x)NN
Quantitiesgiven 1
K=2 vV = 50ml v = 100 ml
Substitution of values X,/ 50
2 (A —x,)/100
or 2(A=x)) = 2¢
or x, = Al2
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Formulaused
X, IV
K = A for the second operation
o (5 —x)Iv
Quantitiesgiven 2
K=2 V =50ml v = 100ml
Substitution of values
X, 150
2= A2Z=x)/o
X 100
= 2 -
or 2 = 5 X A2 -,
or A2 —x, =X,
or X, = N4
3A
|__Thus the total amount extracted = A2 + A/4 = 1
SOLVED PROBLEM 6. Nernst reported the following results for the distribution of acetic acid
between water and CCl,.
Concentration of aceticin CCl, (moles/litre) 0292 0.725 141
Concentration of aceticin H,0O (moles/litre) 487 798 10.70

Assumethat acetic acid hasits normal molecular massin water, calculate its molecular massin CCl -
SOLUTION :

Formulaused
CCC|4
K=<
HZO
Quantitiesgiven
CCCI = 0.292 0.725 141
4
CH o= 4.87 798 10.70
2
Substitution of values
K = —— = 0.05995 K = 975 = 0.0909 K = 14l = 0.1318
487 7.98 10.70

Since the values of K are not constant, acetic acid does not exist as monomer in CCl - Now let
us apply the formula

water

Substitution of values
__ 487 7.98 10.70

= = 9.0185 K= = 9.377 K= = 9.014
V0.292 A/ 0725 4 141

Since the value of K is constant, acetic acid existsasdimer in CCI4 and its
molecular mass = 2 x CHSCOOH =120

SOLVED PROBLEM 7. At 25 °C the iodine solution in water which contains 0.0516 g lit ™ isin
equilibriumwith CCl , solution containing 4.1280 g | it of iodine. If at 25 °Ciodine solutions contains
0.410glit™ of iodinefind out the solubility of iodinein CCl, solution.
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SOLUTION :
(i) Tocalculatethedistribution constant
Formulausd
K = Cwater
. i CCCI4
Quantitiesgiven
— 141 — 141
C, e = 0.0516glit CCCI4 = 4.1280¢lit
Substitution of values
i1
K = 0.0516g|fr — 00125
4.1280glit™

(i) Tocalculatethesolubility of I ,in CCI,

Formulaused
Conc. of | ) in water

Cone of I2 in CCI4

Quantitiesgiven
K = 0.0125 Conc. of I, inwater = 0.410glit™
Substitution of values

0.410glit™
0.0125 = Conc. of I,in CCl,
. _ 0410 ., I
_or conc. of 1,inCCl, = 0015 glit™ = 32.8¢lit

SOLVED PROBLEM 8. If Henry'slaw constant for oxygen at 25°Cis3.30 x 107" mm Hg, find
the solubility of oxygen in 1000 g of water at 25 °C and apartial pressure of 190 mm Hg.
SOLUTION :
Formulausd
C =kxP
Quantities given
k =3.30 x 107" mm P

Substitution of values

190
190mm = —— atm = 0.25atm
760
C =330 x 107 x 0.25amglit?
[ 0.825x 107 glit™!

SOLVED PROBLEM 9. Succinic acid was shaken with a mixture of water and ether. After
distribution, upon analysis the concentrations of the acid in two layers are found as follows :
In aqueous layer (moleg/lit) 00252 0071 0121
In ethereal layer (moleg/lit) 0.0046 0013 0.022
If succinic acid has similar molecular massin ether and water, determine its partition coefficient.
SOLUTION :

Formulaused

Water
K = —

. . h
Quantitiesgiven ener

C = 0.0252 0.071 0121

water

C = 0.0046 0.013 0.022

ether
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Substitution of values

= — = 5478 K = oo - 5.4615 K = o 5.50
00046 ~ © o013 Too2 T
Thus averagevalue of K = 5.4798

™ SOLVED PROBLEM 10. The following data have been obtained on the distribution of phenol
between water and Chloroform
C, 004 0.164 0254 0436
C, 0254 0.761 1850 5430
where C, is concentration in the aqueous layer and C, is the concentration in the Chloroform layer.
What conclusions do you draw from these results regarding molecular condition of phenol in the

chloroform solution ?

SOLUTION :
Formulaused
K= — (for association)
\ CCHCI
e . 3
Quantitiesgiven
Cater 0.0%4 0.164 0254 0436
Cey Cly 0254 0.761 1850 5430
Substitution of values
0.164
Kk = 22 _ 185 K = = 0.1880
4 0254 +/ 0.761
0254
20 0436
K = = 0.1868 K = ——— =0.1871
\/1.850 \/5_430

Since the values of K are constant, phenol exists as dimer in Chloroform.

= SOLVED PROBLEM 11. The distribution coefficient of iodine between water and carbon
disulphideis0.0017. One litre of aqueous solution containing one gram of iodineis shaken with 100
ml of carbon disulphidetill the equilibrium isreached. Find the amount of iodine extracted by carbon

disulphide.
SOLUTION :
Formulaused
K = Cwater
= —CCSZ
Quantitiesgiven 1
= - -l — -1
K—0.00lZ Coe = 1olit = 1000 gml
— -1 H
CC% =0 9 ml™ wherexistheamt. of |, extracted by 100 ml of CS,
Substitution of values
1-x
1000
0.001 = "
100
1-x 100
or 0.0017 = X
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1-x
or o0x - 0.0017
or 1 - x = 10x x (0.0017)
1-x = 0.017x
or X = 1 = 0.983¢g

e 1017
™= SOLVED PROBLEM 12. At 298 K, an aqueous solution of iodine containing 0.0387 x 10~ kg
dm of solution is in equilibrium with 3.31 x 107 kg dm of iodine in carbon tetrachloride. If
solubility of iodinein CCl, is0.0291 kg dm3, what isthe solubility of iodinein water ?

SOLUTION :

Formulaused
K = water

CcCl
Quantitiesgiven 4
C = 0.0387 x 10°kgdm™ C._., = 331x10°%kgdm3

water CCl4
Substitution of values
0.0387 x 10°kgdm

K = 3 — = 0.01169
3.31 x 10~ kg dm

Now using the formula
Solubility of |, in water

Solubility of 1, in CCl,

Quantitiesgiven
K = 0.01169 Solubility of I,in CCI, = 0.0291 kg dm3

Substitution of values
Solubility of I, inwater

0.01169 =

0.0291 kgdm®
or Solubility of I, inwater = 0.01169 x 0.0291 kg dnm>
- = 0.00034kgdm=

SOLVED PROBLEM 13. An organic acid wasdissolved in two immiscible solvents (A) and (B). At
equilibrium the concentration of the acid in (A) and (B) was found to be 0.40 and 0.64 mole lit™
respectively. Calculate the distribution coefficient of the organic acid, if it forms dimer in the solvent
B.

SOLUTION :

Formulaused c
A
K =
\ CB
Quantitiesgiven
C, =040 C, = 064
Substitution of values
Kk = 0 _ 00 _ g
- \ 064 0.8

SOLVED PROBLEM 14. An organic acid is distributed between 500 ml each of a solvent A and
water. Inwater it isdissociated. The amount of acid in aqueous layer was 6 gramsand in solvent A, it
was 0.72 gram. If the distribution coefficient of the acid between the solvent A and water is 0.16,
Calculate the degree of dissociation, assuming that the acid has normal molecular massinA.
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SOLUTION :

Formulaused
C

A
C X (1-X)

water

K = where x isthe degree of dissociation

Quantitiesgiven
K =0.16 C =6g¢g C,=072g
Substitution of values

016 = 0.729
U7 69 x (1-X)
or 096(1-x) = 0.72
or 0.96-0.96x = 0.72
1-x = 07z . 0.75
0.9
or x = 025 or 25 %

~ SOLVED PROBLEM 15. Acetic acid was shaken with water and CCl , and the following concen-
trationsin g mol lit™ were found in two layers :
Water layer 502 798 10.70
CCl, layer 0.292 0.725 141
Assuming that acetic acid hassingle moleculein water, show that it exists as double moleculein CCl,,.
SOLUTION :
Formulaused

K - Cwat er

\\ CCCI4

Quantitiesgiven

CW e = 5.02 798 10.70
CCc|4 = 0.292 0.725 141
Substitution of values
502 7.98 1070
K= = 0.2296 K = = 9.3772 K= = 90.0143
0.292 N0.725 v 141

Since the value of K is constant, acetic acid existsasdimer in CCI4.

