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own teaching experience, and expetience in drawing questions for GUICET examination as well
as Higher Secondary Examination Board. The writers associated with the writing of this book have
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Unit
1
Solid State

1.0 Introduction

You have gained information about five states, in previous standards. They are solid, liquid, gas,
plasma and BEC (Bose-Binstein Condensate). We are more familiar with first three states. You have
studied about liquid and gas in standard-11, in the units on liquid state and gaseous state. You have also
studied the characteristic properties of liquids, etc. In this unit, we shall study in detail the solid state.
The study of structure of solids and their properties etc. is called Solid State Chemistry.

We know that solid substance has definite shape and volume. In addition to this we shall study
about many phenomena associated with chemistry including this statement. We are familiar with solid
substances, because our life and everyday life are associated with solid. Different solid substances are
used for different uses. In solids, their different compositions and properties are associated. If we study
solid, information about its properties and by carrying out changes in it, we can have many uses of solids
viz. substances used in superconductors and plastics for packing can be prepared. Solid substance differs
from liquid and gas in one aspect and that is fluidity. Hence, liquid and gas are called fluids but in solid,
the ions, molecules are in some definite form and arranged in a systematic manner. Hence, they have
definite shape and so it is not a fluid. There can be two types in soild-crystalline and amorphous. In a
crystalline soild, arrangement of atoms or ions is systemetic.

We shall study in this unit, the arrangement of atoms or ions and their relationship with their
properties and what changes we can make in these properties so that desired and useful innumerable
solid substances can be obtained.

1.1 Classification of Compounds on the basis of Binding Forces (Molecular, Ionic, Covalent,
Metallic)

Most of the solid substances are crystalline viz. metals like copper, iron, silver, etc., non metals
like phosphorus, sulphur, and in ionic form-crystals of sodium chloride, potassium chloride and moleculer
solid like naphthalene.
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The classification of solid substances on the basis of intermolecular attraction forces involved

in them, can be made into four classes (1) Molecular solids (2) Ionic solids (3) Metallic solids and
(4) Covalent network solids.

(1) Molecular solids : The molecules present in the molecular solid are its constituent particles.
They can be classified into three parts as below :

(a) Nonpolar molecular solids : Elements like argon, helium or molecules formed by nonpolar
covalent bonds. Elements like dihydrogen, dichlorine, diiodine etc. can be included in this type of solids.
The atoms or molecules in this type of solid possess the weak dispersion forces or London forces.
You have studied about these types of forces in standard-11. Solids of this type possess low melting
points and they are soft and non conductor of electricity. At normal temperature and pressure, they are
in liquid or gaseous state.

(b) Polar molecular solids : The solids like SO, etc. generally possess polar covalent bond.
The molecules of such solids are bound by relatively strong polar-polar interactions. They are also soft
and nonconductor of electricity. Their melting points are higher than those of nonpolar molecular solids.
Even then, they are in gaseous or liquid state at normal temperature. Soild SO, and solid NH, are solids
of this type.

(c¢) Molecular solids containing hydrogen bond : In this type of solids, atoms like H form
polar covalent bond by combining with electronegative atoms like F, O or N. The strong hydrogen
bonding in them, keep them in bound state. Substance like ice is the example of this. They are also non-
conductors of electricity. At room temperature and pressure they are volatile liquids or soft solids. In the
molecule of ice, four molecules of water are attracted by hydrogen bond. It gets separated from the
hydrides of other elements of the same group because of hydrogen bond.

(2) Ionic solids : The constituent particles of ionic solids are ions. The cations and anions of
such substances are attracted by strong Coulombic forces and so they possess forced molecules in three
dimensional directions. They are hard and brittle. Their melting points and boiling points are higher
because of strong attraction between positive and negative ions in the solid. Though ions are present in
such substances, even then, they do not conduct beat or electricity because they are bound by strong
attraction forces between positive and negative ions. But if they are dissolved in water or are melted
in solid state, their ions get separated and so they conduct electricity.

(3) Metallic solids : Most of the metals are in solid state and so metal possesses positively
charged nucleus around which free electrons are arranged. They are arranged in a systematic way.
Electrons are spread in the form electron sea around the nucleus of atom of the metal. These electrons
do not remain confined to any nucleus but are moving around the nuclei like the flow of water in the
sea and these free electrons allow electricity and heat to conduct. When electric field is applied, they
move, but in the new situation electron makes its arrangement around the nuclei. When heat is supplied
to metal, the thermal energy is spread everywhere by the free electrons. In addition, metals have lustre
and in some cases have colours. This is due to the presence of free electrons. They are ductile and
malleable.

(4) Covalent solids : In the whole crystal, the adjoining atoms form covalent bond in larger
proportion and so it results into different crystalline solids. They are called ‘Giant molecules’. Many
diversities are found in these compounds because they possess covalent bond-directional properties. Their
molecules are bound tightly and hence they possess very high boiling points. Some decompose before
being melted. They are not conductors of electricity. Diamond and graphite are the examples of this type.
Graphite is soft and good conductor of electricity because its structure is specific. Three atoms of carbon
in graphite form three covalent bonds by sp? hybridisation and the fourth electron remains free. It keeps
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one layer of graphite combined with other layer. Thus layers consisting of hexagonal structure having sp?
hybridisation are formed in graphite and the fourth electron keeps distance of 340 pm between the layers
and it conducts electricity because it is free. The different layers of graphite can move creating friction
with each other and so graphite is a good solid lubricant. In contrast to this, tetrahedral structure is formed
by sp” hybridisation in diamond and all its four corners are combined with other carbon atoms of diamond
and spread in three dimension. Hence, it is very hard. It cannot conduct electricity because it has no free
electrons. Thus, it can be seen that in the two allotropes of the same element, if intermolecular forces
and hybridisations formed are different, there is a great change in their properties.

In the folloiwng table 1.1, four types of solids and their properties are shown.

Type of Constituent| Attraction | Example | Physical| Melting Electrical
solid particles forces nature point conductivity
(1) Molecular
solid
() Non polar | Molecules |Dispersion or | Ar, CCl, Soft Very low |Non conductor
London forces| H,, I, CO,
(ii) Polar Molecules | Dipole-Dipole-| HCl, SO,, |Soit Low Non conductor
inter attraction| NH,
(i) Hydrogen | Molecules |Hydrogen H,0 (ice) |Hard Low Non-conductor
bond bond
possessing
(2) Ionic solid | Ions Coulombic or | NaCl, MgO, | Hard but |High Solid state, non-
Electrostatic | ZnS, CaF, |brittle conducting but
molten or aqueous
solution conductor.
(3) Metallic Positive ion| Metallic bond | Fe, Ca, Hard but |Compara- |Conductors in
solid in sea of Mg, Ag ductile |tively very |solid and molten
delocalised and high states
electrons malleable
(4) Covalent | Atoms Covalent SiO, Hard Very high |Non conductor
or Network bond (Quartz)
solids SiC (Carbo-
randum
C (Dimond) Conductor
C (Graphite) (Exception)

1.2 Crystalline and Amorphous solid substances

Solid substances are available in crystalline and amorphous forms. There is difference in their
structure and formation.

Crystalline solid substances are rigid and incompressible. They have definite shape. Their geometrical
structures are systematic and definite. The reason for this is the regular and definite arrangement of
molecules or ions in three dimensional space. They have got definite and sharp melting points. The
examples of this type of crystalline solid are NaCl, KCl etc.

Amorphous substances are also rigid and incompressible but they have no definite geometrical
shapes. The periodicity of the definite formation or geometry of amporphous substances is not observed
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even when the atoms or ions are bound very tightly. Their melting points are not sharp, they possess some
range of temperatures. The examples of such amorphous substances are glass, rubber etc. In the

following table 1.2, the differences between crystalline and amorphous solids are given.

phous solid sul

Property Crystalline solid Amorphous solid
(1) Shape Definite shape and possessing Irregular shape
characteristic geometry.
(2) Melting point Definite and sharp melting point which| Becomes soft grandually during the

is the characteristic of the crystal of | small temperature range i.e. have no

solid. definite and sharp melting point.
(3) Fusion enthalpy | Definite and characteristic fusion Not definite and characteristic fusion
enthalpy enthalpy
(4) Cleavage Divided into two parts by cutting the Divided into two parts cutting the
property crystal with sharp tool like knife. The | crystal with sharp tool like knife but
surface of the new part obtained is the surface of new part obtained is
plain and soft ie. it is as original one not as the original one. It is irregular.
(5) Nature True solid Pseudo solid or supercooled liquids
(6) Order of The order is maintained till a long The order is maintained in a short
Arrangement range range
of constituent
particles.
(7) Effect of The graph (temperature — time) The graph (temperature — time)
temperature obtained on cooling after heating is obtained on cooling after heating is
not a curvature. The temperature a curvature. Temperature range is
remains definite during crystallisation | obtained during crystallisation.
(8) Properties Their properties like electrical Their properties like electrical condu-

conductivity, thermal conductivity,
mechanical strength and refractive index
are different in different directions.

ctivity, thermal conductivity, mechanical
strength and refractive index are
same in all directions

1.3 Unit cell (Two Dimensional and Three
Dimensional Lattice)

The smallest particle of a substance is known as
atom or molecule. Similarly the smallest portion to know crystal
of solid is called the unit cell; thus the smallest portion
possessing the chief characteristics of a crystalline solid is
called umit cell. Such unit cells are arranged with each
other in three dimensional directions and the formation of
crystal results. This type of arrangement is called crystal
lattice (word ‘Jalak’ is used in Gujarati for lattice). As shown
in fig 1.1 each particle is shown as point. Thus the systematic
three dimensional arrangement of points in space is called

) J

Fig., 1.1 Part of the three dimengional
cube lattice and its unit cell
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crystal latfice. In fig 1.1 the part of the crystal lattice is shown. There are 14 possibilities of such
three dimensional lattices called Bravais lattice. Some of the characteristics of crystal lattice are
as follows :

(1) Each point in the lattice is called lattice point or lattice position (location).

(2) Each point in the crystal lattice represents one constituent particle which can be an atom,
molecule or ion.

(3) The lattice points are connected by straight lines, so that the geometry of the lattice can be
indicated.
Unit cell is the smallest part of the crystal lattice, which is repeated in different directions in

three dimensions and the complete lattice is formed.

The characteristics of unit cell are as follows :

|
(1) Its dimensions are on its three edges a,b and c. /I

These edges may be perpendicular to one an- I
other or may not be perpendicular, I
(2) The angles between the edges are o (between <
edges b and c.), B (between edges a and c) and B :
y (between edges a and b). Thus unit cell becomes f’.\f‘ o
characteristic by parameters a,b,c and o, § and QR -
y. These parameters are shown in fig 1.2 :,'r,_,.'
It is necessary to note here, that we can show ‘,’

two dimensional figures in book but it is difficult to show
three dimensions. Hence, this structure can be well Fig. 12 Dimensions of Unit Cell
understood by the use of models.

Primitive and Centred Unit Cells : The unit
cell can be divided into two parts : (a) Primitive unit cell
(b) Centred unit cell.

(a) Primitive Unit cell : When constituent particles
are arranged on the eight corners of the unit cell, it is

called primitive cell.
(b) Centred Unit cell: When one or ‘q

more constituent particles are arranged at other places
(sites) in addition to the sites of the corners, it is called
centred vnit cell. Centered unit cells are of three types
(1) Face centred unit cell (2) Body centred unit cell (3)
End centred unit cell.

(1) Face centred umit cell : In this type of unit

cell one particle is arranged in the centre of each face Fig. 1.3 Atom on each cormer of a
(side) in addition to particles arranged on each corner of simple cubic cell is shared
the unit cell. with 8 atoms

(2) Body centred wmit cell : In this type of unit cell one particle is arranged on the centre of
the body in addition to each particle arranged on the four corners of the unit cell.
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Primitive umit cell
{a) Open space filling strucinre (b) Space filling structure
{c)} Actual portions of atoms belonging to umit cell

(@) ®) ©

n atom at face centre of umit cell Structure (a) open structure (b) space filling structure
is shared between 2 unmit cells (c) actnal portions of atoms belonging to one umit cell

(a) ) ©

A body centred cubic wnit cell (a) open structure (b) space filling
structure (¢) actual portions of atoms belonging to one umit cell.

(3) End-centred umit cell : In such a unit cell one constituent particle is present at the
centre of any two oppositie faces besides the ones present at its corners.

6 Chemistry 12



Monoclinic

Primitive Cells

There are in all seven types of primitive cells which are shown below in table 1.3

Table 1.3 Seven primitive unit cells and deviation possible as centred umit in them

Sr Crystal Possible |Axial distance or Axial angle Example
System variations | distance of edge
1. | Cube Primitive a=b=c |a=f=y=90° NaCl, ZzS,
Body centred (zinc blende), Cu
Face centred
2. | Tetragonal Primitive, a=b=#c a=Bf=y=90° White tin, SnO,,
Body centred TiO,, CaSO,
3. | Orthorhombic | Primitive a#bz#c a=Bf=y=90° Rhombic sulphur,
Body centred| KNO,, BaSO,
PFace centred
End centred
4. | Hexagonal Primitive a=b=#c o = B = 90°y = 120°|Graphite, ZnO, CdS
5. | Rhombohedral| Primitive a=b=c o = =y # 90° <120°|Calcite (CaCO,)
aor Trigonal Cinnabar (HgS)
6. | Monoclinic | Primitive a#zb#c a=Y=90°p # 90° |Manoclinic sulphur
End centred Na,SO,+ 10H,0
7. | Triclinic Primitive azbzc |axxpfxy=+90° K,Cr,0,,
CuSO,5H,0, H,BO,

Solid State




Primitive (or simple) Body-centred Face-centred

The three cubic lattice : all sides of same length, angles between face all 90°

Primitive Body-centred

Primitive End-centred Body-centred Face-centred

The four orthorhombic lattice

Primitive End-centred

The two monoclinic Iattice : unequalsides,twofaeeshnvcmglesdiﬁermtto%o
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1.4 Calculation of Volume Occupied by Atoms in Unit cell

The arrangement of molecules atoms, or ions in unit cells of different crystals is different. We
shall study about the close packing efficiency of atoms in different unit cells.

Packing efficiency : The packing of constituent particles (atoms, molecules or ions) may be of
any type but some free space is left out which is called hollowness or void. The percentage of total

space volume occupied by particles is called packing efficiency. We shall now carry out calculations of
packing efficiency of different structures.

(1) Packing efficiency in simple cubic lattice : The atoms are only on the carners of the cube
in simple cubic lattice. The particles touch each other along the edges.

The relation between the side or the edge length of a cube
and the radius of each particle will be a = 2r.

The volume of cube in any unit cell = a° = (2r)® = 8

Each cubic unit cell possesses only one atom.

3

Hence, the volume occupied by one atom = %m

Now packing efficiency

Volume of one atom
= x 100 %
Volume of cubic unit Cell
Fig. 1.4 Packing efficiency of cubic
i i lattice mnit cell

3 =T -
= “gg X100 == x 100 = 5236 %

(2) Packing efficiency of body centred umit cell : As
shown in figure 1.5, the atom in the centre touches two other atoms
diagonally arranged. Hence, in AEFD,

b*= a’+ a? = 2a?
Lb=y2a

Now, in AAFD,

¢t = a’+ b?= a’+ 2a’?= 3a?
.‘.C=‘\/§ﬂ.