™ SOLVED PROBLEM 16. A solid X is added to amixture of benzene and water. After shaking well
and allowing it to stand, 10 ml of benzenelayer wasfound to contain 0.13 g of X, and 100 ml of water
layer contained 0.22 g of X. Calculate the value of distribution coefficient.

SOLUTION :
Formulaused
K — Cbenzene
water
Quantitiesgiven
022
C = % gmi? C = —— gmt
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Substitution of values

|
8

SOLVED PROBLEM 17. Calculate how much succinic acid would be extracted from 100 ml of
water containing 5 g of acid if extracted with 50 ml of ether. Partition coefficient of succinic acid
between water and ether is5.5.

SOLUTION :
Formulaused c
water
K ==
Quantitiesgiven ether
59 5 - xg
K=55 C — c _
water 100ml ether 50ml
Substitution of values
59
100ml
55 = 5 xg
50ml
_ o 50
55 = 0 < —
11x(5-x =5
55-11x=5
x = 222 - 4545
— 1

SOLVED PROBLEM 18. The partition coefficient of a substance between benzene and water is
10.1. How much substance will be extracted fromits 250 ml agueous solution containing 2.5 g of it by
using 200 ml benzenein

(i) two equa portions

(i) asinglelot

SOLUTION :

(i) Inasinglelot

Formulaused

K = benzene
water
Quantitiesgiven
3 B X g _ 25 -Xx¢
K=101 CBenzene - 200ml Cwater - 250ml
Substitution of values
X g ml—l o5
101 = 200 = = i
25 —-x gmlt (25-x)
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s04 = —X
25 —-x
or 5x = 101 — 40.4x
or X = 2229
(i) Intwo operationsof 100 ml each
L et the amount extracted be x in 1st operation
Formulaused
Xl
100
K 25 - X
Quantitiesgiven 220
K =101
Substitution of values X
1
100 X
101 = = L x 20
25— x 10~ 25-x,
20
SX,
202 = S5 % X.
or S5x, = 50.5 — 20.2x,
505
or X = —— =20
! 252 g
Now L et the amount extracted be x, in 2nd operation
Formulaused
X2
K = — 10
0.5 —x,
Quantitiesgiven 20
K =101
Substitution of values «
2
10.1 0 2 =0
1 = - = X
05 - X, 100 (0.5 -x))
101 x (1 - 2x,) = 5x,
10.1 = 20.2x, = 5X,
_ 101 _
or X2 = —25.2 O.4g

Total amount extracted = x, + X, = 29 + 049 = 249

243

SOLVED PROBLEM 19. Experimentsin the study of rate of distribution of phenol between H,O

and chloroform gave the following results :
Concentration in agueous solution C, 004 0.103 024
Concentration in Chloroform C, 024 0.761 1850
Find whether phenol exists as monomer or dimer.
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SOLUTION :
In case phenol exists as monomer the value of K obtained from the following formula should be
constant
Formulausd
K - Cwater
C
. . CHCI3
Quantitiesgiven
= 0.0%4 0.103 0254
water
Cohe. = 0254 0.761 1850
3
Substitution of values
004 0103 024
K= = 0.3700 K = —— =0135 K = == = 0.1373
0254 0.761 L
Since the value of K is not constant, phenol does not exists as monomer.
Now
Formulausd
K - water
\/CCHCI3
Substitution of values
K= 0 - 01865 K = LI 0.1868 K = 0254 . 0.1867
N 0254 V0.761 V1850
Since the value of K is constant, phenol exists asdimer in chloroform.

SOLVED PROBLEM 20. An organic compound is twice more soluble in ether than in water.
Calculate the amount of the compound extracted when 100 ml of aqueous solution containing 1 g of
compound is shaken with (i) 100 ml of ether at onetime (ii) two successive quantities of 50 ml each.
SOLUTION :
(i) Inasingleoperation
Formulausd

ether

C

water
L et x bethe amt. of compound extracted by 100 ml of ether.
Quantitiesgiven

X 1-x

K =

- -1 — -1 —
Coher = 100 9 Coter = 100 gml K =2
Substitution of values X

-1
, 0 9M X
- 1 X 1 - - X
ml
100 9
or 21-x = X
or 3x = 2
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(i) Indoubleoperation
Let x, be the amount of the compound extracted by 50 ml of ether

Formulaused
K - ether
water
Substitution of values
X gmit
o gml ) X, 100
2 = = 5 X 1
1-x g ml_l _Xl
100
or 1- X, = X
or 2)(l = 1
X, = 0.5
Amt. of thecompound left = 1.0g — 0.5g = 0.5¢g
Now in second operation let the amount extracted be x,
Formulaused
K — Cether
C
t
Quantitiesgiven e
X
2 05
K =2 Curw = “5p gmi™ Cow = o gmi
Substitution of values
X
2 1
I
m 9Mm
2 = = X2 X 100
05 gmi-t D 05
100
. - 2x2
- 05
or X, = % = 05

Total amount extracted0.5 + 0.5=1¢g

SOLVED PROBLEM 21. At 298 K an aqueous solution of iodine containing 0.0516 g lit™* isin
equilibriumwithacarbon tetrachl oride (CCl ) solution containing 4.412 g it™. Thesolubility of iodine
inwater at 298 K is0.34 g lit™X. Find the solution of iodinein carbon tetrachloride.

SOLUTION :
(i) Tocalculatethevalueof Distribution coefficient K

Formulaused

C
ccly

C

water

K =
Quantitiesgiven

C.. =4412glit* C _ =00516glit?
4 er

CCl wat
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Substitution of values
4.412¢glit™
= Toosieglict - &0
(i) Tocalculatethesolubility of iodinein CCl,.
Formulaused

Solubility of lodine in CCI,
Solubility of lodine in water

Quantitiesgiven

Solubility of lodinein water = 0.34 glit™ K =855
Substitution of values
Solubility of lodinein CCl,,

855 = -
0.34glit?
or Solubility of lodinein CCl, = 855 x 0.34glit™
= 2907 glit™

SOLVED PROBLEM 22. The distribution constant of a certain solid X between two immiscible
solventsA and B is 10 at 25 °C. If the solubility of the solid in solvent A is 4.8 mol lit™, what is the
solubility in solvent B?

SOLUTION :

Formulaused
Solubility in solvent A

Solubility in solvent B

Quantitiesgiven
K =10 Solubility in solvent A = 4.8 mol lit™
Substitution of values

10 = 4.8mol lit™
Solubility in solvent B
141
or Solubility in solvent B = %ngl“t
= 0.48moal lit™

SOLVED PROBLEM 23. An organic acid is distributed between 200 cm? each of a solvent A and
water. In water it is dissociated. The amount of acid in aqueous layer was 2.4 g and in the solvent A
layer it was 0.288 g. If the partition coefficient between the solvent A and water is0.16, calculate the
degree of dissociation assuming that the acid has normal molecular massin solvent A.

SOLUTION :

Formulaused
C
K = —l
C,(1-o)
Quantitiesgiven

K =0.16 C

0.288g/200cm® = 1.44 x 103gem™
2g/200cm® = 1.2 x 102gcm®

O
I

Substitution of values
1.44 x 103 gem™

1.2 x 10%gem™® (1-a)

©

=

o
I
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1 = 14 0.75
or 1-0) = 550~ &
or o = 0250r25%

SOLVED PROBLEM 24. In the distribution of benzoic acid between water and benzene the
following values have been obtained in equal volumes of solvents:

C 150 195 297
water (g)
5 242 412 97.0
enzene (g)
What is the molecular condition of benzoic acid in benzene ?
SOLUTION :
Formulaused
K - water
. . benzene
Quantitiesgiven
C = 15 195 297
water
Chen =242 412 97.0
zene
Substitution of values
_ 15 1% o207
K = Ao = 0.061983 K = 1 - 0.04733 K = 970 - 0.030619

Since the value of K is not constant, benzoic acid does not exist as monomer in benzene. Now
Formulaused

K = CWL
) ) VCbenzene
Substitution of values
15 15

K = = = 0.3049
< 242 4%95

K = =5 - =2__ g3
4.2 64187
297 297

K = = = 0.30156
970 9.8488

Now the value of distribution coefficient is constant. Hence benzoic acid exists as dimer in
benzoic acid.

— SOLVED PROBLEM 25. Succinic acid shows molecular mass in water and is associated in
benzene. The following data was obtained on the distribution of succinic acid between water and
benzene.

water 0.150 0195 0.289
benzene 242 4120 9.700
Calculate the molecular mass of succinic acid in benzene
SOLUTION :
Formulaused
K = Cwater
’\/ Cbenzene
Quantitiesgiven
C = 0.150 0195 0.289

water

= 242 4120 9.70

benzene
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Substitution of values
0150 0150

K = —2=2 = = 0.0964
N 242 15556
0195 0195

K = = = 0.0960
\ 4120 20297

K =229 _ 029 _ 579

Voo 311448

Since the value of K isamost constant, succinic acid exists as dimer in benzene.
. mol. mass of succinic acidinbenzene = 2 x (C,H,O,))

2 x 118

236

ADDITIONAL PRACTICE PROBLEMS

1. lodine was shaken in amixture of CS, and water. The concentrations of I, in two layers are as follows::

Concentration of 1,,in CS, (g dm=) 41 66 129 174
Concentrations of 1, in water (g dm) 0.1 0.161 0.314 0.423

Calculate the distribution constant of I, between CS, and water.

Answer. 410

2. In an experiment on distribution of 1, with CCl, and H,O following results were obtained

Concentration of 1,,in CCl , layer (g/100 cm™) 51 10.2 15.2 20.3
Concentration of |, in water H,O (g/100cm™) 0.06 0.119 0.178 0.236

Calculate the distribution constant of 1., between CCl, and water.

Answer. 85.5

3. Asolid Ywasadded to mixture of benzene and water. After shaking well and allowing it to stand, 20 cm® of
the benzene wasfound to contain 0.26 g of Y and 200 cm? of water layer contained 0.44 g of Y. Calculatethe
value of distribution constant.

Answer. 5.9

4. At 298 K an agueous solution of iodine containing 0.0516 g dm is in equilibrium with CHCI 5 Solution
containing 4.412 g dm. The solubility of iodine in water at 298 K is0.34 g dm. Find out the solubility of
iodinein CHCI,,.

Answer. 29.07 gdm3

5. The solubility of iodine in water is 0.35 g lit™%. Calculate its solubility in carbon tetrachloride, if the
distribution constant of iodine in CCl, and water is 88.

Answer. 30.8 g lit™?

6. In an experiment on distribution of succinic acid between water and ether at 20°C, 10 ml of ethereal layer
contains 0.046 g of acid. Calculate the amount of succinic acid present in 25 ml of the aqueous solutionin
equilibrium with it if the distribution coefficient of succinic acid between water and ether is 5.2.

Answer. 0.598 g

7. Succinic acid shows norma molecular mass in water and abnormal in benzene. When succinic acid was

distributed between water and benzene following results were obtained.
Concentration of succinic acid in Benzene (g lit™) 1.50 1.95 2.89
Concentration of succinic acid in water (g lit™) 24.70 41.20 96.50
Calculate the molecular mass of succinic acid in benzene.
Answer. 236
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100 g of an acid wasdissolved in 1 litre of water. The distribution coefficient of acid between ether and water
is 3. Onelitre of ether in one lot was used to extract acid. Calculate the amount of acid extracted.
Answer. 37.5
In an experiment of distribution of benzoic acid between water and benzene, following results were ob-
tained:
Concentration in water (mol lit™?) 0.00579 0.00749 0.0114
Concentration in C, H, (mol lith 0.0485 0.0835 0.1950
Calculate the molecular mass of benzoic acid in benzene assuming that acid behaves normally in water.
Answer. 244
The distribution coefficient of an organic acid between benzene and water is 80. An aqueous solution of the
acid containing 2.25 g in 100 cm® was extracted with (i) 10 cm?® of benzenein onelot and (i) twice with 5cm?®
benzene each time. Calcul ate the amount of acid extracted in each experiment.
Answer. (i) 2g (ii) 2169



9 The Phase Rule

CHAPTER

KEY CONCEPTS AND EQUATIONS

THE PHASE RULE

It is an important generalisation dealing with the behaviour of heterogeneous systems. With its
application it is possible to predict the effect of changing pressure, temperature and concentration on
a heterogeneous system in equilibrium. The phaseruleis

F=C-P+2

or F+P=C+2

where F isthe number of degrees of freedom, C isthe number of components and P is the number
of phases of the system. These terms are expressed in the following section.
PHASE, COMPONENT AND DEGREES OF FREEDOM

A phase may be defined as any homogeneous part of a system having all physical and chemical
properties the same throughout.

A component may be defined astheleast number of independent chemical constituentsin terms of
which the composition of every phase can be expressed by means of a chemical equation.

The degree of freedom is defined as the least number of variable factors (concentration, pressure
and temperature) which must be specified so that the remaining variables are fixed automatically and
the system is completely defined.

ADDITIONAL SOLVED PROBLEMS

SOLVED PROBLEM 1. How many phases are present in each of the following system :
(i) adrop of water placed in a stoppered bottle.
(if) apieceof moltenice placed in abeaker covered with awatch glass
(iii) mixtureof N, H, and O,.
SOLUTION: (i) No. of phasesin adrop of water in astoppered bottle
There will be two phases viz. liquid water and its vapours.
(i) No. of phasesin apieceof molteniceplaced in abeaker covered with watch glass
There will be two phasesin a piece of molten ice placed in abeaker covered with watch glass viz.
liquid water and its vapours.
(i) Mixtureof N, H,and O,,.
Therewill beonly one phasein amixtureof N, H,and O.,.

20
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. SOLVED PROBLEM 2. How many components are present in the following systems ?

(a) Water — water-vapour
(b) KCI+HO +—— KCl hydrate
SOLUTION : (a) Water — water -vapour

The system contains only one component as only one specie is chemically independent.
(b) KCl+water ——= KCI hydrate

In this system there are only two components which are chemically indepedent.

" SOLVED PROBLEM 3. Calculate the number of components in the following systems :
(0] asolution of common salt

()  MgCO,, == MgO +CO,
(iii) NH,CI § NH, =+ HCI

_ _ 3(9) ©
SOLUTION: (i) Asolution of common salt

A solution of NaCl in water is a 1-phase system. Its composition can be expressed in terms of two
chemical individuals—NaCl and water.

(i) MgCO, © — MgO ot CO, © (in aclosed vessel)
In this equilibrium the composition of all the phases can be expressed in terms of any two of three
chemical substancesin equilibrium. Thus the no. of componentsin the system is 2.

(i) NH,CI § NHg(g) + HCI @
The composition of al the phases can be expressed in terms of the same chemical substances

NH,Cl. Thus the no. of components in the system is one.

(in aclosed vessel)

SOLVED PROBLEM 4. Calculate the number of components in the equilibrium
PCl, ——= PCl,+Cl,
SOLUTION : In the equilibrium
PCl, —— PCl,+Cl,
There are three species present. We can change the number of moles of any two of these chemical

species as the no. of moles of third component is calculated by the equilibrium
[PCL] [CL)]

[P—CIS]

Thus there are only two components in this system.

SOLVED PROBLEM 5. Calculate the number of components in the equilibrium
nHO — (HZO)n
SOLUTION : This system contains a number of chemical species: H,O, (H,0),, (H,0), .But

there is only one component because all the equilibria established in the system depend only on one
chemically independent specie H,O. Thus there is only one component in this system.