The diagonal length of body centred cube ¢ = 4r, where r
is radius of the atom because, all the three spheres touch diagonally.  gig. 1.5 Packing effidiency of body

cenired umit cell
s Ba=4r e
A= ir
3
The total number of atoms in this type of arrangement is 2 and so its volume will be 2 >(i1:r3

3
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3
4
Volume of cube 2% = (Er)

Now, packing efficiency Volume occupied by two spheres in unit cell % 100

Total volume of unit cell

2x 4 a3 8/ ar3x100
= # %100 % 37=68%

(3] (o)

G (3) Packing efficiency in hexagonal packing (hcp)
and cubic close packing (ccp) : The close packing is equally
H a efficient in both these types. We calculate the packing efficiency
of ccp structure. As shown in figure 1.6, the length of
the edge of unit cell is a and the diagonal of face is AC =b
In AABC, AC? = b? = BC? + AB?
F =2a? + 8% = 2a%0r b=+/22
Suppose the radius of the sphereis r, thenb = 4r = \Ea
F D or a= . 2\/5 r
Fig. 1.6 Cubic close packing efficiency 2

As we know, four atoms or spheres are there in ccp structure and so the total volume of four
spheres = 4 x % a3 and the volume of cube will be a® ar (24/2r)3

Hence,

packing efficiency = Volume occupied by four spheres of unit cell % 100

Total volume of unit cell

4% (% )m3 x 100
V2!

E><1:r3x100

3
= = 74 %
162 12
It can be determined from the above three calculations that, there is maximum packing efficiency
in ccp and hcp.

1.5 Close packed structures and their types (one dimensional, two dimensional and three
dimensional)
We can accept atom, molecule or ion as spherical form and their arrangement in solid state by
each other from all the adjoining sides and some space remains between them. Suppose we take small

spheres in a closed tin and shake then and put, them all the small spheres will be arranged from all the
sides but space will be left out between spheres. Particles (spheres) in the solid state possess close

10 Chemistry 12
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packing and so there is very less space among them. Hence, if we consider component particles as hard

type of packing, as shown in figure 1.7 two other
is 2 in one dimensional close packing. ‘.
types.
rows are aligned with each other vertically and Fig 1.8(a) Square close packing
In this arrangement, other four spheres are arranged as neighbours around each sphere. Hence,
second row stack in slightly deviated method, so that the
spheres in second stack will be a separate B type stack.
close packing. In this type of structure, 6 spheres are
or configurations we se¢ are all three dimensional structures. Such a
() Three dimensional close packing from two dimensional
sphere of A. As shown in figure 1.9 they will remain completely and Fig. 1.9 Simple cube lattice

spheres and think of their arrangement, the three sitnations can be possible (1) One dimensional arrange-
particles are arranged near one particle (sphere). The
(2) Two dimensional close packing : In this A ( ) ...}Q‘..
DOOOCOR0
(a) In this arrangement the other particles are
horizontally. If we call first row as A, the second row
the co-ordination mumber will be 4 in two dimensional arrangement. If we join the centres of the four
spheres of the second stack arrange on the depressions
Thus, if we arrange the stacks alternately then we have
arranged around each sphere and so it is called two dimensional
structure is like the arrangement of each stack in the structure.
square close packing : If we arrange the stack as A and then put
equally arranged horizontally as well as vertically. formed by AAA...arrangement

ment (2) Two dimensional arrangement (3) Three dimensional arrangement. We shall study this in detail.
(1) One dimensional close packing : In this
number of most nearby neighbour particles is called the Fig. 1.7 Close packing of spheres
co-ordination number. Thus, the co-ordination number in one dimension
type of packing the rows having close packing are
arranged as a stack. This arrangement can be of two A
atatatatee’al
exactly arranged on the particles arranged in the row A ........
below them and forms a stack. Thus, the particles in the
is gimilar to it and so it will also be called A. Thus, one by one, each row is arranged on one another,
we will have the arrangement of type AAA A...as shown in figure 1.8(a)
spheres we will get a square. So this structure is called two dimensional square cloge packing.
(b) In the second method we will arrange the
formed by the first stack. If we call, the first type of
arrangement of stack as A then the arrangement of
ABABAB....type structure. This type of structure is more Fig 1.8(b) Hexagonal close packing of spheres
rigid and mare efficient packing possessing than square in two dimensions
hexagonal close packing which is shown in figure 1.8 (b)
(3) Three dimensional close packing : All real structures
i.e. square close packing or hexagonal close packing. Now, we will
study how close packing occurs in third dimension.
the second stack exactly on other sphere as on A, the spheres of first
A stack and the spheres of second A stack will be exactly on the

Solid State 1



If we call the first stack as A, then, all the stacks will be of same type i.e. AAAA....type stack.
The lattice structure obtained this way is called simple cubic lattice structure and only one primary cubic
unit cell is there in the unit cell.

(ii) Formation of three dimensional close packing siructure from two dimensional
hexagonal packing structure : Three dimensional close packing can be formed by placing one layer
on the other.

(a) Arranging second layer on first layer : Suppose, we arrange the spheres of the second
layer on the voids in the first layer A possessing two dimensional close packing, here the spheres are
aligned differently and so we will call it layer B, which is shown in fig 1.10

O Tetrahedral

Tetrahedral
hole
hole

Tetrahedral
Octahedral
Octahedral
hole iy J
hole 5 z
.
Octahedral
(a) Observing from top (b) Observing from side () Geometrical shape of hale

Fig 1.10 Tetrahedral and Octahedral Voids

It is clear from the figure that the triangular voids of the first layer are not completely covered
by the spheres of second layer. Hence, different arrangements are possible. When the spheres of second
layer are aligned on the voids of the first layer, or if it is reverse, then tetrahedral voids are formed.
These voids are called fetrahedral voids because if the centres of the four spheres are joined,

INONONINON

\v\fo\wii’\g?

(vwiwu’oy@
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They are shown as T in the figure 1.11. In other places, the triangular voids of second layer
are aligned as the triangular voids on the first layer their triangular shapes do not overlap. One of them
indicates the triangular upper side and the second indicates towards lower side. Such voids are called

octabedral voids. In figure 1.11 they are shown by symbol O. The number of these two types of void
depends on the number of spheres of close packing.

Suppose,

The number of spheres of close packing is N.

The number of octahedral voids formed = N

The number of tetrahedral voids = 2N

Thus the number of tetrahedral voids is twice the number of octahedral voids.

(b) Alignment of third layer on the second layer : Now, suppose if we place third layer on
the second layer, then there are two possibilities

(i) Covering tetrahedral voids : The tetrahedral voids of second layer will be covered by the
spheres of third layer. In this situation the spheres of third layer will exactly be on the spheres of the
first layer. Hence, there is repetition of the stacks formed alternately. It can be called ABAB....type
stack and this structure is called hexagonal close packing (hep) which is shown in fig 1.12

This type of arrangement is observed in many metals like zinc, magnesium etc.

P o
/Tr i
kil idaodol
“":'"“"E‘J“’::{, ...... -q
]
P 9 7 7
& 7
Cubic Close
fee
packing bp
(8) o) ©

Fig 1.12 (a) Hexagonal cubic close packing exploded view showing stacking of layers of spheres
(b) four layers stacked in each case and (c) geomeiry of packing
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(ii) Covering octahedral voids : In this type
of structure, the third layer is placed on the second layer in such
a way, that the spheres of the third layer cover the octahedral
voids of second layer. By doing this type of arrangement, the
spheres of the third layer do not align exactly with the spheres
of first layer. This arrangement can be said to be of C-type.
Now, when the fourth layer is arranged, the spheres of this layer
are exactly in alignment with spheres of first layer which is
shown in figures 1.13. Hence, this stack is of ABCABC.....type
and this type is called cubic close packing (ccp) or face
centred cuble (fee) structure. Metals like copper and silver
crystallise in this type of structure.

The close packing arrangement in these two types is of
maximum efficiency and about 74% of space (volume) is occupied =~ ®) ABC ABC.... arrangement of layers
by their crystals. It is in contact with 12 spheres and so the co- when Octahedral void is covered
ordination mumber is 12 in both the constructions. (b) cubic closed packing (ccp) or face

centred cubic (fec) strocinre.

Fig 1.13

1.6 Tetrahedral and Octahedral Voids

We have learnt about tetrahedral and octahedral voids during the study of close packing structure.
Tetrahedral and octahderal voids are shown in figure 1.11. It is difficult to show three dimensional figures
in books but if we study with the help of models, it will be more clear.

Let us think about formula of compound and the number of voids associated in it. As seen
carlier, ccp or hcp structures are formed due to close packing and two types of voids are obtained.
During formation of lattice, the number of tetrahedral voids are double the number of octahedral voids.
In ionic compounds the size of anion is more than that in cation, Big anions take part in close pack
structure, while cations arrange in the voids. If the ions are smaller in size than the void, they are
arranged in tetrahedral void and if larger then they are arranged in octahedral voids. All the tetrahedral
and octahedral voids are not occupied. Only a certain fraction of the total voids is occupied. This matter
depends on the formula of the compound, which will be clear from the following examples.

-~

Example 1 : A compound is formed of two elements A and B. The atoms of element B (anion)
forms cubic close packing and atoms of element A occupies all the octahedral voids. What will be the
formula of the compound ?

Solation : Element B forms cubic close packing and so the number of octahedral voids will be
equal to number of atoms B. All the octahedral voids are occupied by all the atoms of A and so their
number will be equal to number of B. Thus elements A and B will be in 1:1 proportion; so the formula
of compound will be AB.

Example : 2 The atoms of element Y form hexagonal close packing and the atoms of element

2
Xoocupies;porﬁonofthenumbaofﬁe&ahedmlvoids.Wﬁtethefomﬂaofthemmpoundﬁxmed
by X and Y.

Solotion : The number of tetrahedral voids formed is double the number of atoms of element

2
Yandomly;partisoccupiedbyatonnofe]emth.Hence,theratioofatomsofXandei]]be

2X2 . jor 4 : 3. Hence the formula of the compound will be X,Y,.
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To locate the positions of tetrahedral and octahedral voids : We have studied that there
are tetrahedral and octahedral voids in the close packing structures. We will locate the positions of
voids in cubic close packing (ccp) and face centred close packing (fop).

(a) To locate positions (sites)
of tetrahedral voids : Let us take ccp or P
fcp and divide it in eight small cubes as od
shown in figure 1.14. Atoms are there on | | o
the alternate corners of each of these small | | 5 _
solids. In each small cube, total four | £& E ¢
atoms are there, If we join them with each 7
other, they form regular tetrahedron. Hence,
there will be one void in each in the
structure of each unit cell (ccp) in each of ¢

W

the small atoms. We know that there are (a) Eight tetrahedral voids per  (b) One tetrahedral void

four atoms in each ccp structrure. Hence, unit cell of ccp structure showing the gemetry
the number of voids is double the number
of 2 . Fig. 1.14

(b} To locate positions (sites)

of octahedral voids : Again we take the = %

unit cell of cubic close packing (ccp) or AL o
face centred close packing (fcp). The body / [\ L
centre C of solid is not occupied but it is g4
surrounded by atoms on six faces. If these | | | \_\ /|

face centres are joined octahedral structure
will be formed. In this unit cell, there is
one octahedral void on the centre of its
each twelve edges. It is surronded by six (a) Body centred (b) Void on centre of
atoms, in which three to each unit cell are muh vign

on corners and one in the centre of face Fig. 115 Location of -

. . L octahedral voids per op or
““dthfeefmth"'fm‘"‘m nearby unit cells. o o etare () at the body centre of the cube and (b) st
As the unit cell is shared by each edge of the centre of each edge (only one such void is shown)

solid by four near by unit cells;
accordingly octahedral void will get its
location on its position.

L'y
<

Bach void has only % of any one cell. Thus, in cubic close packing.
Octahedral void on the body cenire of solid = 1

12 Octahedral voids arranged on each edge and four umit cells =12x%=3

Total number of octahderal voids = 1 + 3 = 4. As we know, that in cubic close packing structure
each unit cell possesses four atoms. Hence the number of octahedral voids will be equal to that number.
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1.7 Calcnlation of number of atoms in umit cell

Each corner of a unit cell in a crystal is associated jointly with eight unit cells. Hence, its each
edge of the side is associated with four sides of the umit cell and each face with two unit cells. Hence,

1
for the structure of the crystal if atoms, molecules or ions are associated with it, then their g part is

1 1
occupied by corners, 1 part by edges of sides and by part by faces. The particles on corner of unit

cell and the particles combined jointly with many other cells. Hence, the calculation of number of atoms
can be shown as below :

8 unit cells in simple cubic unit cell, and 8 atoms of corner are shared.

Hence,

1
8 corners x 3 atom per cell = — =1 atom. Thus, there is only one atom in each unit cell in

oo |0

simple solid crystal.
In body centred cubic unit cell, 8 corners x % atomperunitcell:%:l and one atom in

the body centre of each unit cell; So total number of atoms will be 1 + 1 = 2. Thus there are two atoms
in each unit cell of body centred cubic cell.

1
InfaceoentredcubitunitcellScomcrsx%perunitcell:%:l andaddiﬁon6faocoentredatomx5

atom per unit = 3, 8o total number = 1 + 3 = 4 atoms.

Thus in face centred cubic unit cell there are 4 atoms per unit cell of crystal. The above
calculations can be presented in the following table 1.4,

Table 1.4 Type of unit cell and Number of Atoms

Sr. Type of Number of Number of Number of Total
unit cell atoms on the atoms in atoms in atoms
corner the face body center
1
1. | Simple cube 8 x i 1 0 0 1
Il
2. | Body centred (bcc) cube 8 x = =1 0 1 2
1 1
3. | Face centred (fcc) cube 8x§=1 6x5=3 0 4

1.8 Point defects and their types

Before studying about the point defects let us think whether crystal is perfect or there are
any imperfections. It is determined according to one estimate that in 1 mole constituent particles
(6.022 x 10 particles) there are 10° defects of constituent particles in the arrangement. This value
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may be negligible in comparison to 6.022 X 10> but its effect on properties, structure etc. of the
crystal is definitely observed. These defects increase with increase in temperature. Thus, the crystal
that appears to be ideal, has got imperfections in the arrangement of the particles and structure of
the crystal. Suppose, we think the crystal to be the smallest form i.e. if we consider single crystal,
even then there is probability of defects. To obtain single crystal is difficult but not impossible; but
when a solid is prepared from such single crystals, there is increase in the number of defects in the
solid. In the earlier standards, you have studied that the hot solution should be cooled slowly during
crystallisation because there is possibility of defects to remain if it i8 cooled very fast. Eventhough
you cool the solution slowly and obtain single crystal the defects remain.

It is suggested in the definition of third law of thermodynamics that the entropy of a completely
pure crystalline substance is zero at absolute zero. You must have read somewhere in physics or
chemistry that it is impossible to obtain absolute zero temperature. Hence, it can be said that even if
we assume completely pure crystalline substance at absolute zero, there is probability of defects. With
the increase in temperature, there is effect on the crystal and because of this there is displacement
in position or randomness is created and the number of defects increases.

Thus, the defect can be defined as, the irregularity in the structure of crystal due to particles
is the defect. There are two types of such defects. (1) Point defect and (2) Line defect. The point
defect is due to the irregularity around the atoms or points in the ideal structure of crystalline
substance, while line defects are due to the irregularity or deviation in the ideal arrangement of the
entire rows of lattice points. Both these types of defects are called crystal defects.

The types of defects are two - (A) Stoichiometric and (B) Non-stoichiometric. In addition to
these two types of point defects, there is third type of defect (C) Impurity defect. We shall now study
them in detail. \

(A) Stoichiometric defect : This is such a point (
defect that it does not disturb the stoichiometry of the solid. O O O
It is called an infrinsic or thermodynamic defect. It changes
with temperature., This is also of two types (1) Vacancy
defect and (ii) Imterstitial defect. O O O

(i) Vacancy defect : Some of the sites of the
lattice are vacant i.e. there is vacancy instead of particle. O O Q O
Such a crystal is called a crystal having vacancy defect * >
(Fig 1.16) Because of this, there is decrease in density of
the substance because the number of atoms in unit cell
decreases. If the substance is heated, such defects develop.

(ii) Interstitial defect : In some crystals when

4 ™\
the particles like atom or molecule get arranged in the O O O O

Fig. 1.16 Vacancy defect

interstitial sites of the crystal it is called that the crystal O
posseses interstitial defect. This defect increases the density

of the substance because the number of atoms for unit O O O O
volume increases (fig 1.17). O

are exhibited by non ionic solids. Ionic compounds have
always to maintain the electrical neutrality. This type of
defect has two types () Schottky defect (b) Frenkel defect.