SOLVED PROBLEM 6. Calculate the number of phases (P), components (C) and degrees of
freedom (F) for the system in which ammonium chlorideisin equilibrium with ammonia and hydro-

chloric acid certain amount of hydrochloric acid initially present in the system.
SOLUTION :

In the given system  no. of phases
no. of components

1
N

1
N
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It is a two component system because the concentration of ammonia is not aways equal to the
concentration of HCI in the vapour phase
Applying phase rule
F+P =C+2
or F+2 =2+2
F =2

or
SOLVED PROBLEM 7. The atmospheric pressure at aHill station on particular day is 650 torr. At
what temperature does water boil in the hill station on that day ? (AHMp = 40.67 kamol™).
SOLUTION :

Formulaused
log iz - 2§0H3V:<pR [Ti - Tll
1 ' 1 2
Quantitiesgiven
T, =273 + 100 = 373K P, = 760torr
R=8.314J P, = 650torr
AHVap = 40.67 kJmol ™
Substitution of values
log 60 _ _ 4067 x 10° [ 1 1]
760 2.303 x 8.314 373 T,
log 0.8552 = 2124.077 [—1 L ]
373 T,
or T, = 368.60K
= 368.60 — 273
= 95.6°C

ADDITIONAL PRACTICE PROBLEMS

1 Starting with pure NH,Cl the following equilibrium is established.
NH4C:I @ - NH3 @ + Ha @
State the number of components in the system.
Answer. 2
2. Calculate the number of phasesin amixture of four gases enclosed in a container.
Answer. 1
3. State how many phases are present in the following systems

0 b L@
(i) Ice Water Water VVapour
Answer. (i) 2, (ii) 3
4. How many degrees of freedom will be present in the following systems ?
@) lz (9 = Iz (ccly
(i) Two partially miscible liquids in the absence of vapour

Answer. (i) 2. (ii) 2

H
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The vapour pressure of 2,2,4-trimethylpentane at 20.7 °C and 29.1°C are 40 and 60 torr respectively.
Calculate the enthalpy of vaporization of this compound.
Answer. 35.6 kJmol™
The atmospheric pressurein adeep valley on aparticular day is 120 torr. Calcul ate the boiling point of water
in that valley on that day (Heat of vaporization = 2.260 kJg™).
Answer. 386.45K
Determine the number of phases, components and degrees of freedom in the system : Ice, water and vapour
inequilibrium.
Answer. 3,1and 0
How many degrees of freedom will be present in a solution of sodium sulphate in equilibrium with water
vapour ?
Answer. 2
Calculate the number of components present in the following systems

(i) A solution of common salt

(i) NH
Answer. (i) 2, (i) 1
Calculate the degrees of freedom and number of components for a system of sodium chloride solution in

3 (9

water containing undissolved salt, in equilibrium with water vapour.
Answer. 1and 2
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CHAPTER

KEY CONCEPTS AND EQUATIONS

RATE OF A REACTION
It is defined as the change in concentration of any of reactants or products per unit time. For
the reaction

A—B
Rate of reaction = — M = ﬂ
dt dt

The negative sign indicates that the concentration of reactant A is decreasing with time.

UNITS OF RATE
Recation rate has the units of concentration divided by time. Concentration is expressed in
moles per litre and time in seconds, minutes, hours or years. Thus,
Unitsof reaction ratearemolelit * sec™® or mol lit* min-

RATE LAWS

The rate of areaction is directly proportional to the reactant concentration, each concentration
being raised to some power which may be some integer or fraction. Thus, for the reactions given
below, rate of reactions are also shown.

A ——> Products Rateo< [A]" or Rate = K[A]"

2A +B —— Products Rate «<[A]"[B]" or Rate = k[A]™[B]"
where k is a constant called rate constant for the reaction and m and n are small integers or
fractions.
An expression which shows how the reaction rate is related to concentration is called rate law or
rateequation.

ORDER OF A REACTION
The order of areaction isthe sum of powers of concentrationsin the rate law. For example, for
the reaction

A+ B ——  Products
therateisk [A]™[B]" and order of the reaction ism+ n. Reaction may be classified according to
order. Thus, when
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m+ n = 0 thereactioniszero order reaction

m+ n = 1 thereactionisfirst order reaction

m + n = 2 thereactionissecond order reaction
MOLECULARITY OF A REACTION

The number of reactant moleculesinvolved in areactioniscalled the molecul arity of thereaction. It
isaways awhole number and can not have zero value. It may be different from the order of reaction.

RATE EQUATIONS FOR DIFFERENT TYPES OF REACTIONS
Therate equationsfor different types of reections having different order are summarised inthe Table 20.1

TABLE 20.1 : RATE EQUATIONS FOR DIFFERENT TYPES OF REACTIONS.

Reaction Reaction Equation Order_ i Rate constant expression
Reaction
A — Products |Rae =  k[A]° 0 K = %
B — Products |Rate = k[A] 1 k = 2'3;(13 log ——
- 2.303 b(a-x)
A+B — Products |Rete = K[AI[B] 2 K= Tah) 19 206 7)
Rae =  K[A] 2 K o= L X
2A —— Products t a(a—x)
Rae =  K[AP® 3 K = 4, X2a-x)
3\ —— Products t " 2a7(a—x)?

RATE CONSTANTS AND ITS UNITS
The rate constant is defined as the rate of reaction when the concentration of all reactantsis untity.
The units of rate constant depend upon the order of the reaction. For various types of reactions the

units of rate constant are as follows : .
) X moallit?
For azero order reaction k = <~ time™

or mol lit?* time*
: a 1 mol lit™
t 199 2—x time < mollit:
1xx 1 mol lit?
ta@—x) time " ol et x mol li
x(2a—x)  mol lit*xmol lit?
t 2a? (a—x)> timex(moal lit?)*

= time?

For alst order reaction k

For a2nd order reaction k = = mol~lit time?

For a3rd order reaction k = mol-?lit?time?

HALF LIFE OF A REACTION

It is defined as the time required for the concentration of areactant to decrease to half its initial
value. It isrepresented by t, or t  For afirst order reaction t,, is given by

For afirst order reaction t,, is given by

t, = 2 x log
% k a-aj/»2
2303
= k X |Og L
2303 a2
= T xlog2 = B

For a second order reaction tl/is given 1by
2 X
t, = Ta(a_—x) where x = a/2
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-4 a/2

k ajz(a-ays2)
R
= ka ~ a

DETERMINATION OF ORDER OF A REACTION
(i) Using Inter grated rateequations

Thisis hit and trial method involving the use of different rate equations. The rate equation which
gives the constant value of k corresponds to the correct order of the reaction. In this method different
initial concentrations of reactants a, are taken and the concentrations left (a — x) after regular time
intervals are measured. These values are substituted in the following equations :

for afirst order reaction k = 2303 log a
t a—x
) 1x X
for asecond order reaction k = —————
tx a(@-x
a(2a—x)

and for athird order reaction k

(i) Graphical M ethod
For a reaction A—— Products, if the graph between log

t x 2a?x(a—Xx)

and t isastraight line, the
a—x

reaction is of thefirst order. In case the graph between the 1 and t isastraight linethereactionis
second order. (Fig. 20.1 and Fig. 20.2) B

(a-x)

log (a —x) —»
—

t—» t—»

M Figure 20.1 M Figure 20.2
Plot of log vs t for a 1st order Plot of log 2o Vs t for a 2nd order
i reaction.

~ reaction. -
(i) UsngHalf-life Period
Two separate experiments are performed by taking different initial concentrations of areactant and
the time in which the concentration is reduced to half is noted. If the half lifeis

€) independent of initial concentration order of reaction = 1
(b) < 1 order of reaction = 2
A
(0 oc E order of reaction = 3
[Al? :
(d) o< 1 order of reaction = n-1

[A] n-1
Also for nth order of reaction

. log[t,/t]
log[A,/A]
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where A istheinitial concentration and t,, the half life period in experiment one and A, the initial
concentration and t,, the half life period in second experiment.

(iv) Thedifferential M ethod
Therate of areaction of nth order is proportional to nth power of concentration.

dC _ n
Ta - €
Two experiments with different initial concentrations are performed and the value of n, the order of

reaction, is determined by using the formula
| dcC, | dc,
W \"w ) "9\ TE
logC, — logC,

EFFECT OF TEMPERATURE ON REACTION RATE
Temperature coefficient isgiven by

35° I(308

Temperature Coefficient = T T K = 2to3
25° 298
Thus an increase of temperature by 10 °C increases the rate of reaction by 2 to 3 times.
ARRHENIUS EQUATION
The relation between the rate constant, k, for a reaction and the temperature is given by
k = Ag Ea/RT
where E, is the activation energy, R the gas constant and T, the absolute temperature.