Both the types of defects as shown above O O O O
. J

Fig. 1.17 Imterstitial defect

Solid State 17



-1 l- 1 L-T+1- 1
00000000
- T R R L1
00000000
- 1T - 1L - T
+1-TX-T+1- T+ 1
(-0 K- 14T - I
GT-T1- Y- Y-

Fig. 1.18 Schottky defect

(a) Schotitky defect : This defect is originally the
vacancy defect in the iomic solid The number of cations and
anions either not available or are not arranged in the crystal will
be same, because the crystal even after the defects is electrially
neutral. This is shown in figure 1.18.

Schottky defect produces decrease in density of
substance as it is in vacancy defect. The number of this defect
is very significant. As mentioned earlier, there are approximately
10% Schottky defects per mole of NaCl crystal at room
temperature. There are approximately 10?2 jons in 1cm® volume.
Hence, there is one Schottky defect per 10' jons approximately.
The cations and anions in ionic solids whose sizes are same or

whose co-ordination numbers are high, show Schottky defect. e.g. NaCl, KCl, AgBr. It is necessary
to note that AgBr shows both the types of defects- Schottky and Frenkel defects.
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Fig. 1.19 Frenkel defect

(b) Frenkel defect : This defect is also shown by ionic
solids. Generally the smaller ion (cation) displaces from its general
(original) site and arranges in the interstitial site in the middle.
Hence it creates vacancy defect and produces interstitial defect at
its original sites. Frenkel defect is also called dislocation defect.
There is change in the place of particle. There i8 no increase or
decrease of them and so density of the solid does not change.
Frenkel defect is observed in such ionic solid substances in which
there is large difference between the ionic sizes of cations and
anions. e.g. ZnS, AgCl, AgBr, Agl. The reason for this is that the
jons Zn?* and Ag" are of smaller size. This defect is seen in solid
substances whose co-ordination numbers are low.

(B) Non-stoichiometric defect : In the defects that we have studied, there was no disturbance
in the stoichiometry of elements but many inorganic solids are known which possess non-stoichiometry.
The constituent elements in that are in non-stoichiometric ratio. The reason for this is the defect in the
crystal structure. There are two types of this defect :

Fig. 1.20 F-centre in crystal

(i) Metal excess defect ; Metal excess defect due to
the vacancy by amion : Alkali halides like NaCl and KCI show
this type of defect. Suppose sodium chloride is heated in presence
of vapour of sodium, sodium deposits on the surface of the crystal.
Hence, CI” ions diffuse in the layer of the crystal and combines
with sodium atom and forms NaCl. It is due to the loss of electron
in formation of Na* from Na atom. The electrons released diffuse
in the crystal and reach the site of the anion. Because of this,
there is increase of sodium in the crystal. The anionic sites occupied
by unpaired electrons are called F-cemires, (where F- is for the
German word Farbenzenter indicating the coloured centres). Hence,
the crystal of NaCl possesses yellow colour. When the visible light
falls on the crystal of NaCl, the energy is absorbed and electron

18
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is excited. As a result the yellow colour appears. Similarly, excess of lithium in lithium chloride crystal
shows light pink colour and excess of potassium in KC1 shows the violet colour due to excitation.

Excess metal defect due to presence of extra cations on the interstitial sites : Zinc
oxide is a white coloured substance at room temperature. It becomes yellow when heated because it
loses oxygen.

700 —Best y 7p2+ %o, +2e~

Now, Zn?* increases in the crystal and so its formula will be Zn,, O. This extra Zn?* jon will
be arranged in interstital site and electron will be arranged in the neighbouring interstitial site.

(ii) Metal deficiency defect : It is very difficult to prepare so many solid substances according
to their stoichiometry and they possess less number of metal atoms than the calculated ones according
to stoichiometry. The well known example in this is of FeO which is mostly in the form showing
stoichiometry Fe, ;0. In fact, it is in the range of Fe,,0 and Fe;o,0. In the crystal FeO, some of
Fe?* ions are found missing and the decrease in positive charge is satisfied by Fe** ions.

(ifi} Displacement defect : Some times the atoms in
the lattice of the crystal are exchanged mutually from their sites

to the sites of the other lattice of the crystal and produce '-
displacement. In such cases displacement defect is observed @ / _

and displacement randomness i8 produced. This type of defect

is observed in the alloys of copper and silver. . . @
(C) Impurity defect : Suppose we add little amount of

SrCl, to molten NaCl, and then crystallise, then in the crystal . .

some sites of Na* are occupied by Sr* (Fig.1.21) each Sr** ion

displaces two Na'* ion. It occupies one site and second site

remains vacant. Thus the number of cationic vacancy is same @ . . .

as the number of Sr>* ions. The other examples is the solid
solution of CACl, and AgCl. Fig. 121 Entry of Na* from NaCl
Band theory in Metals : It is accepted in the band by Sr** in vacancy defect

theory that there are two bands in a metal or substance. One

valence band in which the valence electrons of the substance are included. The second band over this
band is called conduction band. For the electrical conductance of a substance, there must be electrons
in the conduction band. The space between these two bands is called energy gap. The distance of this
energy gap is more important for the electrons of valence band to go to conduction band. As the energy
gap is less in metals, the electrons can easily go to conduction band from valence band. Hence, the
conduction of electricity in metals is very easy and so they are called good conductors. In some
substances, the distance of energy gap is more and so in normal conditions the electrons from valence
band are not able to go to conduction band and so conduction of electricity does not occur. Hence, they
are called non-conductors. Non-metals are mostly non-conductors. The situation in between these two
is that of semiconductors. There are four electrons in the valence band of semimetal like silicon. They
are not free. Hence, silicon under normal conditions, does not conduct electricity and is a non-conductor
but if the temperature is increased or special types of radiations are impinged on it, the electrons of the
valence band go to conduction band and conduction of electricity takes place. The vacant places created
in the valence band are occupied by other electrons of the substance. These electrons go in less
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proportion and so under definite conditions they become electrical conductor and so they are called
semiconductors. Thus, conductor; non-conductor and semiconductor can be explained on the basis of
band theory and distance between conductance band and valence band-energy gap.

1.9 Electrical and Magnetic effects of defects-Band theory in metals

A great range is observed in electrical conductances of solid substances. The solid substances
are showing electrical conductivities from about 10~ 20 to 107 Ohm™ m™'. Hence, the solid substances
can be divided into three sections on the basis of their electrical conductivities. (1) Electrical conductors
(2) Electrical non-conductors (¢) Semi- conductors.

(1) Electrical conductors : The substances whose electrical conductivities are in the range of
10*to 10’ Ohm™' m™ are condnctors or good conductors. Generally metals are included in such solid
substances.

(2) Electrical non-conductors : The solid substances, whose electrical conductances are very
less ie. 107 to 107'° Ohm™ m™ are called electrical non-conductors(insulators).

(3) Electrical semiiconductors : The solid substances whose electrical conductances are in the
range 1076 to 10* Ohm™ m™! are called electrical semiconductors.

Conduction of Electricity in Metals : The conduction of electricity in conductors is either
by electrons or through ions. Metals conduct electricity by electrons while electrolytes conduct eleciricity
through ions. Metals conduct electricity in solid or molten states and their conductance depend on the
number of electrons in the valence shells available in their atom. The atomic orbitals which form
molecular orbital are very near to each other that a band is formed. It overlaps with this half filled band
or the valence band which is just above the conductance band. When electric current is passed the
electrons conduct it easily and the metal shows electrical conductance.

Conduction
band Conduction
band
Empty
band Empty
band
Conduction Forbidden zone Small energy gap
band (Large energy gap)
{1 I
5 I] Filled band
Partially Overlapping

filled band bands

(a) Metal (b) Insulator (©) Semiconductor

Fig 122 Distinction in (a) Metals (b) Insulators and (c) Semiconductors
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If the vacant space (gap) is more between the filled valence band and the upper unfilled band
(conductance band) the electrons cannot jump into conductance band and so the substance conducts
very less amount of electricity or it does not conduct and so it acts as a non-conductor.

Electrical conductance in Semiconduoctors : In the case of semiconductors, the distance
between valence band and conduction band is less (Fig.1.22). Hence, some of the electrons can go from
valence band to conductance band, and so it will conduct less amount of electricity. The electrical
conductivity of semiconductor increases with increase in temperature because, the ensrgy obtained by
increase in temperature can make the electrons jump from valence band to conduction band. Hence, the
conduction of electricity becomes easy and more. Thus, semiconductor may appear as non conductor at
normal temperature but with increase in temperature it appears to be a good conductor. Elements like
silicon and germanium show this type of behaviour and so they are called intrinsic semiconductors. The
electrical conductance of such semiconductors is so low that its practical use cannot be made, but if any
suitable substance in some suitable proportion is added to it as an impurity, its conductance can be
increased. This process is called ‘doping’. This doping can be carried out by adding electron rich and
electron deficient elements (in comparison to the intrinsic semiconductors-silicon and germanium). These
impurities can be known as electron defects in them.

We will take two general examples. Suppose a semiconductor like silicon or germanium (in which
there are four electrons in valence shell) is dopped with electron rich element e.g. P or As (in which five
electrons are there in valence shell) then, we obtain semiconductor with one excess electron. As electron
is more and it possesses negative charge, so the doped semiconductor obtained is called gemiconductor
of negative type or n-type.

Similary, if elements like B, Al or Ga (which have three electrons in their valence shell) are
doped with the silicon or germanium, there will be deficiency of electron. Such doped semiconductors
are called positive type semiconductor or p-type semiconductors. You must have studied in detail
about semiconductors in physics.

n and p-type semiconductors are used in preparation of many electronic parts or components.
Diode is the combination on n-type and p-type semidoncutors which is used as rectifiers. It is used in
transistors. By combination of semiconductors of the type pnp or npn can be prepared having different
properties. With the help of the photodiode, light energy can be converted to electricity. Semiconductors
like gallium arsenide (Ga As) have created a revolution by things having such semiconductors because
of their very fast response.

It is interesting to know that transition metals show notable differences in electrical conduc-
tances, Oxides like TiO, CrO,, ReO, behave like metals. ReO, possesses conductance and appearance
like metallic copper. Other oxides like VO, VO,, VO, and TiO, show metallic properties or nonconduc-
tors which depend on temperature.

Magnetic properties : We know that electron possesses electric charge and it also moves.
Hence, it possessess magnetic property. Electron is present in each substance and shows magnetic
properties associated to some extent with them. In each atom, electron behaves like a very small
magnet. Its magnetic moment can be produced from its two types of motion, one is the motion around
the nucleus and the second on its own axis. Thus electron being a particle possessing electric charge
and having this type of motion, it can be considered as a loop of current which possesses magnetic
moment. Thus, permanent rotation and orbital magnetic moment are associated with each electron. The
magnitude of magnetic moment is very small. Its measurement is done in Bobr magneton units. Its
value is 9.27 x 107 An?.

Thus, substances can be divided into five types on the basis of their magnetic properties :
(1) Paramagnetic (2) Diamagnetic (3) Ferromagnetic (4) Antiferromagnetic and (5) Ferrimagnetic. We
shall study all these five types.
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(1) Paramagnetism : The paramagnetism is due to unpaired electrons. Paramagnetic substances
are weakly aftracted in presence of magnetic field. In absence of magnetic field their magnetism is
removed. The paramagnetism is due to one or more unpaired electrons, because they are attracted by
magnetic field. Cu?*, Fe®*, Cr**, O, etc. are the examples of such paramagnetic substances.

(2) Diamagnetism : Diamagnetism substances are weakly repelled by magnetic field. NaCl,
H,0, C,;Hg, N, etc. are the examples of such substances. They are weakly attracted or repelled of
magnetic field and are in opposite directions. The substances in which all the electrons are paired or
there is no unpaired electrons, show the diamagnetic property. The pair formed by the spin of electrons
in corresponding opposite directions cancel the magnetic moment and so they lose the property of
magnetism.

(3) Ferromagnetism ; Substances like iron, cobalt, nickel, gadolinium, CrO, etc. possess very
strong atiraction in presence of magnetic field. Such substances are called ferromagnetic substances.
In addition to strong attraction, these substances become permanently magnetic. In solid state, metal
ions of ferromagnetic substances are arranged as Domains in a small area, collectively in a group. Each
of such domains acts as a small magnet. In the nonmagnetic piece of ferromagnetic substance these
domains are arranged randomly and their magnetic moments are cancelled. When substance is placed
in the magnetic field, all the domains are oriented in the direction of magnetic field. Fig 1.23(a) and so
strong magnetic effect is produced.

If magnetic field is removed, the alignment in the domain is maintained and hence ferromagnetic
substances become permanent magnets.

(4) Antiferromagnetism : Substances like MnO show antiferromagnetism. The formation of
their domains is similar to the ferromagnetic substances but the domains are oriented opposite to each
other and so cancel the magnetic moment of each other. Fig 1.23 (b).

(5) Ferrimagnetism : When the magnetic moments of domains in substances are arranged
parallel or antiparallel to each other but are in unequal number, the substance is called ferrimagnetic
substance. Fig 1.23 (c).

They are more weakly attracted in comparison to ferro-magnetic substance. Substances like
magnetite (Fe,0,), Ferrites (MgFe,O,) and ZnFe,0, show ferrimagnetism. Such substances when
heated lose ferrimagnetism and become paramagnetic.

JOOIOIOION,
QOIOOOOK)
RO

Fig. 1.23 Schematic alignment of magnetic moments in
(a) ferromagnetic (b) antiferromagnetic and (c) ferrimagnetic
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SUMMARY

There are three main states of matter-solid, liquid and gas. In addition to these, other two
states are plasma and Bose-Einstein condensate. We have studied the solid state of matter. Solid
substance has definite mass, volume and shape because the positions (sites) of their component
particles are definite. They are arranged near to each other and there are strong interattraction
forces. There are two main types of solids-crystalline and amorphous. In crystalline substance
structure, arrangement definite melting etc. are systematic and so more information about it is
given in this unit. The arrangement, of constituent particles in amorphous substances are systematic
upto a small distance so they have no definite shape, and definite melting points. They can be
known as supercooled liquids, while in crystalline solids, there are definite melting points, systematic
arrangement, characteristic shape, etc. There is strong interaction between its component particles,
they possess specific properties. The solid substances can be divided into different sections on the
basis of their structure and attraction forces etc. viz. Molecular ionic, metallic, covalent etc. They
all show notable differences in their properties.

The constituent particles are systematically arranged. On its basis the structure of crystal
forms. The smallest particle of a crystal is called unit cell and in the crystal, these unit cells are
arranged in three dimensional directions. Such an arrangement is called lattice structure. Different
types of lattice structures is called Bravais lattice. Unit cell is of primitive type in which the particles
are on the comers or in the centre. Face-centred, body centred and end-centred are the crystals
of this type. Primitive cells are of seven types. Lattice having high efficiency because of close
packing of particles, lattice is formed, in which hexagonal close packing (hcp), cubic close packing
(ccp), face centred close packing (fcp) are important. Their packing efficiencies are different. It
is about 54 % in ccp, about 68 % in bcp and about 74 % in fcp. Because of the arrangement
of different types of crystal structure there are holes or spaces called voids. They are of two
types-tetrahedral and octahedral. The number of tetrahedral voids is double the number of
octahedral voids.

Crystals are not so perfect as they appear. There are imperfections in them which we call
defects. These types of defects may be of different types viz. non-stoichiometric, stoichiometric,
impurity, point defects etc. From these, Schottky and Frenkel defects are observed in ionic
crystals. Because of the decrease in number of constituent paritcles in Schottky defect, there is
decrease in density in Frenkel defects because the constituent particles are arranged in interstitial
sites. Crystal like AgBr shows both types of the defects. By making use of such defects, some
elements or constitnents can be added in their places and crystals which are very useful can be
obtained. It is called doping. By use of elements like aluminium or boron, pnp type semiconductor
and by addition of clements like arsenic and gallium npn type semiconductors can be prepared.
They can be used in transistors etc.

The crystals show different magnetic properties on the basis of the electrons present in
them and their arrangement, viz. paramagnetic- in which there is effect of magnetic field and is
due to unpaired electrons. In diamagnetic substances, no effect is observed of magnetic field. It
indicates paired electronic configuration. In addition, metals like iron, cobalt, nickel show specific
type of magnetic effect. It is called ferromagnetism. If permanent arrangement takes place due
to the effect of magnetic field, ferromagnetism is observed and if no effect is observed it is
antiferromagnetism.
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some special type are called semiconductors.

these studies, structure of crystal etc. is called ‘solid state chemistry’.

Conductors can be divided into three types-good conductors which allow the electric current
to pass through them; which do not allow electric current to pass through them called non
conductors and those which conduct electricity when beated or by impingment of radiation of

The conduction of electricity in substances can be explained on the basis of band theory.
It can be explained on the basis of two bands- one conduction band and second valence band.
Conduction band is at higher energy level than valence band. Hence the space between the two
is known as energy gap. If electron can easily go from valence band to conduction band, it
becomes good conductor. If electron can be sent by giving some encrgy (by increase in temperature),
it i8 called semiconductor and if it is not possible to send the electrons, it is called non-conductor.
In other words, it can be said that larger space difference between the two bands, more difficult
it will be to send electrons from valence band to conduction band and more the nonconductor.
Thus, the study of metals, ionic solids, molecular solids, covalent solids etc. and their uses from

EXERCISE
1. Select the proper choice from the given multiple choices :

(1) What type of solid is sodium chlaride ?

(A) Ionic (B) Molecular (C) Covalent (D) Metallic
(2) The melting points of ionic solids are

(A) Very high (B) Normal (C) Very low (D) Abnormal
(3) What type of solid is quartz ?

(A) Ionic (B) Molecular (C) Covalent (D) Metallic
(4) What type of crystal structure is of silver metal ?

(A) fcc (B) Simple cube (C) bee (D) Metallic
(5) What is the percentage packing efficiency of simple cube ?

(A) 53.26 (B) 68.0 (C) 74.0 D) 52.36
(6) How many times is the number of octahedral voids as compared to tetrahedral voids ?

(A) 4 ®) 8 © 2 ®) 0.5
(7) What is the number of atoms in the unit cell of body centred cube ?

A) 2 ® 1 © 4 D) 6
(8) What is the number of atoms in face centred cube ?

(A) 2 @)1 © 4 ®) 6

(9) In which of the following compounds Schottky defect is present ?

(A) NaCl (B) ZnS (©) 8i0,

©) SCl,

(10) In which of the following compounds Frenkel defect is present ?

(A) NaCl (B) ZnS (C) KBr

D) SrCl,

Chemistry 12
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(11) Which of the following compounds shows metal deficiency defect ?

(A) Fey 50 ®) Fe,0, © Fe,0, (D) FeS, ¢
(12) Which of the following elements is a semiconductor ?

(A) Na ®) Al (C) Fe D) Ge
(13) Which type of semiconductor is obtained by doping Si with B ?

(A) n-type (B) p-type (C) pop-type (D) npn-type
(14) With which element, the conductivity of ReO, is matching ?

(A) Copper (B) Zinc (C) Tron (D) Aluminium
(15) Which of the following will be paramagnetic ?

A 0 B) Cr** (C) Na* (D) Cu*
(16) Which theary is useful in explaining electrical conductivity in conductors and semiconductors ?

(A) Pauli’s principle (B) Avogadro’s theory

(C©) Band theory (D) Hybridisation theory

2. Write the answers of the following in short :
(1) Write types of solids on the basis of binding forces.
(2) Give examples of crystalline and amorphous solids.
(3) Write the definition of unit cell.
(4) Mention the types of packing in solids.
(5) What is meant by tetrahedral and octabderal voids ?
(6) Mention the number of atoms in the unit cell of different types of solids.
(7) Write one example, of each of conductor, semiconductor and non-conductor.
(8) What is band theory explaining conductivity ?
(@) Write four types of magnetic properties.
(10) What is meant by defect ? Mention the types of defects in solid.
3. Write answers of the following questions :
(1) Explain giving examples, ionic and molecular solids.
(2) Explain network solid compounds with example.
(3) Wirite three differences of amorphous and crystalline solid substances.
(4) Explain the types of different solids and write their characteristics.
(5) Calculate number of atoms in body centred and face centred cubic soilds.
(6) Calculate the volume occupied by atoms in simple cube.
(7) Explain the tetrahedral and octahderal voids by drawing diagram.
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(8) Describe the band theory explaining conductivity in semiconductor.
(9) Explain ferromagnetism and antiferromagnetism
(10) What is meant by doping ? Explain giving example.
4. Write the answers of the following in detail :
(1) Explain two dimensional and three dimensional close packing.
(2) Mention characteristics of face centred and body centred cubes.
(3) Calculate the volume occupied by atoms in body centred cube.
(4) Write types of defects and describe Schottky and Frenkel defects.
(5) Write in detail about metal deficiency and non-stoichiometric defects.
(6) Explain band theory about conductivity in solid substances.
(7) Explain in detail, ferromagnetism, ferrimagnetism and antiferromagnetism.
(8) Write a detailed note on energy gap, conduction band and valence band.




2.1 Introduction
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When two or more than two substances mix and form a uniform or homogeneous mixture, such
a mixture is called solution. The proportion of a component or components which is less in a solution
is/are called solute and the proportion of component which is more in the solution is called a solvent.
There can be one solvent and one or more than one solute components in a solution. The solution having
one solute and one solvent component is called binary solution. In a homogeneous mixture the diameter
of the molecular particles is 10~° meter. In a homogeneous mixture the different components cannot be
separated by physical methods, like filteration, sedimentation, boiling or centrifugation.

2.2 Types of Solutions

The solutions can be found in three states; Solid, Liquid and Gas. The solute and solvent can
also be in three states. The physical state of the resulting solution can be decided on the basis of physical
state of solute and solvent. The types of solution and their examples are given in table 2.1

Table 2.1 Types of solutions and their examples

Sr. Type of Physical state Examples

No. solution Solute Solvent

1. | Solid solution Solid Solid Alloy formed from copper and zinc (Brass),
Liquid Solid Zinc amalgam-Zinc dissolved in mercury (Zn/Hg)
Gas Solid adsorption of H, gas on Pd.

2. | Liquid solution Solid Liquid Homogeneous mixture of sugar and water.
Liquid Liquid Homogeneous mixture of water and ethanol.
Gas Liquid | Homogeneous mixture of CO, gas in water.

3. | Gaseous solution | Solid Gas Homogeneous mixture of camphor in N, gas.
Liquid Gas Air containing moisture
Gas Gas Mixture of H, and O, gas.

Solutions




When solute and solvent molecules experience attractive interaction between them, a solution
is formed. For example solution is formed by strong attractive interaction between water and ethanol
molecules but there is almost negligible interaction between water and benzene, their solution is not formed
(it remains insoluble). Thus, solution can be formed if the solute or solvent has following characteristics.

(i) If the number of OH group in organic compound is more in a solute, it is more soluble in

water. More the number of —OH group more is the solubility e.g., Glycerol is more soluble
in water than ethanol.

(i) Most of the polar solutes dissolve in polar solvents. e.g., HCI in water.
(i) Most of the non-polar solutes dissolve in non-polar solvents. ¢.g., Napthalene in benzene.

(iv) Most of the ionic solutes are soluble in water because they are ionic even in solid state.
e.g., NaCl in water.

If water is the solvent in the solution, the solution is known asg an agueouns solution, If water
is not the solvent, the solution is known as non-agueous solution. In a non-aqueous solution, generally
benzene, ether, carbon tetrachloride etc. are used as non-aqueous solvents.

2.3 Units of Concentration

The gquantitative proportion of solute and solvent are different in different solutions.
The amount of solute in a unit volume of solution or unit weight of solvent is called concen-
tration of solution. There are different ways to express concentration of solutions. Normality formality,
molarity, molality mole-fraction, weight-fraction ( % W / W ) are units of concentration which you have
studied in unit 1.9 of Semester-1. You will study some other units of concentration in this unit.

(1) Formality : Tonic compounds are in ionic form even in the solid state and not in molecular
form. Hence formula mass is taken instead of molecular mass and so the concentration is known as
formality. The sum of the atomic masses of the atom, in the proportion formula of the compound is called
its formula mass. e.g. compounds like potash alum, the molecular formula of alum is
K,SO,*AL(S0O,),*24H,0; hence its molecular mass will be 948 gram mole™ the proportion formula of
alum is KAKSO,),*12H,0 and so the value of its formula proportion mass is 474 gram formula mass.
Hence, at normal temperature if one gram formula mass of the substance (solute) is dissolved in
one litre solution it is called one formal solution and this type of concentration is called
formality. It is indicated by the symbol F.

1000 x mass of solute (gram)
Formula mass of solute x volume of solution (ml)

Formality (F) =

When 474 gram potash alum is dissolved in water and the solution is made to one litre, its
concentration is called one formal. Formality unit is more used in pharmacy and medicinal science
disciplines.

Example 1 : Calculate the formality of solution in which 948 gram potash alum is dissolved
in 5 litre solution,

Solution : The formula mass of potash alum is 474 gram (formula mass) .
1000 x mass of solute (gram)

Formula mass of solute x volume of solution (ml)

_ 1000 x 948
474 x 5000
The formality of this potash alum solution will be 0.4 F

Formality of potash alum (F) =

=04F
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(2) Volume percentage (% V/V) : The volume of solute (ml) dissolved in 100 ml solution,
is expressed as volume percentage (% V/V). Such a solution is called, percent proportion with

reference to the volume of solute.

Mathematically it is written as below :

100 x volume of solute _ 100 x volume of solute (ml)
volume of solute + volume of solvent volume of solution (ml)

% VIV =

For example 10% V/V solution of ethanol in water means 10 ml ethanol dissolved in water
and made the volume of solution equal to 100 ml. Generally solution in which solute and solvent
both are in liguid form gives liquid solution. The concentration of such solutoin is indicated
by this umit.

Example 2 : Calculate the % V/V of a solution in which 200 ml ethanol is dissolved in
2 litre aqueous ethanol solution.

Solution : 2 litre aqueous ethanol solution means 2000 ml aqueous solution.

100 % volume of ethanol (ml) _ 100 x 200
volume of solution (ml) 2000

Now, %V /V= =10 %

The concentration of aqueous ethanol solution is 10% V/V.

Example 3 : How many ml of kerosene is required to prepare 5 litre of 15% V/V kerosene
in petrol solution ?

Solution : 5 litre solution = 5000 ml solution

Now, % V/V = 100 x volume of kerosene (ml)
volume of solution (ml)
5= 100 x volume of kerosene
- 5000

_ 15 x 5000

Volume of kerosene = 750 ml

» 750 ml kerosene will be required to prepare 15% V/V 5 litre solution.

(3) Mass by volume percentage (% W/V) : The mass of solute dissolved in 100 ml
golution is called mass by volume percentage (% W/V). Such a solution is called percent weight
propartion with reference to the mass of solute. Mathematically, it is written as below :

100 x mass of solute (gram)

% W/V =
volume of solution (ml)
For example 5% W/V aqueous solution of sugar means 5 gram sugar ig dissolved in 100 ml
solution. Generally the concentration of solutions is expressed by this unit in pharmacy and medicinal
fields.
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solution ?

Example 4 : How many gram of sugar will be required to prepare 5% W/V 2 litre aqueous

Solution : 2 litre solution = 2000 ml solution

Now, % W /V = 100 x weight of sugar (gram)
volume of solution (ml)
5= 100 x weight of sugar
h 2000
. The weight of sugar = % = 100 gram.

100 gram of sugar will be required to prepare 5% W/V 2 litre solution.

Example 5 : Calculate the % W/V, containing 200 gram urea dissolved in 5 litre solution.

Solution : 5 litre solution = 5000 ml solution.

% WIV = 100 x weight of urea (gram) _ 100 x 200
volume of solution (ml) a 5000

The concentration of urea solution will be 4 % W/V.

(4) Parts per million : (ppm) : Some times the amount of the solute in solution is very much

less, and so the concentration is expressed as parts per million. (ppm) viz. Pollutant in pollution of air,
the amount of O, gas dissolved in sea-water pollutants in pollution of water etc. are expressed by this
unit. Parts per million can be expressed by three different ways as parts per million by mass to mass,
parts per million by mass to volume and parts per million by volume to volume.

Parts per million by mass to volume : The amount of solute in milligram dissolved, in one

litre solution is called parts per million by mass to volume.

parts per million by mass to vol _ amount of solute (mg)

amount of golution (litre) 2.1)

So the unit of parts per million by mass to volume can be written as mg litre ™!

Now to express the amount of solute in gram and volume of solution in ml in equation (2.1),

amount of solute (gram) 9
amount of solution (ml)

Parts per million by weight to volume = 10°

_ amount of solute (micro gram) 2.2)
volume of solution (ml) )

So the unit of parts per million by mass to volume can also be written as micro gram ml >
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Example 6 : Calculate the parts per million by mass to volume for 2 litre solution in which
2 x 107 kg sulphur is dissolved.

Solution : 2 litre solution = 2 x 10° ml
mass of sulphur (solute) = 2 x 107% kg = 2 x 10 gram

amount of solute (gram) <1
volume of solution

06

. parts per million by mass of volume =

_2x107°
2x 10°

Parts per million by mass to volume for soultion will be 1 micro gram ml™

x 105 =1

With the change in temperature the values of molality, mole fraction, percentage by mass, parts
per million by mass to mass are not changed because these units do not include the term volume which
depends on temperature; while with the change in  temperature the molarity, normality, percentage by
volume to volume, percentage by mass to volume, formality, parts per million by volume to volume, parts
per million by mass to volume values are changed; because these units include the term volume which
depends on temperature.

2.4 Solubility of Gases (Solubility of Gaseous Solute in Liquid Solvent)

At a given temperature and pressure the maximum amount of gaseous solute that can be
dissolved in a specified amount of solvent is called solubility of gaseous solute. Factors which effect the
solubility of gaseous solute in liquid solution formed by homogencous mixture of gaseous solute and
liquid solvent are given as under.

(i) Natore of gaseous solute and the solvent : The solubility of gases like H,, O, and N,
are less in water but their solubility is more in ethyl alcohol; also the solubility of gaseous solute like
H,S and NH, is more in water, while their solubility is less in ethyl alcohol. So the solubility depends
on the nature of gaseous solute and then also the nature of solvent.

(ii) Effect of temperature : The solubility decreases with increase in temperature for gaseous
solute in liquid solvent. Generally with increase in temperature the solute dissolved in solution bubbles
out and hence, with the increase in temperature the solubility of a gaseous solute decreases. Such an
effect can also be explained by Le-Chatelier principle for an equilibrium as follows.

gaseous solute + liquid solvent = solution + energy.

The dissolution of gaseous solute in liquid solvent is an exothermic process. On increasing the
temperature for such a reaction, according to Le-Chatelier principle the equilibrium shifts towards left
hand side i.e., reverse direction. So the solubility of solute decreases.

(iii) Effect of pressure : The solubility of gaseous solute in liquid solvent increases by increas-
ing pressure of gasecous solute present on the surface of solution. The concentration of gas dissolved
in solution increases as shown in 2.1 (a) the upper part is gaseous solute while the lower part is solution
obtained by dissolving gaseous solute in liquid solvent. Equilibrium is established between gaseous solute

Solutions i1
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Fig. 21
The effect of pressure on solubility of gas. The comcentration of dissloved
gas is directly propertional to the pressure of gas upon the solutiom

and solution at temperature T, and pressure P;, and hence the rates of molecules entering into solution
and the dissolved gaseous molecules leaving the solution are equal. Now as shown in figure 2.1 (b) at
temperature T, the pressure increases from P, to P,, the volume accomodated by gaseous solute on
the surface of solution decreases and hence the number of molecules of solute in unit volume increases.
So the mumber of gaseous molecules striking the surface of solution increases and thus increases the
solubility and at the end equilibrium is established. Hence, the solubility of gaseous solute increases due
to the increase in the pressure of gaseous molecules in the solution,

Henry’s law : The quantitative relation betwen solubility of gaseous solute in liquid solvent and
pressure was given by Henry in 1803. It can be expressed as “The solubility of a gaseous solute in a
liquid solvent at definite temperature is directly proportional to the pressure of the gas.” On the basis
of this, Henry's law can be expressed as “The solubility of a gaseous solute in a lguid solvent

at constant temperature is directly proportional to the pressure of gaseous solute.”