Taking logarithms we have E
logk = — RT + logA
If k, and k, are the values of rate constant at temgeratur% T,and T, we have
log —= = 2 |- Ty
K, 2.303R T,T,

ADDITIONAL SOLVED PROBLEMS

™ SOLVED PROBLEM 1. In the first order reaction

L . A(g) B(g + C(g) . .
theinitial pressure of A is84 mm and thetotal pressure at theend of 6 minutesis 110 mm. Calculate
the half life of the reaction.

SOLUTION :
Thereaction is

A () B () +C ()
Initial pressure 84 mm 0 0
Pressure after 6 minutes (84 —x) mm X mm xmm

After 6 minutesthetotal pressure = 84 —x + x + xmm =84 + X

= 110mm
or 84 + x =110mm
or X = 26mm
(i) Tocalculatethevalue of rate constant
Formulaused
_ 2303 a
k = —— log

t a—Xx
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Quantitiesgiven

t = 6minutes a = 84mm a—Xx=84-26 mm = 58mm
Substitution of values
_ 2303 o 84mm
6min 9 58mm
2.303
6min
0.3838 x0.1608 min
0.0617 min

log 1.4482

(i) Tocalculate half lifeperiod

Formula used
_ 0693

t = 2O

1y k

Substitution of values 0.693 .
t = ————— = 11.23min

e 12~ 0.0617 mirrt

SOLVED PROBLEM 2. The rate constant for a reaction at 20 °C is half of the rate constant at
30°C. Calculate the energy of activation of thereaction. [ R= 1.987 cal K-*mol]

SOLUTION :
Formulaused Kk E T_-T
2 _ a 2 1

9 1~ = 23BxR [ }

1 Tl T2
Quantitiesgiven
ko, R = 1.987 cal K*mol™
k, ~
T, = 20 + 273 = 293K T,= 273 + 30 = 303K
Substitution of values o Ea 303K—293K'|
o9 2303 x 1987 cd K'mol* | "308K x 293K |
o Eo- 2.303 x 1.987 x 0.3010 x 303 x 293
= 12228.36 cal
= 12.22836 kcal

SOLVED PROBLEM 3. In afirst order reaction, half of the reactant is decomposed in 1000 sec.
How long will it beuntil 1/3 of thereactant isleft ?

SOLUTION :
(i) Tocalculatethevalueof rate constant
Formulaused .- 0633
=
Quantitiesgiven &
t, = 1000sec
Substitution of values
0.693
_ —_—_—,_—,_—_—— = 1
k = 1000sec — 0-000693 sec
(if) Tocalculatetimewhen 1/3 of the reactant is left

Formulaused
2.303 a

t = K log T=x




CHEMICAL KINETICS = 259

Quantitiesgiven
a=1 X = 2/3 a—-x= 1/3 k = 0.000693 sec™
Substitution of values
2.303 1

= log

0.000693 sect 13
3323.23xlog 3 sec
3323.23 x 0.4771 sec

—
|

— 1585.51 sec
SOLVED PROBLEM 4. Afirst order reaction is 15% completein 20 minutes. How long will it taketo
be 60% complete?
SOLUTION :
(i) Tocalculatethevalue of rate constant
Formulaused 233 a
k = log

Quantitiesgiven
a =100 x =15 a—-x=285 t = 20 minutes

Substitution of values
2.303 100

Zomn %9 &
= 0.11515x%10g 1.17647 min*
= 0.11515x 0.07058 mir?

= 8.127x 10 min™*
(i) Tocalculatethetimewhen reaction is60% complete.

k =

Formulaused o 2303 o a

o Tk 9 a—x
Quantitiesgiven

k = 8127 x10°min~ a = 100 a—-x=40
Substitution of values 233

U= g7 x10°mnmt %9

283.376 x log2.5 min
283.376 x 0.3979 min
112.76 min
SOLVED PROBLEM 5. 50% of H, O, decomposesin 10 minutesin an experiment. Find out its
velocity coefficient if the reaction isfirst order.

SOLUTION :
Formulaused 0.693

k =

t]/z

Quantitiesgiven

t’/z = 10min
Substitution of value K = 0693 _ 0.0693 min-

-~ 10min ~ min

™ SOLVED PROBLEM 6. If afirst order reaction is half completed in 100 seconds, calculate the
time required for 99% of the reaction to be completed.
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SOLUTION : (i) Tocalculatethevalueof rateconstant

Formulaused
Kk = 063
t,
Quantitiesgiven
t, = 100sec
Substitiution of values .- 0693 - 000693 cen
= 100sec ~ ™ ad
(i) Tocalculatethetimefor 99% of thereaction to be completed
Formulaused o 233 o a
k 9 T=x

Quantitiesgiven
k = 0.00693 sec™ a = 100 X =99 a-x=1

Substitution of values
2.303 100

——  log =

0.00693 sec 1
332.32x10g 100 sec
332.32x2 sec = 664.64 sec

SOLVED PROBLEM 7. 50% of afirst order reaction is completed in 23 minutes. Calculate the
time required to compl ete 90% of the reaction.

SOLUTION : (i) To calculate the value of rate constant

t =

Formulaused ‘- 0693
L Tt
Quantity given "
t, = 23 minutes
Substitiution of values
k = 0'693 = 0.03013min*
23min
(if) Tocalculatethetimerequired to complete 90% of reaction
Formulaused
¢ = 2303 log -2
o Tk 9 a—x
Quantitiesgiven
k = 0.03013min? a =100 x =90 a-x=10
Substitution of values 2303 100

003013min= %9 71p

76.44min x log 10

76.44 min [+ log 10 =1]
SOLVED PROBLEM 8. From the following show that the decomposition of hydrogen peroxide in
aqueous solution is afirst order reaction.

Time(min) 0 15 30
Y 25.4 9.83 381
where V isthe volume of KMnO, required in ml to decompose adefinite volume of hydrogen
peroxide.
SOLUTION :
Formulaused a

. - 2.?03 l0g £
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Quantitiesgiven

t = 15min a= 254 a—x = 9.83
and t = 30min a = 254 a—-x = 381
Substitution of values
2303 254 2303 254
K= TBmn 19 g K = Zomn 199381

= 0.1535min"* x log2.5839 k
= 0.1535mint x 0.41227

0.07676 min™ x log 6.6666
0.07676 min* x 0.8239

= 0.06328 0.06324
Since the value of k is constant, the reaction is of first order.

SOLVED PROBLEM 9. 75% of areaction of the first order was completed in 32 minutes.
When wasit half completed ?

SOLUTION :
(i) Tocalculatethevalue of rate constant

Formulaused 2303

k : log 77—

Quantitiesgiven

t =32min a = 100 X = 75 a-x= 25
Substitution of values
_ 2303 100
k= 32min lOQE
= 0.0171969 x log4
= 0.71967 x 0.6021
= 0.0433min?*
(if) Tocalculatehalf lifeperiod
F
ormulaused _ oe®m
T TR
Substitution of values 069 _
L = oormmnt. - 16.0 min

SOLVED PROBLEM 10. In a gaseous reaction, the time for half change (t,,) for various partial
pressures (P) was as follows:

P (mm) 500 600 800 1000
t,,, (min) 268 223 168 134
Calculate the order of the reaction.
SOLUTION :

Since the value of t,,is varying with the initial pressure, the reaction can not be of first order.
Formulagiven

1
k = ——=—for asecond order reaction
t, ()
Quantitiesgiven
t, = 268 223 168 134 minutes
a = 500 600 800 1000 mm
Substitution of values 1

k = S68x500 7.462 x 10°

573% 600 7.473 x 10°
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1

k = Te8x80 - 7.440 x 10°®
_ 1 —
= 2100 7.460 x 10°

Since the value of k is constant, the reaction is of second order.

" SOLVED PROBLEM 11. For a certain reaction the rate constant k = 2.46 x 10°at 273 K and
1.63 x 102at 303 K. Calculate the energy of activation for the reaction.