1000 - Contemporarily Dalton independently concluded that
the solubility of a gaseous solute in liquid solution is a function
of the partial pressure of the gas. “If the mole fraction is
considered for the golubility of gaseous solute then the partial
pressure of a gaseous solute over the solution is directly
proportional to the mole-fraction of the gaseous molecules™.
In the solution X is mole fraction of gaseous solute dissolved
in unit volume of solvent and its partial pressure is p, then
according to Henry’s law it is expressed as

Partial pressure of HCI (torp)
S
S
T

paX
0 0.010 0.020
R propen p=Kyg*X  where, K, is Henry’s constant.
Fig. 2.2 If in the solution mole-fraction of gas is X and its
Mole fraction of HCI in its partial pressure is p and graph is plotted betwen them, the
solution in cyclohexane graph is a stright line as indicated in fig 2.2. The value of the

slope is equal to value of K. The unit of K is bar. The values of Henry’s constant are different for
different gaseous solutes, at constant temperature. This indicates that K is a function of the nature of
the gas. The values of K;; also change with change in temperature for all the gaseous solutes which
are given in table 2.2
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Table 2.2 Values of Henary’s Constant for Some Selected Gases in Water

Gas Temperature (K) | Kg(kbar) Gas Temperature (K) Kg(kbar)
He 293 144.97 Argon 298 403
H, 293 69.16 co, 298 1.67
N, 293 76.48 Formaldehyde 298 1.83 x 1073
N, 303 88.4 Methane 298 0413
0, 293 34.86 Vinyl chloride 298 0.611
0, 303 46.82

The following results can be obtained from the K;; values shown in table 2.2
(1) The solubility of gaseous solute is lower with the higher values of K.

(2) The K,; values increase as temperature increase which means the decrease in solubility
of gaseous solute,

Limitations of Henry’s law :

(i) This law is applicable to the gasecus solutes which show only ideal behaviour at high
temperature and low pressure.

(ii) This law is applicable to solute which does not undergo association or dissociation when the
solute is dissolved in solvent.

(ii) This law is applicable to gaseous solute which does not form any product by the chemical
reaction, when gaseous solute is dissolved in liquid solvent.

Uses of Henry’s law : Henry’s law is used in industrial field and to explain some biochemical
reactions :
() To increase the solubility of CO, gas in cold-drinks, soda-water, beer, champagne, the gases
are filled in bottle at high presures and then sealed.

(ii) Due to higher partial pressure of oxygen gas entering into the lungs, it reacts with haemo-
globin and forms oxyhaemoglobin. The partical pressure of oxygen gas is low in tissue.
Hence, the oxygen is released from the oxohaemoglobin itself and is useful in the utilisation
of the function of cell.

(iii) The sca-divers use the cylinders filled with mixture of 2 % dioxygen gas and 98% helium
gas during the diving in sea. Nowadays a cylinder filled with 11.7 % He, 56.2 % N, and
32.1 % O, gas mixture are used.

Example 7 : Calculate the solubility of CO, in water in term of mole fraction if partial
pressure of CO, is 2 x 1078 bar at 298 K temperature, the K, value far CO, is 6.02 x 10~ bar.

Solution : According to Henry’s law Pco, = Ky * XC02

_Pco,  2x107° bar
€O Ky  6.02x107* bar

=3.322 x 107°
The solubility of CO, gas in water in terms of mole fraction will be 3.322 x 1073
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Example 8 : Calculate the partial pressure of He gas over the solution, having 2.4 x 1073
mole fraction of gas in its saturated solution at 273 K temperature. The value of Henry’s constant
is 6.71 x 1075 bar.

Solution : According to Henry’s law, pgy, = Ky * Xy,
=6.71 x 105 x 2.4 x 1073
= 1.61 x 107 bar
The partial pressure of the gas will be 1.61 x 107 bar.
Example 9 : How many millimoles of CO, gas will dissolve when CO, gas is passed in 900
ml water at 298 K temperature. The value of K, is 6.02 x 10~* bar and partial pressure of co,
gas is 2 x 107% bar.

P —8
Solution : Mole fraction of CO, = -0z - _2%10

Ky 602x107*

=3.322 x 1079

Now the density of water is 1gm mI"l. Hence, the mass of 900 ml water can be taken as
900 gram.

Suppose the moles of CO, is n then the total moles = (n + 50) = 50 can be taken.

mole of CO,

. Mole fraction of CO, = "
total mole

3322x10°5 = L
50

3.322 x 107° x 50
1.661 x 1073 mole
1.661 x 1073 x 10** millimole
= 1.661 millimole
- CO, dissolved in 900 ml water will be 1.661 millimole.

=]
I

2.5 Solubility of Solid Solute in Solid Solvent

When solid solute is dissoved in solid solvent it gives salid
solution. The molecules are arranged in two ways :

(1) Substituted solid solution : As shown in fig 2.3, the
size of solid solute and solid solvent are almost the same, then the
solute atoms are arranged in solvent atoms and the solute atoms are

substituted in arrangement of atoms forming solid solution. Such type
of solution is known as substituted solid solution, e.g. brass, bronze, Q
steel, monel metal etc.

M
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(2) Interstitial solid solution : As shown in figure 2.4
when the sizes of solid solute and solid solvent have vast difference
then the small atoms are arranged in the interstitial holes formed
between big atoms. Such type of solutions are called interstitial solid
solution. e.g. Tungsten carbide (WC).

Solubility of solid solute in liguid solvent : At constant
temperature and presure when the maximum amount of solid solute
is dissolved in given liquid solvent then the concentration of solute is

X e X atoms of atoms of
called its solubility. Now, no more solute can be dissolved in solution, solvent O solute
go such a solution is called saturated solution. In a saturated solution Fig. 2.4

the equilibrium is established between solid solute and solution.
Solid solute + Liquid solvent = Liquid solution

It is not necessary that all the solid solutes will dissolve in all the liquid solvents. For example
ionic solids like NaCl or KCl are solube in polar solvent like water but not soluble in non-polar solvent
like benzene or carbon tetrachloride, because generally ionic solid solutes, dissolve in polar liquid solvents.
Similarly non-ionic compounds like napthalene will dissolve in non-polar solvents like benzene, but does
not dissolve in polar solvent like water. Thus the solubility of solute depends on the nature of solute and
solvent. Moreover the solubility depends upon another two important factors like temperature and
pressure.

Effect of temperature : When solid solute is dissolved in liquid solvent and solution is obtained
then the equilibrium is established as given below :

Solute (Solid) + Solvent (Liquid) = Solution (Liquid)

If such reaction in equilibirinm is endothermic then according to Le-Chatelier’s principle, on
increasing the temperature, the forward reaction will occur and hence the solubility will increase, and
if such reaction is exothermic, then on increasing the temperature according to Le-Chatelier’s principle,
the reverse reaction will occur and hence the solubility will decrease.

Effect of pressure : Solid solute substances when dissolved in liquid solvents give liquid
solutions. Here, the substances are related with reactions may be in solid or liquid state which possess
the non-compressible property, so the effect of pressure is very less or negligible.

2.6 Solution-Colligative Properties

When solute substances are dissolved in pure solvent, the solutions are obtained. Some
properties of solvent change viz. the vapour pressure of a solution prepared from a solvent is less than
that of pure solvent, while the boiling point increases and freezing point decreases. The osmotic presure
also changes. The change in these propertics depend on number of molecules of solute but not on nature
of solute. Such properties are called colligative properties of solution. For example by taking 1m aqueous
solution of glucose, NaCl and BaCl, and if the colligative properties are studied, it is observed that all
the solutons have equal molal concentration, yet the number of particles present are not equal. In glucose
solution the concentration of number of particles of solute are 1 m, in NaCl solution the concentration
of number of particles are 2 m and in BaCl, solution the concentration of number of particles is 3 m,
Hence, their colligative properties are in proportion of 1:2:3 respectively. So these colligative properties
do not depend upon the concentration of solution but depend on the concentration of the number of
particles of solute present in the solution.
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2.7 Vapour pressure of solution

A solid solute on dissolving in liquid solvent forms a solution. We have studied, such solutions.
Now, let us study the vapour pressure of binary solutions which are obtained by dissolving solid solute
in liquid solvent and liquid solute dissolved in liquid solvent. Solid solutes do not have remarkable vapour
pressure but liquid solute and liquid solvent have vapour presures. At certain temperature the rate
for the process of vapour to Llquid phase and liquid to vapour phase becomes equal and hence
equilibrium is established. Due to this at certain temperature pressure of vapour on surface on
the solution become constant which is called vapour pressure of solution at that temperature.
The factors which affect the vapour pressure are given below.

(i) The nature of lquid : The weaker the intermolecular forces between the molecules of
liquid, the greater is the vapour pressure. This is because more and more molecules of liquid are
converted into vapour phase and hence the vapour pressure is more.

(ii) Temperature : Higher the temperature of liquid, more is the vapour pressure, because
the kinetic energy of the molecules increases due to increase in temperature and hence more and more
molecules leaving the surface of liquid and obtain the vapour phase and its vapour pressure increses.

2.8 Raoult’s Law (For Non-volatile Solute)

A B
When solid solute dissolve in liquid @)
solvent and liquid solution is formed its vapour o O o

pressure can be understood by simple o O o

experiment given below. As shown in figure o 1 o e o

2.5, take two equal containers A and B and < ~ ~ -

fill pure solvent and solution of non- [OOOO0CO0CA 00000006006

volatile solute in same solvent in the containers 1 mol of

respectively. Initially in both containers, keep Pure solvent

the level of both the liquids (solvent and so- i e

lution) same, it will be found that the level of ! | -

solvent is more reduced than the level of O Sovent © Soluts

solution, because in container A having

solvent, its surface has totally solvent molecules ) Veoe poiame o T8 W e
pure solvent of solution

and hence more vapour is formed. While in
container B having solution, the surface has Fig. 2.5 Vapour pressure of solation

both solute and solvent molecules. So in

containers B the fraction of surface covered by solvent molecules gets reduced as a result the number
of molecules escaping from the surface is reduced and hence vapour pressure is reduced in container
B. Thus, the vapour pressure of a solution prepared from a solvent is always less than that of pure
solvent. The lowering of vapour pressure of solution was studied by Raoult and a law was proposed in
1887, which is called Raoult’s law. According to Raoult’s law “If dilute and ideal solution is prepared
by dissolving non-volatile solute in a volatile solvent, the relative lowering of vapour pressure
of the solution is equal to the mole fraction of the dissolved solute.”

Proof of Raoult’s law : For binary solution, Raoult’s law is generally experessed as. “For any
solution the partial vapour pressure of each volatile component in the solution is directly
proportional to its mole fraction.” The binary solution in which non-volatile solute is dissolved in the
solution, the vapour is only due to solvent. If the vapour pressure of solvent is denoted by p, and its
mole-fraction by X, then mathematical form is
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p, o X,
p=X,° p’ (2:3)
(where pf is proportionality constant and its value is equal
to the vapour pressure of pure solvent) Vapour pressure 0
of pure solvent P
As shown in fig 2.6 the graph of vapour pressure against
mole-fraction of solvent is straight line, which states the Raoult’s
law-when the value of mole fraction X, is one, then p, = pf
which is clear from the graph. Now from equation (2.3). &g
Py H g‘
- =% (2.4) g
P g
1 E‘E
But X, = where, n, and n, are the moles of =%
n, + n,
solvent and solute respectively. Putting value of X, in equation 0 |
(2.4) the equation is p—‘l) - Now subtracting each side Mole fraction of golvent
pp DN,
from 1. Fig. 2.6 Rault’s law.
n The relation between mole fraction of
1- p_(1)=1_ 1 solvent and vapour pressure of solution
Py n,+n,
0
P; — P n,
. = 25
Py ny+n, @)
n
but +2n = X, ie., mole fraction of solute. Putting this value in equation (2.5)
o, + 0,
0
T
L1 =X, (2.6)
151

Thus, the solution obtained by dissolving non-volatile solute in pure volatile solvent the relative
lowering of vapour pressure of the solution is equal to the mole-fraction of the dissolved solute (X,).

For very dilute solution n, << n,, hence putting n; + n, = n, in equation (2.5)

0

Py —P n

l_ol = —2 Q.7
Py n,

w \
but n, = M_Z and n, = El; putting this values in equation 2.7
2 1

0
Pp — P _ WX M,

= 2.8
P? M, xw, 28)

where, w; = mass of solvent, M, = molecular mass of solvent
w, = mass of solute, M, = mwolecular mass of solute
For very dilute solutions, the molecular mass of solute can be calculated from equation (2.8).
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Limitations of Raoult’s law :

(1) This law is applicable to very dilute solutions.
(2) This law is applicable to ideal solution.
(3) This law is applicable to solutions, whose heat of dilution does not change.

(4) It is applicable to solutions whose total volume is equal to the sum of the volumes of solute
and solvent, if they are in liquid state.

(5) This law is applicable to the non-electrolyte aqueouns solutions which do not undergo any
dissociation or association when solute is dissolved in solvent.

2.9 Raoult’s Law (For Volatile Solute and Volatile Solvent)

‘When both volatile liquids are the solute and the solvent then the vapour pressure of the solution
is due to vapour pressure of both solute and solvent. According to Raoult’s law for such a solution the
vapour pressure of both the solute and solvent will be proportional to their mole-fractions.

Suppose in a binary solution X, is the mole-fraction of solute A and its partial pressure is p,
and X is the mole fraction of the solvent B and its partial pressure is py then according to Raoult’s
law p, & X, and py 0 X.

According to experimental observations Raocult’s law can be proved that if the vapour presure
of solute is P?; and vapour pressure of pure solvent is Pon then,

Po= P2 X, (2.9) and pg= py Xp (2.10)
Now according to Dalton’s law of partial pressure the total pressure in the closed vessel will be,
Total pressure P = p, + py

Now putting values of p, and py from equation (2.9) and (2.10)

Total pressure p = pg X, + pOB Xy

P2 (1-Xp) + p Xp ¢ X, = 1-Xp)

Pa — PaXa* PaXs

= pa + (py — Pa)Xa @.11)
In the same way,
total pressure p =p, + py

P = ps Xo+ pp Xp

= pa Xa + pp (1-X,) (- X5 = 1-X))

= pa Xo + pPp —Pp X,

= pa + (Ph — Pa)X4 (2.12)

Following conclusions can be drawn from the equations (2.11) and (2.12).




m-

(1) Total vapour pressure of the solution can be related to mole fraction X, or Xp of any
component.

(2) The total vapour pressure of the solution varies linearly with the mole fraction of the component
A or B.

(3) Dependning on the vapour pressure of the pure components A and B, the total vapour
pressure of the solution change with the change of the mole fraction of component A or B.
If graph is plotted between p, or pp with mole Py
fraction X, or X, then as shown in fig 2.7, according to
equation (2.11) if pg > pg ie., components is more volatile g
compared to component A then minimum total vapour E-
pressure obtained of the solutoin is p} and the maximum E‘
total vapour pressure is pOB. When X, = 1 then the total
vapour pressure over the solution is pOA and when X, =1 E

Xa=1 Mole fruction of B X, =0
then total vapour pressure over the solution is poB which is X§=0 ° > Xg= |
clear from equation (2.11) and (2.12). Fig. 2.7 Total vapour pressure —>

mole fraction

If at equilibrium stage, Y, and Y, are the mole-
fractions of component A and componant B in vapour phase respectively then at equilibrium the partial
pressure p, and py of each component can be obtained by equations given below :

Pa = Y, * Py

Pg = Yp * Piga

Raoult’s law (for gaseous solute and liquid solvent) : When gaseous solute is dissolved in

liquid solvent and solution is prepared, then according to Raoult’s law its vapour pressure can be given
as follows :

P, = PS * X, (2.13)

But if gaseous solute is dissolved in liquid solvent, then its solubility can be given by Henry's
law as given below:

Solubility p = K,; » X, (2.14)

By comparing Raoult’s law-equation (2.13) and Henry’s law-equation (2.14) if both the constant
(like P% and K,)) are different but the volatile component or partial presure of gas is directly proportional
to its mole fraction. It can therefore be said that solubility of a gas and vapour pressure of solution
follows Henry’s law and Raoult’s law respectively.

Ideal solution : The solution which obeys the Raoult’s law over the entire range of
concenfrations is mown as ideal solution, The ideal solution has two other important proporties like.

(i) On mixing solute and solvent if solution is obtained, then for this reaction, change in enthapy
(AH) is zero.

(ii) If solute and solvent are in liquid state then on preparing solution, the change in volume (AV)
is zero. For understanding ideal behaviour of solution, the components A and B of solution, when
they are in pure form, there are A—A and B-B type intermolecular interaction forces. Besides
that in binary solution also A-B type attractive intermolecular interactions will also be present.
If the intermolecular, attractive forces between A—A and B-B are nearly equal to the intermolecular
attractive force between A—B, the solution becomes ideal. (This leads to the formation of an
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ideal solution). For example mixture of Bromoethane and chloroethane, Benzene and toluene,
Hexane and heptane, Chlorobenzene and bromobenzene.

Non-ideal solutions : When a solution does not obey Raoult’s law over the entire range
of concentration then it is called non-ideal solution. This solution is also called real solution. The
vapour pressure of such solution is either higher or lower than that predicted by Raocult’s law. The
intermolecular attractive forces between A—A and B-B are not equal to the intermolecular attractive
forces between A-B for such solution. The value of AH and AV will not be zero. For example mixture
of phenol and aniline, mixture of chloroform and acetone, mixture of HCl and water, mixture of HNO,
and water give non-ideal solutions.

Example 10 : Calculate the vapour pressure for 4% W / W aqueous solution of urea at
298 K temperature. The vapour pressure of water is 0.025 bar.

Solution : According to Raoult’s law,

0
Pi—P _ D0y

P n;

Now4%W/Wureasoluﬁonnmns4gramureain96gramwaterandpf = 0.025 bar

Sony = ﬂ=%=5.33 mole of water
4
=¥ -2 = 0.0667 mole of urea
M,

Now putting these values of p? ,» b, and n, in Raoult’s law equation,

0.025 — p;  0.0667

0.025 5.33
- 0025 — p, = w — 0.000313

~ p; = 0.025 — 0.000313 = 0.02469 bar
The vapour pressure of 4 % W/W aqueous solution of urea will be 0.02469 bar.

Example 11 : The vapour pressure of chlorobenzene and bromobenzene are 0.350 bar and
0.500 bar respectively. Find the vapour pressure of solution obtained by mixing 11.25 gram
chlorobenzene with 31.4 gram bromobenzene.

Solution : The molecular masses of chlorobenzene and bromobenzene are 112.5 and 157 gm
mol ! respectively.

. mole of chlorobenzene = ¥ E =0.1 mole
M 112.5
moleofbromobmzene:l=%=02 le

. Total moles = (0.1 + 0.2) = 0.3




». The mole fraction of chlorobenzene = X]=%=l
. 02 2
mole fraction of bromobenzene = X2=a=g

Here, p? = 0.350 bar and pj = 0.500 bar
Now according to Raoult’s law,

total vapour pressure =p? + (pg— pf) X,
=0.350 + (0.500 — 0.350) x %

~0.350 + 0.150 x 2

= 0.350 + 0.100 = 0.450 bar

.. The vapour pressure of solution will be 0.450 bar.

2.10 Elevation in Boiling Point

The temperature at which the vapour pressure of any liquid (solvent or solution) becomes
1 bar (1 atmorphere), is known as boiling point of that liquid. (solvent or solution). At any temperature
the vapour pressure of solution is less than that of pure solvent from which it is prepared, and vapour
pressure increases on increasing temperature. At 373 K (373.15 K) temperature the vapour pressure
of pure water becomes 1 bar and hence it starts boiling . Now if solution is prepared by adding non-
volatile solute (like sugar), the vapour pressure of solution decreases. So as to make its vapour pressure
equal to 1 bar it has to be heated. On heating solution starts boiling. Thus the boiling point of solution
is higher than that of pure solvent. The increrase in boiling point is called elevation in boiling point (AT, ).

Molal elevation constant : Increase in boiling point of
a solution prepared by dissolving one gram molar mass of non- Boilling point
volatile solute in one kilogram of solvent is called molal elevation Solvent Solution
constant (K,). For example 342 gram sugar or 60 gram urea or ;
180 gram glucose i3 dissolved in one kilogram water means by
dissolving one molecular mass of a substance the increase in
boiling points (AT,) of these solutions are same. Thus, increase
in boiling point depends upon the number of molecules of solute and
not on the nature of solute, so it is colligative property of solution.

-
]

Vapour pressure —>

Molal elevation and molal elevation constant : Figure
2.8 shows the relation between vapour pressure and temperature
for pure solvent and its solutions.

Suppose the boiling point of pure solvent is Tl? and the . Fig. 23ﬂ£::rr;laﬁonm
boiling point of solution is T,, then increrase in boiling point and temperature

AT, = Tb—T‘? is elevation in bailing point. Experimental observation
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indicates that molal elevation (AT,) is directly proportional to the molal concentration of solute dissolved
in dilute and ideal solution. So it is written in mathematical form as

AT, a m
AT, = K, x m (2.15)
but molality m = 1000 x wy
M, xw,
Putting this value in equation 2.15
AT, = K, % 1000 x w,
M, xw,
ATb X W1 x Mz
® T 1000 x w, (2.16)

where K, = Molal elevation constant w, = mass of solvent
w, = mass of solute M, = molecular mass of solute
AT, = elevation in boiling point.

Elevation in boiling point for one molal solution is called solvent’s molal elevation constant (K,).

Its unit is Kelvin kilogram mole™ (K kg mole™).

Example 12 : Calculate the boiling point of solution which is prepared by dissolving 6 gram
of urea in 2 kg of water. Molal elevation constant for solution is 3.2 K kg mole™.

K, x 1000 x
Solution : AT, = —2 W2
M, xw,
K,= 3.2 Kkgmole™! w, = 6 Gram

w; = 2 Kilogram = 2000 gram M, = 60 gram mole™!

- —3‘26(’)‘:(;%%;‘6 = 0-16 Kelvin

. The boiling point of urea solution = boiling poing of solvent + T,
=373 K + 0.16 K =373.16 K

.. The boiling point of urea solution will be 373.16 K.

Example 13 : How many gram of glucose should be added to S kg of water, so that the
boiling point increases from 373 K to 373.5 K. The molal elevation constant of solvent is 2.2 K
kg mole™l.

Solution : Elevation in boiling point
AT, =3735 K -373 K =05 K

K, x 1000 x w,

AT,
M, xw,
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2.2 K kg mole.?

AT, =05 K K,

180 gram mole™!

w, =17 M,
w; =35 kg = 5000 gram

_ ATy xM, xw,
1000 x K,

W3

_ 0.5 % 180 x 5000
2.2 x 1000

~. 204.5 gram glucose should be digsolved in 5 kg water.

= 204.5 gram

2:11 Depression in freezing point

Freezing point of substance (solvent or solution) is a temperature at which the solid and liquid
phase of the substance (solvent or solution) are in equilibrium and at that temperature (Freezing point)
the vapour pressure of the solid and liquid phase of the substance (solvent or solution) are same.

The freezing point of solution is lower than that of pure solvent from which the solution is
prepared. Thus, decrease in freezing point of solution from solvent is called depression in freezing point
(AT)). Freezing point of solution is less than that of solvent from which it is prepared, because according
to Raoult’s law vapour pressure of solution is less compared to that of solvent to which the non-volatile
solute is added to form that solution. So at lower temperature the vapour pressure of liquid. Solution and
pure solid solvent becomes equal, that temperature is the freezing point of solution. Thus, the freezing
point of solution is less than freezing point of pure solvent.

Molal depression constant : “Decrease in freezing point of a solution prepared by
dissolving ome gram molar mass of non-volatile solute into one kilogram of solvent is called
molal depression constant (K,).”” For example 60 gram urea or 180 gram glucose or 342 gram sugar
i.e. one gram molar mass of solute on dissolving in 1 kg of solvent, the lowering in freezing points are
equal, because depression in freezing point depends on nmumber of molecules of solute dissolved in the
golution and not on the nature of solute, so it is a coilligative property.

Depresgion in freezing point and molal depression 53;46"
constant : The values of vapour pressure at different temperatures
for pure solvent and solution prepared from that solvent are shown
in figure 2.9.

s ol

Suppose the freezing point of pure solvent is Tg and
freezing point of solution is T; then depression in freezing point

—egreeeee
3
B | S

Vapour pressure __,

AT;= Tif’ — T, is known as depression in freezing point. Experimental . .
results shows that it is directly proportional to the molal concentration Ty Ty
of solute. So it is written in mathematical form as Jemperatre —
Fig. 2.9 The relation beitween
AT; a m vapour pressure and temperature

1000 x
But molality m= ———2 _ Puytting values in equation (2.17)
M, xw,;
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T. = K; x 1000 x w,

f

M, xw,
AT, xw; xM,
£ 1000 x w, (2.18)
where, K; = molal depresion constant w; = mass of solvent
w, = mass of solute M, = molar mass of solute

AT; = depression in freezing point.
Depression in freezing point for one molal solution is called molal depression constant (K and

its unit is Kelvin kilogram mole™! (K kg mol™).

Example 14 : Find the freezing point of solution obtained by dissolving 1.8 gram glucose in
500 gram water. The value of K, for solvent is 1.8 K kg mol .

Solution : AT, = K¢ x 1000 x w,
M, xw,
K; = 1.8 K kg moI'! w, = 1.8 gram
M, = 180 gram mol™’ w, = 500 gram
_18x1000x18 _
180500

Now freezing point of pure solvent ig 273 K.

.. Freezing point of solution = freezing point of solvent — AT,
=273 — 0.036 K = 272964 K

~. The freezing point of solution will be = 272.964 K.

Example 15 : How many grams of urea must be dissolved in 2000 grams of water so that
depression in freezing point is 0.2 K. The K; for solvent is 2.0 Kkgmol 1.

i K, x 1000 x w,
Solution : AT, =
M, xw,;
W = ATy xM, xw,
27 1000 x K
K; =2 K kg mol! w, =1
M, = 60 gram mol ™! w; = 2000 gram
0.2 x 60 x 2000
w, = = 12 gram
1000 x 2

~ 12 gram urea will have to be dissolved in 2000 gram water.
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2.12 Osmosis, Osmotic pressure and its Uses

When a semipermeable membrane is kept between Concentrated solution of
two solutions having different concentrations or between a CuSO
: N <«—2 Net flow (~
solvent and a solution, a spontaneous flow of solvent starts ;
from a solution, having lower concentration to higher !
concentration, or from a solvent to a solution respectively. :
This phenomenon is called {Jsmosis. The meaning of Greek i
word osmosis is to push. Semipermeable membrane can allow I

Solvent
only solvent molecules but will not allow solute molecules. mt;e:c:lel Water or
: ion i : l <1~ Dil Cuso
As shown in figure 2.10, CuSO, solution is filled on one side 1 4
and on other otherside pure water or dilute CuSO, solution. — solution
1
\ & = J

After some time it is observed that spontanceusly
the water molecules flow towards the CuSO, solution and
hence the difference is observed in level of liquids on both Seripermeable
the sides of semipermeable membrane. Such spontaneous
flow will just stop when equilibrium is established between Wi L St
them.

Some examples of osmosis are found in nature and in daily life. For example the dry grapes get
swollen when kept in water, wilted flower revives when placed in water; blood cell collapse when placed
in salty water. In all these phenomena the boundry of all the substances bounded by semipermeable
membrane and hence osmosis is observed. Some examples of natural semipermieable membranes are
animal cell wall, plant cell wall, urinary bladder of animal. While artificial semipermeable membrane are
parchment paper, cellophane, butter paper, copper ferrocyanide Cu,[Fe(CN),]. In such artificial semiper-
meable membranes, the copper ferrocyanide is one of
the best artificially prepared semipermiable membrance. Patm *+ % Patm

Osmotic pressure : As shown in fig 2.11 on i J‘
one side of semipermeable membrane (SPM) a solution
and on other side pure water are filled. As the time
passes, the spontaneous flow of solvent starts towards
solution, hence the difference in levels of the pure solvent
(water) and solution is observed. Hence by applying
minimum pressure on the solution that just stops the flow
of solvent towards the solution across the semipermeable
membrane is called osmotic pressure of solution. Solution Solvent

Example of osmetic pressure : Fig. 2.11 Osmosis pressure

(1) Plants absorb water from soil through their roots is due to osmosis.

(2) Water assimilated by the plants moved into the different parts of plant is due to osmosis.
(3) Due to osmosis the water reaches into the different parts of the animal body.

(4) Opening of flower and closing of flower is also controlled by osmosis.

(5) Bursting of red blood cell when placed in water is also due to osmosis.

(6) Rapid growth of the plants and germination of seeds is due to osmosis.

UL LU
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2,13 Laws of osmotic pressure

van’t-Hoff and Pfeiffer suggested that the solute in the dilute solution behaves like a gas. The
osmoatic pressure of dilute solution is equal to pressure of gas if the solute is in gaseous form at that
temperature and occupy the volume equal to that of solution. So van’t Hoft derived laws similar to gas
laws like Boyle, Gay-Lussac and Avogadro’s law for dilute solution.

(i) Boyle’s-van’t Hoff Law : “At constant temperature the osmotic pressure (%) is directly
proportional to the molar concentration of the solution.” It can be written mathematically as follows:

Putting this value

T aCbut C=

<|=

xa — 2.19)
v @.

where, n = number of moles of solute V = volume of solution (litre)

I = molar concentration
\"4

Putting in equation (2.19) n = 1 mole,
1

To — 2.20
v (2.20)

T = I(l

A"
vV =K 2.21)

Bequation (2.21) is similar to Boyle’s law : PV = K

(ii) Gay-Lussac-van’t Hoff law : If the conceniration of solution is constant then osmotic
pressure of solution is directly proportional to absoulte temperature. It can be written mathematically as

naT (2.22)

t = KT where, K = proportionality conctant.

T
— =K
T (2.23)

P
Equation (2.23) is of the form T =K regarding Gay-Lussac's law for gases.

(iii} Avogadro’s-van’t-Hoff law : The number of molecules in the same volume of different
solutions having the same osmotic pressure at the same temperature. It can be written mathematically as

T an (2.24)

Now, according to equation (2.20).




1
na V (Boyle-van’t-Hoff Law).

According to equation (2.22)
® a T (Gay-Lussac-van’t-Hoff Law)
® o n (Avogadro-van’t-Hoff Law)

nT
Ta —
v
nRT . - . .
n = - where, R is proportionality constant and its value is equal to that of gas constant.
». TV = nRT (2.25)

where T = Osmotic pressure in bar V = volume of solution in litres
n = number of moles of solute R = gas constant
T = absoulte temperature in Kelvin.
Equation 2.25 is similar to simple gas equation PV = nRT

Now, putting value of n= % in equation (2.25)

2V = wRT
= wRT
T MV (2.26)

where w = mass of solute, M = molar mass of solute
2.14 Iso-Osmwtic (Isotonic)Solutions

The solutions having same osmotic pressure at given temperature are called Iso-—osmotic
(Isotonic) solutions. If such solutions are separated by semipermeable membrance no osmosis occurs,
between them. The vapour pressures of iso-osmotic solutions are equal so such solution are known as
iso-osmotic or isotonic solutions. Concentration of isotonic solutions are equal. For example the osmotic
pressure associated with fluid inside blood cell is equivalent to that of 0.91 % W/V NaCl solution, same
way 0.1 M H,SO, solution is isotonic with 0.3M glucose solution. If the osmotic pressures of two
different solutions are different it means that concentrations are different then, solution whose osmotic
pressure is less it is known as hypotonic with comparison to higher osmotic pressure solution. A solution
whose osmotic pressure is higher, in comparison to solution having less osmotic pressure is called
hypertonic solution. This means that for the solution having less osmotic pressure the prefix hypo and
for the solution having more osmotic pressure the prefix hyper is used. For example less than 0.91%
‘W/V pure NaCl solution is hypotonic compared to fluid inside human blood but pure NaCl solution having
concentration more than 0.91 % W/V is hypertonic with respect to fluid inside human body.