SOLUTION :
Formulausd o K E. T, T,
k, 2.303xR TT,
Quantitiesgiven
= 246x10° T = 273K R = 1.987 ca K*mol %
1
k, = 163x10° T, = 303K
Substitiution of values
163x10° _ E, [303K -273 K |

9 246x10° = 2.303x1.987 ca K-*mol % l 303K x 273K J
= 1.8212x2.303 x1.987x 303 x 273
@ 0
22979 cal
SOLVED PROBLEM 12. The half life for afirst order reaction is 2.5 x 10°sec. How long will it
take for 1/5th of the reactant to be left behind ?

SOLUTION :
(i) Tocalculatethevalueof rate constant
Formulaused 06383
k = T
Yo
Quantitiesgiven
t, = 25x10°sec.
Substitution of value
_ 068 o
K= S5x100c = 2.772x 10" sec
(i) Tocalculatethetimefor 1/5th of thereaction to beleft behind
Formulaused
i = 2303 o
o k 9 Ta—x
Quantitiesgiven
a =100 a—x = %100 = 20 k=2772x10*sec™
Substitution of values o 233 o 100
2772x10% sect 0 D
= 8308.08xlog5 sec
= 8308.08x0.6990 sec
= 5807.34 sec

SOLVED PROBLEM 13. It was found that a solution of cane sugar in water hydolysed to a
extent of 25% in one hour. Calculate the time that would be taken for the sugar to be 50% hydrolysed
assuming the reaction is of the first order.
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SOLUTION:: (i) To calculatethevalueof rate constant

Formulaused
2.303

_ a
k = T log =

Quantitiesgiven
a =100 x =25 a-x=175 t = 60min
Substitution of values

k 2308 Iogﬁ
60min Is)
= 0.03838min*xlog 4/3
= 0.038383min xlog 1.3333
= 4.794%x 103 min™
(i) Tocalculatethehalf timeperiod
Formulaused . 0633
o 7 k
Substitution of value ) 0633
% = 4704x 10°min
144.5min

SOLVED PROBLEM 14. Calculate the activation energy of a reaction whose rate constant gets
doublefor 10 °Criseintemperature.

SOLUTION :
Formulaused K, E, [ T,-T, ]
o 1003~ = 23mxR L 1,7,
Quantitiesgiven
k
TZ =2 R = 1.987ca K*mol* =27 + 273 = 300K

Tl
1 T2 = 372 + 273 = 310K
Substitution of values

s E, 310-300
992 = 5303 x 1.987 cal K2mol~ | 300x310
0.3010 x 2.303 x 1.987 x 300 x 310
or E =
a 0
- = 12809.77 cal

SOLVED PROBLEM 15. For acertain reaction the values of the rate constants at 25 °C and 65 °C
were found to be 3.46 x 107 and 4.86 x 10~ respectively. Calculate the energy of activation for the
reaction.

SOLUTION :
Formulaused
K Ea TZ_Tl
|Og —2 =
kl 2303 x R T,T,
Quantitiesgiven
= 486x10°° T, =25+ 273 = 298K R = 1.987 cd™* K™ mol™
1
k1 = 346x 10°° T2 =65 + 273 = 338K

Substitution of values

4.86 x 10° E, 338K —298K
00 S 6 105 ~ 2303 x 1987 A KImo ™ | 338K % 208K
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E - 2.14845 x 2.303 x 1.987 x 338 x 298
or 3 o
24757.12 cal
SOLVED PROBLEM 16. Calculate the half life period for the first order reaction whose rate
constant is 1.052 x 107 sec™.
SOLUTION :

Formulaused

Quantitiesgiven

k = 1.052x 1072 sec™
Substitution of values 063
t = — = "4 = 659 sec
e 1.052 x 10 sec

SOLVED PROBLEM 17. The rate constant for the first order reaction at 45 °C is twice that at
35 °C. Find the energy of activation of the reaction.
SOLUTION :

Formulaused

=~

Ea T2_T1
log 1% = Z3m xR
kl . X TT,
Quantitiesgiven

k, =2 R = 1.987 cdl K*mol™ T, = 45+273 = 318K

T2 = 35+273 = 308K
Substitution of values

00 2 E, 318K —308K |
%92 = 2303x1987cd K'mal* | 318Kx308K |
N ¢ _ 03010 x 2.303 x1.987 x 318 x 308
a
= 13490.75 cal
= 13.49075 kcal

SOLVED PROBLEM 18. In the reaction
2NO +2H, — N, +2H0
equimolar mixture of gasat 336 mm Hg initial pressure was changed in 108 seconds. When the

initial pressure was 288 mm it was half changed in 148 seconds. Determine the order of the reaction.
SOLUTION :

Formulausd -
Lo [ ﬁ]
t B A2
Quantitiesgiven
t, = 108 sec A, = 288mm t = 148sec A, =336mm

Substitution of values

108sec (288mm)" B
148 sec 336mm
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Taking logarithms

08 _ 288
log g = n-1xlog ==
or n-1 = M
log (288/336
or N = p4[z01368
- —0.0669
=1+2
b— =3
[~ SOLVED PROBLEM 19. Ifaunimolecularreacti%nisonequarter completed in 100 minutes, what is
the specific rate constant k ? (k = T log ﬁ)
SOLUTION :
Formulaused
_ 2303 a
K= e

Quantitiesgiven
a = 100 x =25 a-x=75 t = 100 minutes
Substitution of values
2'3(3 log 10
100min Is)

2303 .
= o Min x log 1.333

= 0.02303min™*x 0.1249
- = 2.8764x 10°min™
™~ SOLVED PROBLEM 20. Saponification of ethyl acetate was carried out by NaOH using equal

concentration of thetwo at 310 K. At regular intervals 20 ml samples of reaction mixture weretitrated
against the standard acid and the following results were obtained :

Time (min) 0 4.89 10.07 22.63
Vol. of acid used (ml) 47.65 38.92 32.62 22.58
Show that the reaction is of second order.
SOLUTION :
Formulaused
k = 1 X X
t a(@-x
Quantitiesgiven
t =4.89min 10.07 22.63min a = 47.65
X = 8.73 15.030 25070
a—x = 38.92 3262 258
Substitution of values
Kk = _Lx 873 = 0.000960 min
4.89min x 47.65 x 38.92
K = 1 x 15.030 B -
= 1007min x 47.65 x 3262 0000960 min
B 1 25070 B .
and k = X = 0.000986 min

22.63min 47.65x22.58
_Si nce the value of k is constant, the reaction is of first order.
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" SOLVED PROBLEM 21. If theinitial cocentration of both the reactants following a second order
reation kinetics are the same, then how long will it take for the 70% completion of thereaction, if 30%
of thereaction is completed in 12 minutes.

SOLUTION : (i) Tocalculatethevalueof rateconstant

Formulaused
1
K = — X
L t a(@a-x
Quantitiesgiven
t=12min x = 30 a =100
Substitution of values
R - |
"~ 12min 100 x 70
= 35714 x 10™*
(if) To calculatethetimefor 70% completion of reaction
Formulaused
1
t = — x —X
k a(a—x)
Quantitiesgiven
x =70 a =100 k = 35714 x 10*min™®
Substitution of values
1 70
t = - X
3.7514 x 10™*min™ 100 x 30
= 62.199min

SOLVED PROBLEM 22. The specific reaction rate for the decomposition of N, O, vapour isfound
tobe3.46 x 10° at 298K and4.87 x 1072 at 338 K. Determinetheactivation energy of thereaction.
SOLUTION :
Formulagiven

k, E T,-T,
log = 2
k, 2303 x R [ T, T, }
Quantitiesgiven
k, = 4.87 x 107 T, = 338K R = 8314JK™
k, = 3.46 x 10° T, = 298K
Substituting of values
log 487 x10° E [ 338K —298K ]
346 x 107 2.303 x 8314J | 338K x 298K
E
or 21484 = 2 |: 40K :|
2.303 x 8.314J | 338K x 298K
o £ - 21484 x 2.303 x 8.314] x 338 x 298
a
0
= 103583.86J
- = 103.58386 kJ