Example 16 : Calculate the osmotic pressure at 300 K temperature of a solution having 18
gram glucose dissolved in 5 litre solution.

Solution : Osmostic pressure n= WRT
MV
M =180 gram w = 18 gram V = 5 Litre
T =300 K R = 8.314 x 1072 bar lit K! mol™!
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o 18x8314x 107 x 300
180 x 5

oo 18%x8314x 10" x 300
900

.. The osmotic pressure of the glucose solution will be 0.4988 bar.

Example 17 : 6 gram of urea is dissolved in 2 litre solution at 300 K temperature. How many
grams of NaCl should be dissolved in 5 litre solution so that it becomes iso-osmotic with urea
solution ?

= 0.4988 bar

Solution : As the temperature and gas constant R have same values, for both solutions; so
for such iso-osmotic solutions, it can be written directly.

mole of urea mole of NaCl

volume of urea solution volume of NaCl solution

E = M (" moles of urea Y _ i = 0.1 mole)
2 5 M 60

0.1x5

.. moles of NaCl = = 0.25 mole

Now in NaCl, (Na* + CI") the number of particles is two and for isotonic solution the number
of particles required is 0.25 mole number of particles, so the mole of NaCl will be half

number of mole of NaCl = %
= 0.125 mole
Amount of NaCl in gram = no. of mole X molar mass
= 0.125 x 58.5
= 7.31 gram

~. 7.31 gram NaCl should be dissolved so that it becomes isotonic with urea solution.

2.15 Methods of Determining the Molecular Mass

To determine the molecular mass of any substance, the different methods used are as given
below :

(1) Using Raoult’s law.

(2) Molal elevation measurement method.
(3) Molal depression measurement method.
(4) Osmotic pressure measurement method.
Let us study these methods in detail.

(1) Using Raoult’s law : For the solution obtained by dissolving non-volatile solute in pure
volatilc solvent equation (2.8) was derived earlier. Using this equation the molecular mass can be
determined.

According to equation (2.8)
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0
- w, XM

Py " P _ W2 1 OR
P M, xw,

wy, XM,

0
P
Pi— P W

At given temperature the solution is prepared by dissolving w, gram non-volatile solute into w;
gram solvent having vapour pressure. pf and molecular mass M,. Now the vapour pressure of the
solution (p,) is determined and putting the values obtained at the end of the experiment in equation (2.8)
the molar mass (M,) of solute can be found.

Example 18 : Calculate the molar mass of unknown substance, when 20 gram non-volatile

substances dissolved in 360 gram water at 298 K temperature. The vapour pressure of water is
reduced to 0.0238 bar from 0.0242 bar.

Solution : According to Raoult’s law

0
Py — P _ Wy XM,

Py M, xw,
p; = 0.0242 bar p, =0.0238 bar
w, =20 gram M,=1
w;, =360 gram M, = 18 gram mole™!
0.0242 — 0.0238 _ 20x 18
0.0242 M, x 360
0.0004 _ 1
0.0242 M,
0.0242

= = 60.5 gram mole™!
27 0.0004 &

Molar mass of unknown substance will be 60.5 gram mole 1.

(2) Molal elevation measurement method : When solution is prepared by dissolving non-
volatile solute in pure volatile solvent, for such a solution according to equation (2.16) molar mass of non-
volatile solute can be determined. According to equation (2.16).

ATy, xw; xM,
1000 x w,

_ K, x 1000 x w, -
AT, x w, 2.27)

At given temperature the solution is prepared by dissolving w, gram solute in w, gram solvent
having molal elevation constant K; and by experimental observation for that solution elevation in boiling point

(AT,) is obtained. Putting these values in equation (2.27) molar mass of solute is obtained by the
calculation.
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Example 19 : 0.75 gram unknown substance is dissolved in 200 gram water and
solution is prepared. If the elevation in boiling point is 0.15 K and molal elevation constant
i8 7.5 K kg mole™! then find the molar mass of unknown substance.

Solution : The molar mass of unknown substance

K}, x 1000 x w,

AT, x w,y

7-5 K kg mol™! w, = 0-75 gram

AT, = 015 K w; = 200 gram
_ 7.5%1000x0.75

27 0.15x200
= 187.5 gram mole™!

.". The molar mass of unknown substance will be 187.5 gram mole™!.

e
I

(3) Molal depression measurement method : When non-volatile solute is dissolved in pure
volatile solvent and solution is prepared then, for such solution equation (2.18) as derived earlier, can be
used so that the molar mass of non-volatile solute (M,) can be determined. According to equation (2.18.)

_ AT, xw; x M,
f 1000 x w,

K; x 1000 x w,
M, = AT (2.28)
f XW

At given temperature the solution is prepared by dissolving w, gram solute in w, gram solvent
having molal depression constant K and by experimental observation in depression of temperature for
that solution (AT)) is obtained. Putting these values in equation 2.28 molar mass of solute can be obtained
by the calculation.

Example 20 : 2 gram unknown substance is dissolved in 500 gram water and solution is
prepared. The depression in freezing point is 0.06 K. If the molal depression constant for solvent
is 5 Kkg mole !, then find the molar mass of unknown substance.

Solution : Molar mass of unknown substance M, = K¢ x 1000 x w,
AT, xw,
K; = 5 Kkgmole™ w, = 500 gram
AT, = 0.06 w, = 2 gram
M, = 5x1000x2
0.06 % 500

333.3 gram mole™!
The molar mass of unknown substance will be 333.3 gram mole™!

(4) Osmotic pressure measurement method : In fixed amount of solvent if fixed amount
of solute is dissolved and solution is prepared at fixed temperature and the osmotic pressure is noted
and then by using formmla given below, the molar mass of substance can be calculated.
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mass of unknown solute x RT

osmotic pressure x volume of solution

Molar mass of unknown solute substance M =

This method is more useful for the determination of molar masses of protein polymer and
macromolecules; because during experimental observation the values obtained for elevation in boiling
point, depression in freezing point is very less (nearly 10°K); So it is difficult to measure them
accurately; nearly the pressure as small as 107> bar can be measured in mm unit. Besides this the
biomolecules like protein are not stable at high temperature, so their molar masses can not be obtained
by molal elevation method or molal depression method, but at room temperature can be obtained by
osmotic pressure measurement method, besides this the solubility of polymer substances is very less so
they can be prepared as dilute solutions and for dilute solutions the observation which are obtained can
be easily noted in the osmotic pressure measurement method.

While in other methods the observation values obtained are very small, so it is difficult to
measure them In osmotic pressure measurement method the concentration of solution is measured in
molarity instead of molality. So the osmotic pressure measurement method is more useful than other
methods.

Example 21 : At 300 K temperature 1.5 gram unknown substance is dissolved in solvent and
made the volume 1.5 litre of the solution. Its osmotic pressure is found to be 0.2 bar. Calculate
the molar mass of unknown substance.

Solution : Molar mass of unknown substance

mass of unknown substance x RT
osmotic pressure X volume of solution

M=

_ 1.5x8.314 x 10~ x 300
02x 15

Molar mass of unknown substance will be 124.71 gram mole *

= 124.71 gram mole™!

2.16 Abnormal molecular mass and van’t Hoft factor

The various relations for the colligative properties are applicable to the non-electrolyte solution
and also the solutes which do not undergo any dissociation or association in the solution; because due
to dissociation or association of solute the number of particles, which indicate concentration gets decreased
or increased. When polar solute is dissolved in polar solvent; the solute is polar so it is ionised in solution
and number of particles in solution increases e.g. NaCl, K,80,, FeCl, and Fe,(SO,), when dissolved
in water get ionised, and the number of particles obtained are 2, 3, 4 and 5 respectively. It is called
dissociation. Due to increase in number of particles; using colligative properties; the value of molar mass
obtained is less than the actual molar mass. The molar mass obtained by experimental method is called
abnormal molar mass. Besides this some solute molecules when dissolved in solvent, more than two
molecules combine and form associated molecules, and this process is called association. e.g. Acetic acid
or benzoic acid when dissolved in solvent like benzene, then two molecules of solute associate and hence
the number of molecules in solution decreases. For such type of solution the real molar mass of solute
can not be obtained, by using method based on colligative properties. The experimental molar mass
value is more than real molar mass value and such experimental molar mass obtained is also called
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abnormal molar mass. The colligative properties of solution is applicable to only dilute solution because
concentrated solution means the concentration of solution is higher, so the solute molecules are so close
to each other that they exert appreciable molecular forces of attraction. As a result real molar mass can
not be obtained on the basis of colligative properties; So abnormal molar mass is obtained.To obtain real
molar mass scientist van’t-Hoff in 1880 introduced one factor which is known as van’t Hoff’s factor (i).

Normal molar mass of solute
Abnormal molar mass of solute

van't Hoff factor (i) =

Theoretical moral mass of solute
Experimental molar mass of solute

Observed colligative property
Theoretical colligative property
By introducing van’t Hoff factor (i) the formula to obtain molar mass can be written as follows:

0 —
Raoult’s law : 2L 0p1 =i 22 ;R
P n;+n, n,

Elevation in boiling point : AT, =i K, * m
Depression in Freezing point : AT, =i K;  m

Osmotic pressure of solution : © = i%
The value of van’t Hoff factor (i) is less than one; when there is an association of the solute

and it is more than one when there is dissociaton. The value of (i) is equal to 1 when there is no
association or dissociation of solute. The values of van’t Hoft factor (i) for some solutions are given in

table 2.3
Table 2.3 Values of van’t Haff factor (i) at various
concentrations for NaCl, KCl, MgSO, and K,S0,
Salt values of i van’t Hoff Factor i for complete
01 m 0.01 m 0.001 m dissociation of solute
NaCl 1.87 1.94 1.97 2.00
KCl 1.85 1.94 1.98 2.00
MgSO, 121 153 1.82 2.00
K,SO, 232 270 2.84 3.00

Degree of dissociation : The proportion of the mass of the given solute in the solution which
gets dissociated is called degree of dissociation (ar)
i—-1
n—1

Degree of dissociation (o) =

where i = van’t Hoff factor
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Degree of association (X) : The proportion of the mass of the given solute in the solution

which gets associated, is called degree of asociation (X).

Degree of association (X) = (1—1i) n

n-—1

where 1 = van’t Hoff factor, n = no. of molecules combined due to association.

Example 22 : The depression in freezing point is 0.24 K obtained by dissolving 1 gram KCl in
200 gram water, calculate van’t-Hoff factor. The molal depression costant is 1.86 K kg mole ™.

Solution : Molar mass of solute (KCI)

1000 x¢ K; X mass of KCl1

ATf x mass of solvent

_1000x 1.86x 1
0.24 x 200

Now the molar mass = 39 + 35.5 = 74.5 gram mole™!

= 38.75 gram mole™! (experimental value)

Theoretical molar mass of KC1
Experimental molar mass of KCl1

van’t Hoff factor (i) =

74.5

= =1

" 3875
The value of van’t Hoff factor (i) for KCI will be 1.92

Example 23 : Find the degree of association when 1.0 gram benzoic acid, dissolved in 25
gram benzene is having depression in freezing point 0.81 K. The molal depression constant for
solvent is 4.9 K kg mole!.

Solution : molar mass of benzoic acid,

1000 x K; x mass of benzoic acid
AT, x mass of solvent

1000 x 4.9 x 1
0.81 x 25

= 242 gram mole !
= abnormal (experimental) molar mass of benzoic acid.

Theoretical molar mass of benzoic acid
Experimental molar mass of benzoic acid

van’t Hoff facator (i)

=£ = 0.5
242
van’'t Hoff factor (i) for benzoic acid is 0.5
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Now, degree of association

. n
X=(1 -1 [n—l]

2
=1-03 [EJ

=05x2=1

Example 24 : Calculate degree of dissociation (o) for K,[Fe(CN),] when depression in
freezing pont is 0.062 K for 0.01 m K,[Fe(CN),] aquesous solution. The molal depression constant
(Kp for solvent is 1.86 K kg mole L.

Solution : The depression in freezing point (theoretical) of solution.
AT; = K;*m = 1.86x 0.01 = 0.0186 K

Experimental depression in freezing point
Theoretical depression in freezing point

van’t Hoff factor (i) =

_ 0.062 _ 133
0.0186
When K,[Fe(CN)] is dissolved in water the total number of ions = 3 + 1 =4 due to its

ionisation .
K,[Fe(CN)gl(ag) = 3K*(ag) + [Fe(CN)sI*(aq)
i—1
n-—1

The degree of dissociation (o) =

3331
4-1

= 0.778

The degree of dissociation for K,[Fe(CN),] will be 0.778

Example 25 : The depression in freezing point is 0.69 K when 2 gram phenol is dissolved
in 100 gram benzene. If it is associated as dimeric then find its degree of associatoin. The molal
depression constant for solvent is 5.12 K kg mole™.

Solution : The theoretical molar mass = 94 gram mole ™.

1000 x K, x mass of solute

The experimental molar mass of phenol =
AT, x mass of solvent

_ 1000 % 5.12x 2
0.69 x 100

148.4 gram mole™! = abnormal molar mass of phenol

Theoretical molar mass of phenol

’t Hoff factor (i) =
van actor () Experiemental molar mass of phenol




T ———————

94

" 1484
= 0.633

The degree of association for phenol (X)=(1-i) Ll
n_

2
=(1-0.633) —
( )2 1

The degree of association for phenol will be 0.734

SUMMARY

& When two or more than two substances are mixed and they form a uniform or homo-
geneous mixture, it is called solution.

The proportion of component which is more in the solution is called a solvent and the
proportion of a component or components which is less in a solution is/are called solute.

2 There can be one solvent and one or more solute components.
The solution having one solute and one solvent component, is called binary solution.
There are three types of solution solid solution, liquid solution, gaseous solution.

s The physical state of a solvent in a given solution becomes the physical state of that
solution.

Polar solute dissolves in polar solvent and non polar solute dissolves in non polar solvent
and forms homogeneous mixture (solution).

[ If the number of —OH group is more in a solute, then it is more solube in water.
2 Most of polar solutes dissolve in polar solvents.

If water is the solvent, the solution is called an aqueous solution, but if water is not the
solvent, the solution is called as non-aqueous solution.

@ Formality : One gram formula mass of the substance (solute) dissolved in one litre
solution is called one formal solution.

1000 x mass of solute (gram)
formula mass of solute x volume of solution (ml)

Formality (F) =

Volume percentage (% V/V) : The volume of solute (ml) dissolved in 100 ml solution
is expressed as volume percentage (% V/V).

% VIV = 100 % volume of solute

volume of solution
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..... by entage : (% WI/V) ¢ The mass of solute dissolved in 100 ml
solution is called mass by volume percentage (% W/V).

% W/V = 100 x mass of solute

volume of solution
® Parts per million J : Sometimes the amount of the solute in solution is very much
less and so thc concentration is expressed as parts per million (ppm).
parts per million can be expressed in three different ways : (1) Parts per million by mass
to mass, (2) Parts per million by mass to volume and (3) Parts per million by volume to
volume.