SOLVED PROBLEM 23. Compound A decomposesto form B and C and reaction isfirst order. At
25 °C the rate constant for the reaction is 0.45 sec™*. What isthe half life of A at 25°C ?
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SOLUTION :
Formulaused
¢ = 0.693
V2 k
Quantity given
k = 045sec
Substitution of value
0693
Y% = 0a5sect
- = 154 sec

SOLVED PROBLEM 24. For the first order reaction the half life period is 30 minutes. What isthe
time taken for 75% of the completion of the reaction ?
SOLUTION:: (i) To calculatethevalueof rate constant

Formulaused
K = 0693
t1/2
Quantity given
t, = 30min
Substitution of value
k = % =0.0231 min™
30min
(if) Tocalculatethetimefor 75% of completion of reaction
Formulaused
2303 a
k =

— log
0.231min a—xX
Quantitiesgiven

k=0.231min a
Substitution of values

100 X=175

28
0231imint 9 100-75
2303
0231
2303

0.231
= 60min

SOLVED PROBLEM 25. Calculate the activation energy of areaction whose rate constant doubles
when thetemperatureisraised from 22 °Cto 32 °C.

min x log4

min x 0.6021

SOLUTION :
Formulausd
g2 - B [ T-T
k, 2303 xR T, T,
Quantitiesgiven
k
TZ =2 R = 1.987cd K*mol* T,=32+273=305K
1

T, =22+273=29%5K
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Substitution of values

_ E, |:305K—295K:|
log2 =

2303 x 1L.987caK2mo | 305K x 205K

0.3010 x 2.303 x 1.987 x 305 % 295 (g
10

123931.1ca
12.3931 kcal

SOLVED PROBLEM 26.The specific reaction rate of a chemical rate of a chemical reaction at
273K and 303K are 2.45 x 10°sectand 16.2 x 107 sec™® respectively. Calculate the energy of
activation (R=8.314 JK*mol™)

or

SOLUTION :
Formulaused
k E -
91~ = S3mxR [%]
1 ’ 2 1
Quantitiesgiven
k, = 16.2x 10*sect T,=303K R = 8.314 K tmol™
k = 245x 10° sec™ T,=273K
Substitution of values
16.2 x 10%sec™ _ E, 303K —273K
245 x 10%sec?  2.303 x 8.314 K- mol |:303K x 273K :|

1.8203 x 2.303 x 8.314 x 303 x 273

or E =
a

96101.67 J
96.10167 kJ

SOLVED PROBLEM 27. In the Asshenius equation for a certain reaction, the value of A and E,
(activation energy) are4 x 10 sec™ and 98.6 kJmol~ respectively. If thereactionisof first order, at
what temperaturewill its half life period be 10 minutes ?

SOLUTION : (i) Tocalculatethevalueof rateconstant

Formulaused

K = 0693

t,

Quantitiesgiven

t, = 10min
Substitution of values

k = ﬂ—lﬁs 102 sect

T 10x60sec | TN S

(il) Tocalculatethetemperature
Formulaused

k = AgEalRT
or logk = 5303RT + log A
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Quantitiesgiven
k,= 1.55x 10°sec™ A =4 x 108sec? E, = 98.6kImol™
R = 8.314x 10°kJmol™

Substitution of values

log1.55x 102 = log(4x 10%)— 98.6kJ
2.303x8.314x 103 kJK- mal*x T
_29374 = 136021 >14%6x1C¢°
T o= 5.1496 x 10°
T 136021+2.9374
— = 311.35K

SOLVED PROBLEM 28. The catalyst decomposition of N,O by gold a 900 °C and at initial
pressure of 200 mmis50% completein 53 minutesand 73% completein 100 minutes.
(a) What isthe order of the reaction ?
(b) How much of it will decomposein 100 minutesat initial pressure of 600 mm ?
SOLUTION :(i) To calculatetheorder of reaction
Formulausd

k = 230 |og _& for 1t order reaction
t a—X
Quantitiesgiven
a =100 x =50and 73 t=53 mtsand 100 mts
a—x=100-50and 100—-73 =27
Substitution of values

2303 2303
k= —— |Og Q and k = |Og Q
53 50 100 27
k = 0.013864 min™ k = 0.013095min™

Since k is constant the reaction is of first order
(i) To calculatetheamount decomposed in 100 minutesat initial pressureof 600 mm
Formulaused
Initial pressure x % decomposed
100
[ - Itisindependent of initial conc. for 1st order reaction ]

% decomposition =

Quantitiesgiven

Initial pressure =600 % decomposed =73
Substitution of values
600mm x 73

100

= 438 mm
SOLVED PROBLEM 29 The decomposition of N,, O, according to the equation :
2N,O5y —  4NO, 5 + Oy

isafirst order reaction. After 30 minutes from the start of decomposition in a closed vessel, the
total pressure developed is found to be 284.5 mm of Hg and on complete decomposition, the total

pressureis 584.5 mm of Hg. Calculate the rate constant of the reaction.

Amount of N, © decomposed
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SOLUTION :
Thereaction is

2 N2 05 (9 4 NOZ (9 * 02 (9
After 30 mts 2-X 2 X x/2

No. of molesof N, O,

Theinitial pressureof N,O,= Total no. of moles

2303

x584mm = 233.8mm

Let theamt. of N, O, decomposed after 30 mt. be =x

then pressureduetoN, O, = 233.8-xmm
pressureduetoNO, = 2x
and pressuredueto O, = X/2
Total pressure after 30 minutes = 233.8—x +2x+x/2 = 284.5mm (given)
2338+3x/2 = 2845mm
(284.5-233.4) x 2
or X = 3 = 33.8mm
Formulausd
2303 a
k = log Iox

Quantitiesgiven t

t =30 minutes a=233.8mm Xx=33.8mm a —x = 233.8—200mm=33.8 mm
Substitution of values

o _ 238 288m
= T % 200mm

= 0.7676 min~xlog 1.169
= 0.07676 min*x 0.0678
= 0.005204 min™

= 5204x 10°min?

SOLVED PROBLEM 30. What will beinitial rate of reaction, if its rate constant is 102 min~and
the concentration of the reactant is0.2 mol dm™ 2 How much of the reactant will be converted into the
products after 200 minutes ?

Solution: (i) Tocalculatetheinitial rate
Formulaused

Rate of reaction = Kk[A]
Quantitiesgiven
k =10°min™ [A] =0.2mol dm™
Substitution of values
Rate of reaction = 10°minx 0.2mol dm= = 2x 10*dm=min*
(if) To calculatethe % decomposition after 200 minutes
Formulaused
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a Kkt
or o log ax >am
Quantitiesgiven
k = 10°min™ t = 200min
Substitution of values
a 10°3mintx 200min
log a—x - 2303
= 8.684 x 1072
or a_ - Antilog (8.684 x 1079
a—x
& - 12
a—x
or a = 122a-122x
122x = 0.22a
_ 022a
or X = =
% Decomposition = x 100 = 18%

SOLVED PROBLEM 31. The gas phase decomposition of dimethylether follows first order
kinetics:
- CH=0-CHg, CH,9 " Hyy + COg _
Thereaction is carried out in a constant volume container at 500 °C and has a half life of 14.5
minutes. Initially only dimethyl ether is present at a presure of 0.40 atm. What isthetotal pressure of

the system after 12 minutes assuming ideal gas behavior ?
SOLUTION : (i) Tocalculatetheinitial concentration of CH,—O-CH,

Thereaction is
CH-0-CH,, CH,9* Hyg+ GOy
Initial conc. a 0 0 0
After 12 min a-— X X X X
Total Initial Conc., a, of CH,OCH, = ~—
\Y
Formulaused
PV = nRT
or n _ P
V. RT

Quantitiesgiven
P=04am R=0.082amlit K*mol™ T=500+273=773K

Substitution of values
0.4am

n

v~ 0082amlitK*mol?x 773K
6.31x 10°mol lit™

(ii) Tocalculateof CH,—O —CH ,decomposed after 12minutes

Formulaused

a=

2.303 a
k = log
t a—x
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Quantitiesgiven

0.693 0.693 ) .
k = = — = 4.779%x 107 t = 12min a = 6.31x10°mal lit™
t, 14.5min

Substitution of values

. 2303
4.779x 102mint = x log
t a—x
a 4.779x102x 12
or log =
a—x 2303

0.2490

or

antilog (0.2490)

17742
a

17742

6.31x10° . .

= —— mollit?  [-a=6.31x103mol lit}]
17742

3.556x 10 mal lit™

or X =6.31x10° - 3.556x10°mol lit™
2.754x 102 mol lit?
Total no. of molesafter 12 minutes = a—x+X+X+Xx
=a+2x
= 6.31x 1073 + 2x 2.754x 103 moal lit?
= 11.818x 10°mol lit?
(iii) To calculatetotal pressureof thesystem after 12 minutes

or a—x =

Formulaused
P = L RT
Y,
Quantitiesgiven
n
V2 =11.818x 10°moal lit™ R =0.082am]litK*mol™ T=773K

Substitution of values
P = 11.818x 10°mol lit1x0.082amlit K-*mol1x 773K
= 0.709atm
SOLVED PROBLEM 32. The half life period of first order decomposition of nitramideis 2.1 hour
al5°C

NHZNOZ(aq)
If 6.2 g of NH,NO, isallowed to decompose, calculate

(a) time for NH, NO, to decompose 99%; and

(b) volume of dry N, O produced at this point measured at STP.
SOLUTION: (i) To calculatetimefor 99% decomposition

Formulaused

NZO (©) * H2 O(l)

k =— log or t = log =X
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Quantitiesgiven
_ _ _ __06m 068 4
a=100 x=99 a-x=1 k= L, =1 - 0.33hr

Substitution of values
2303 100
= omhe 97T
6.978 hr x 2
= 13.956 hr
(i) Tocalculatethevolumeof dry N, O produced at STP
1mole of NH,NO, = 1mol of N,O
62gmol™ = 22.4litat STP
224x6.2
62
= 2.241it
volume of N, O produced at STP when % decomposition is 99%

| 220x%
100

2.2176lit

SOLVED PROBLEM 33. At 380 °C the half period for thefirst order decomposition of H,0,is 360
minutes. The energy of activation of the reaction is 200 kJmol . Cal cul ate the time required for 75%

6.2g =

decomposition at 450°C.
SOLUTION :
Formulaused
Iogﬁ = = [ Bl }
k, 2303R T,
Quantitiesgiven
0.693 0693 .
k = = —— = 1.925x 103 min! T =380+273=653K
t, 360min 1
E, = 200kJmol-1 R = 8.314JK*moal™ T,=450+273 = 723K
Substitution of values
16.2 x 103sec? 200kJmol™ [ 723K —653K J
245 x 10°sec? 2.303 x 8.314JKtmal? | 723K x 653K
or 10.445x 70
723 x 653
= 0.01549
k
2 .
or 195x10° = Antilog (0.00154) = 1.003573
or k, = 1.925x10°min™x 1003573 =1.931878x 10~ min™
(i) Tocalculatetimerequired for 75% decomposition of H,O, at 450°C
Formulaused
a
K = 2.303 log
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Quantitiesgiven
k=1.931878x 10° min™ a=100 X=75 a—-x =100-75=25
Substitution of values

. 2303 oy 0
T 1931878x 10°mint ‘¥ 5
= 717.76 mm

ADDITIONAL PRACTICE PROBLEMS

1

4.

The rate of formation of adimer in a second order dimerisation reaction is 5.8 x 10 mol lit™* at 0.10 mol
monomer concentration. Calculate the value of rate constant.
Answer. 5.8 x 10°mol littsec™?
The half life of the reaction
N,O, — 2NO, + %20,
is2.4 hours at 30 °C.
(a) Starting with 100 g of N, O, how many grams will remain after a period of 9.6 hours ?
(b) What time would be required to reduce 5 x 10 moles of N, O, to 108 molecules ?
Answer. (8) 6.25g (b) 21.52 hrs
A reaction that is first order with respect to the reactant A has a rate constant of 6 min™. If we start
[ A] =5.0 mal littwhen would [ A] reach the value of 0.05 mol lit™?
Answer. 0.7676 min
A first order reaction is 20% complete in 20 minutes. Calcul ate the time taken for the reaction to go to 80%
completion.
Answer. 144.27 min
The rate constant of afirst order reaction becomes 6 times when the temperature isincreased from 350 K to
410 K, Calculate the energy of activation for the reaction (R = 8.314 JK ™ mal ™)
Answer. 35.656 k J
The reaction
C,H,I —— C,H, + HI
is of first order and its rate contants are 3.20 x 10 at 600 K and 1.60 x 102sec™%at 1200 K. Calculate the
energy of activation for the reaction. (R = 8.314 J Kt mol™?)
Answer. 39.07 kJ
Find the two third life t,, of afirst order reaction in which k = 5.48 x 10™**sec™.
Answer. 20 x 10%sec
For a certain reaction, it takes 5 minutes for the initial concentration of 0.5 mol lit™ to become
0.25 mol lit™* and another 5 minutes to became 0.125 mal lit™. (a) What isthe order of the reaction ? (b) What
is the rate constant of the reaction ?
Answer. (a) One (b) 0.136 min™
For the inversion of cane sugar
C12 H22 Oll + H2 o — C2 H16 06 + CG H12 06
glucose fructose
the second order rate constant is2.12 x 10~*lit mol ™ sec ™t at 27 °C. The activation energy of the reaction is



10.

12.

13.

14.

15.

16.

17.

18.

19.

20.
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1.07 x 10° mol~%. What is the rate constant of the reaction at 37 °C ?

Answer. 8.457 x 107 lit mol* sec™

The following reaction isfirst order with a rate constant of 4.80 x 107 sec™ at 45 °C.

2N205(g) —— 4NQ, +1/202(g)

(&) If theinitial concentration is 1.65x 102 moal lit™, calculate the concentration after 13.75 minutes.

(b) How long would it take for the concentration of N, O, to decreaseto 1.0 x 102 mol lit™ fromitsinitial
vaue?

Answer. 0.0111 mal lit ; (b) 17.4 min

Sulphuryl chloride, SO, Cl,,, decomposesin afirst order reaction according to the equation

S0,Clh g — V9t Clhg

The value of rate constant at 32 °C is 2.2 x 10 sec™. Calculate (@) half life period of SO,CI, at this
temperature and (b) How long would it take for 75% of SO, Cl,, to decompose ?

Answer. (a) 3.15 x 10* sec; (b) 17.5 hours

The rate constant for the formation of hydrogen iodide according to the equation

Hoo ¥ g™ 2Hlg

is2.7 x 107*lit mol™ sec™ at 600 K and 3.5 x 1072 lit mol~ lit mol™ sec™ at 650 K. Calculate the energy
of activation for the reaction .

Answer. 1.66 x 10° Jmol™

The rate of a particular reaction becomes three times when the temperature is increased from 298 K to
308 K. Calculate the energy of activation for the reaction.

Answer. 83.8 kJ mol

A first order reaction takes 100 minutes for the completion of 60 percent of reaction Find the time when
90 percent of the reaction will be completed.
Answer. 251.2 min

The reaction N, +O, — 2NO, +%20,

isof firstinN,O,. Itsrate constant is 6.2 x 10°sec™. If in the beginning [N, O, is 15 mol lit™, calculatethe
rate of reaction in the beginning.
Answer. 9.3x 10° mol lit?sec™

If the half life of afirst order in A is2 min, how long will it take A to reach 25% of itsinitial concentration.
Answer. 4 min

Calculate the half life of afirst order reaction where the specific rate constant is (a) 200 sec™? (b) 2 min™.
Answer. (a) 0.00346 sec™? ; (b) 0.3465 min™

A first order reaction is found to have arate constant k = 7.39 x 10 sec™. Calculatet,
Answer. 21783.4 sec and 18763.68 sec

An acid solution of sucrose was hydrolysed to the extent of 54% after 67 minutes. Assuming the reaction
to be of first order, calculate the time taken for 80% hydrolysis.

Answer. 124.4 min

.5% and tO.BO%.

A second order reaction in which both the reactants have the same concentration is 25% complete in
10 minutes. How long will it take for the reaction to go to 90% completion ?
Answer. 2700 min
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