B
-

Parts per million by mass to volmme : The amount of solute in milligram dissolved
in one litre soluuon is called parts per million by mass to volume.

amount of solute (mg)

Parts per million by mass to volume =
amount of solution(litre)

Unit of parts per million by mass to volume can be written mg litre™

@ At given temperature and pressure the maxinmm amount of solute dissolved in a solvent
is called its solubility

@ There is effect of temperature on solubility of solid, liquid or gas.

Henry law : “The solubility of gaseous solute in a liquid solvent at definite temperature

is directly proportional to the pressure of the gas.”

Partial pressure of gaseous solute p = K * X where K, is Henry’'s constant which

depends on temperature

Limitation and uses of Henry’s law are as given in unit.

© When solid solute dissolves in solid solvent, substitutional solid solution, (brass, bronze,
steel, monel metal etc.) as well as interstitial solid solution (WC) is formed.

@ The solution prepared by dissolving solid solute in liquid solvent, the factor that affect the
solulity are temperature and pressure these are known as colligative properties of solution.

&

3
L

]

@ If a solution is prepared by dissolving solid in a solvent, vapour pressure decreases,
boiling point increases and freezing point decreases.

] Raoult’s law : Relative lowering of vapour pressure of the solution is equal to the mole
fraction of the dissolved solute.

P P
py
@ Raoult’s law has some limitations but the solution which obey Raoult’s law, over the

entire range of conceniration is known as ideal solution and the solutions which do not
obey Raoult’s law are called non-ideal or real solutions.

When volalite solute is dissolved in volalite solvent the vapour pressure of solution is the
total of vapour pressure of solute and solvent both.

B When solute dissolved in solvent the increase in boiling point of solution is called elevation
in boiling point.

XZ=
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Molal elevation constant : Increase in boiling point of a solution prepared by dissolving
one gram molar mass solute in one kilogram of solvent ig called molal elevation
constant (Ky).

_ ATy xwy xM,
1000 x w,

Ky
The depression in freezing point when one gram molar mass solute is dissolved in one
kilogram of non-volatite solvent is called molal depression constant (K).

f 1000 x w,

Osmosis : When two solutions having different concentrations are separated by semi-
permeable membrance the spontaneous flow of solvent starts from a solution with lower
concentration to higher conceniration it is called osmosis.

Osmotic pressure : Such a sponteneous flow as above which can be stopped by
applying pressure is called osmotic presure (7).

Boyle’s-van’t Hoff law : At constant temperature the osmotic pressure is directly
proportional to the molar concentration of the solution.

Gay-Lussac-van’t Hoff law : If the concentration of the solution is constant then
osmotic pressure of solution is directly proportional to absolute temperature. © o0 T

Avogadro-van’t Hoff law : In the same volumes of different solutions having similar
osmotic pressure at the same temperature have same number of molecules; of the solute.

_ wRT

By combining these three laws the equation n = % or & can be derived

The =olutions having same osmotic pressure at given temperature are called iso-osmotic
(Isotonic) solutions.

The solution having lower osmotic pressure in comparision with higher concentration is
called hypotonic solution. The solution having higher osmotic pressure in comparison with
lower concentration is called hypertonic solution.

Methods to determine molar mass :

wy X M,
0

0
(i) Using Raoult’s law : . 4
P1 sz Wl

(ii) Molal elevation constant method :

1000 x mass of solute x Kb

molar mass of solute = e~ 5
elevation in boiling point X mass of solvent

(iif) Molal depression constant method :

1000 x mass ofsolutefo

molar mass of solute = — = =
depressing in freezing point x mass of solvent
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(iv) Osmotic pressure measurement method :

molar mass of unknown substance =

mass of solute x RT

osmotic pressure of solution x volume of solution

® The colligative properties are applicable to solutions which do not undergo dissociation
or association.
® van’t Haff factor (i) is introduced for the deviation from normal behaviour.
] theoretical molar mass of solute
e van’t Hoff factor (i) = =
experimental molar mass of soulte
p) p n n
e Raoultslaw: 1 —1l-=-j—2 ~j—2
P o;+n, o
@ Elevation in boiling point : AT, =i K, * m
L] Depression in freezing point: AT; = i K; » m
e  The osmotic pressure : g =i %
e Degree of association (X) = (1-i) nl
n_
® Degree of dissociation (@) =
n —
EXERCISE

Select the proper choice from the given multiple choices :

(1) Which unit of concentration value is changed with change in temperature ?
(A) Normality (B) Molarity © % VIV (D) all of these

(2) Which type of solution is petrol ?
(A) solid-liquid (B) liquid-liquid (C) gas-liquid (D) all of these

(3) What is the concentration of solution in ppm when 2 x 107 gram CO, is dissolved in 10 ml
solution ?
(A) 2 (B) 0.2 © 200 (D) 2 x 1078

(4) Which of the following gas has highest solubility in ethyl alcohol ?
(A) H,S (B) NH, © N, ®) COo,

(5) Which of the following substance has the highest solubility in water?
(A) ethanol (B) ethylene glycol (C) glycerine (D) propanol
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(10)

1)

(12)

13)

(14)

(15)

(16)

an

(18)

(19)

On increasing temperature, the solubity of gaseous solute in liquid solvent

(A) Increases (B) Decreases (C) Remains constant (D) Uncertain
On increasing temperature the value of Henry's constant

(A) Decreases (B) Increases (C) Remains constant (D) Uncertain
Which solution has the highest effect of termperature on its vapour pressure ?

(A) Sugar solution (B) NaCl solution  (C) BaCl, Solution (D) Aqueous H,S

Which of the following aqueous solution has the highest boiling point having concentration
0.02 m?

(A) Urea (B) NaCl (©) Na,SO, (D) K,[Fe(CN)¢ 1
0.05 M glucose solution is iso-osmotic with which of the following solutions ?
(A) 0.10 M NaCl  (B) 0.05 NaCl (C) 0.025 M NaCl (D) 1M NaCl
What is the value of van’t Hoff factor for dilute FeCl; (aqueous) solution ?
A1 B)<1 ©) »1 (D) zero

What is the value of van’t Hoff factor when acetic acid is dissolved in benzene?
(A) Zero @)1 ©) >1 D)<1

What is the molality for 10% W/W NaOH(aq) solution ?

(A) 2.778 B) 2.5 © 10 ((0) 0]

For which solution the value of van’t Hoff factor is one ?

(A) NaCl (B) KNO, (C) glucose (D) CH,COOH

For which solution the value of van’t Hoff factor is not 1 ?

(A) Glucose (B) Sugar (C) Fructose (D) Acetic acid
The real vapour pressure for non-ideal solution is ............. than by Raoult’s law
(A) more (B) less (C) equal (D) (A) and (B) both

Which of the following solutions is hypotonic ?
(A) 0.1 M NaCl (B) 0.1 M sugar (C) 0.IM Na,SO, (D) 0.1 M FeCl,

The total pressure for volatile components A and B is 0.02 bar at equilibrium. If the mole
fractions of component A is 0.2, then what will be partial pressure of componant B ?

(A) 0.02 bar (B) 0.04 bar (C) 0.016 bar (D) 0.2 bar
Which of the following solutions is hypertonic ?

(A) 0.1 M FeCl, (B) 0.1 M NaOH (C) 0.1 M Urea (D) 0.1 M Na,SO,
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2. Write the answers of the following questions in short :
(1) Define solution.
(2) What 18 solvent and solute in solution ?
(3) Write types of solutions.
(4) 'Which type of solutions are air containing moisture, zinc amalgam and dry air ?
(5) Define : Formality, Solubility, ppm
(6) Write effect of temperature on solubilty of solute.
(7 Give example of interstitial solid solution.
(8) Define saturated solution.
(9) What is molal elevation ?
(10) What is molal depression ?
(11) Write Boyle-van’t Hoff law.
(12) What is osmosis ?
(13) What is osmostic pressure ?
(14) What is abnormal molecular mass ?
(15) Write formula for degree of association (X).
(16) What is binary solution ?
(17) When the value of van't Hoff factor will be more than one ?
(18) What is iso-osmotic solution ?
(19) To determine the molar mass of polymer; which method is more useful ?
(20) What is freezing point ?
3. Answer the following questions :
(1) Write about types of solid solution with examples.
(2) Write about gaseous solution with examples.
(3) Explain % V/V in short.
(4) Explain unit ppm with example.
(5) 'Write the factors affecting the solubility of solute in aqueous H,S solution ?
(6) Write uses of Henry’s law.
(7> Explain substitutional solid solution in short.
(8) Explain interstitial solid solution in short.
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(10
(11)
(12)
(13)

Write any two uses of osmotic pressure.
Explain molal elevation measurement method.
Explain association and dissociation.

What are colligative propeties of solution ?
Why van’t Hoff factor (i) was introduced ?

Explain following questions in detail :

1)
@)
3)
“)

®
(6)
)
(®)
®)
(10)
1)
(12)

Write Henry’s law, derive the formula and write its limitation,
Explain molal elevation constant. Derive its formula.
Write Raoult’s law and derive its equation.

Explain the factors affecting the solubility of solute in solution obtained by dissolving gaseous.
solute in liquid solvent.

Derive the formula of Raoult’s law for a solution having volatile solute and solvent.
Derive the formula for molal depression constant.

Explain the different methods to determine the molar mass.

Write law of osmotic pressure and derive formula.

Explain iso-osmotic solution and write uses of osmotic pressure.

Explain abnormal molar mass and explain van’t Hoft factor.

Explain and write the formula for colligative properties introducing van’t Hoft factor (i).
Solve the examples:

(1) Calculate the formality of solution when 4.78 gram potash alum is dissolved in 2 litre
solution.

(2) How many ml ethanol is required to prepare 2 litre aqueous solution of ethanol solution
having concentration 5% V/V.
(3) Calculate the percentage by mass to volume for 0.2 M NaOH solution.

(4) Calculate the ppm for solution in which 2 x 10~7 kg calcium bicarbonate is dissolved
in 2 litre solution.

(5) Calculate the solubity in mole- fraction at 300 K temperature; the partial pressure of
ClL, gas in water is 2.5 x IO'GbM.FmCIZgasﬂlevalueofKHisll x 107 bar.

(6) How many millimoles of H,S gas will dissolve in water when passed through 1 litre
water, the K value is 5.6 x 10~* bar and the partial pressure is 3 x 1073 bar.

(7) Calculate the vapour pressure of aqueons 0.1m glucose solution at 300 K temperature,
the vapour pressure of water is 0.03 bar at 300 K temperature.

(8) The vapour pressures of benzene and toluene are 0.9 and 0.85 bar respectively. Calculate
the vapour pressure of solution obtained by mixing 7.8 gram benzene with 180 gram
toluene.

Solutions
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(9) Find the boiling point of 2.5% W/W sugar solution; the molal elevation constant for
solvent is 4 K kg mole L.

(10) How many grams of urea should be dissolved in 500 gram water so that the depression
in freezing point is 0.2 K ? K, for solvent is 3.2 K kg mole L.

(11) How many grams of glucose should be dissolved in 2 litre aqueous solution at 298 K
temperature so that the osmotic pressure of solution is 0.5 bar.

(12) Calculate the osmotic pressure of 2% W/V aqueous solution of urea at 300 K
temperature. This solution is iso-osmotic with what % W/V of NaOH aqueous solution.

(13) At 298 K temperature 10 gram non-volatile unknown substance is added to 540 gram
water so that the change in vapour pressure will be from 0.0335 bar to (0.033 bar; find
the molar mass of unknown substance.

(14) Elevation in boiling point is 0.2 K when 1.5 gram unknown substance is dissolved in
500 gram water. Find the molar mass of unknown substance. Molal elevation constant
for solvent is 3 K kg mole L.

(15) 2 gram of unknown substance is dissolved in lkg water, the depression in freezing
point is 0.4 K. If the molal elevation constant is 4.5 K kg mole !, find the molar mass
of solute.

(16) When 5 gram unknown substance is dissolved in 10 litre solution the osmotic pressure
of solution is 0.2 bar at 300 K temperature. Find the molar mass of unknown substance.

(17) The depression in freezing point observed is 0.3 K, when 2 grams FeCl, is dissolved
in 250 ml water. Find the van’t Hoff factor. The molal elevation constant for solvent
is 1.5 K kg mole™1.

(18) Find the degree of dissociation when 0.02M aqueous Al,(SO,), solution having eleva-
tion in boiling point of 0.04 K. The molal elevation constant for solvent is 1.9 K kg
mole L.

(19) The depression in freezing point is 0.56 K when 1.5 gram phenol is dissolved in 100
gram toluene. If its association is dimeric then find the degree of associatdon. Molal
depression constant for solvent is 4 K kg mole™.,




Unit
3

Electrochemistry

3.1 Introduction

We were studying inorganic and organic chemistry. The oldest branch is inorganic chemistry.
The separate branch of organic chemistry was evolved by the research on urea by Wohler, similarly the
third branch of chemistry was evolved as a separate branch of chemistry called physical chemistry from
the study of electrochemistry. Later on, with the progress of the time, different branches like analytical
chemistry, indusirial chemistry etc. came into existence which are studied in the present time.

Chemical reactions are useful for the production of electrical energy. Electrical energy is useful
to express chemical reactions which are not spontancous. The study of electrochemistry is for the
production of electricity which is free energy released during spontaneous chemical reactions and this
electrical energy is used for transfer for chemical reactions which are not spontaneous. Theoretical and
experimental proofs are inevitable for this subject. The production of many metals, sodium hydroxide,
chlorine, fluorine and many more chemicals is carried out by clectrochemical methods. Batteries and
fuel cells transform chemical energy to electrical energy, and so it is used in larger proportion in different
instruments and appliances. The electrochemical reactions are acceptable and less polluted. So the study
of electrochemisiry must be done as eco-friend for formation of new technologies.

In the case of both the reactions-conduction of senses to the brain and opposite to that from
brain-clectrochemistry is involved. Hence, electrochemistry is a very widely developed interrelated subject.
We will include the main structural points in this unit.

3.2 Electrochemical Cell

The reaction occurring in electrochemical cell is a redox reaction viz. If a thin plate of Zn metal
is placed in an aqueous solution of CuSO,, Cu metal is deposited on zinc plate and the original blue
colour of solution appears to be light blue coloured; because in this reaction Cu?* is reduced and Zn
metal is oxidised This total reaction occurs as follows :
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Zn(s) + Cu** (ag) = Zn>*(aq) + Cu(s)
Really, this reaction is the sum of following two half reactions :

Cu**(ag) + 2¢~ = Cu(s) (Reduction)
7n(s) = Zn>*(ag) +2e~ (Oxidation)

A construction can be made where by the above reactions carried out without bringing Zn and
Cu reactants in contact with each other.

—_— fa —_—

- +
Zn Anode — 1 < Cu Cathode
™~ e
fed NH,NO,
3 or B
: KNO,
ZnSO4 Sohution | B e CuSO4 Solution
/
Glass wool

Fig. 3.1 Electrochemical cell (Zn-Cu Cell)

The contact between the reactants is to be kept only for the electron-exchange. Such a con-
struction is called electrochemical cell. In the electrochemical cell, the energy produced in chemical
reaction is transformed into electrical enmergy. The device which transforms the chemical energy into
electrical energy is called electrochemical cell.

(® Aqueous solution of ZnSO, is in beaker A. The weighed strip of zinc metal is placed in the
solution so that part of it remains outside the solution. In this half cell the strip of Zn metal is
in contact with 1M aqueous solution of Zn?* ions which is expressed as Zn(s) | Zn>*(aq).
Vertical line indicate contact between Zn metal strip and Zn?* ions present in the solution.

(i) Agqueous solution of CuSO, is in beaker B. The weighed strip of Cu metal is placed in the
solution so that part of it remains outside the solution. In this half cell, the strip of Cu metal is
in contact with 1M aqueous solution of CuSO,, which is expressed by vertical line. Cu(s) | Cu®*(ag).
Vertical line indicate contact between Cu metal strip and Cu?* ions present in the solution.

(i) Salt bridge is used to complete the electrical circuit and to connect the two solutions. The
construction of saltbridge is like this. Aqueous solution of NH,NO, is filled in U-shaped tube
and its both the ends are closed by glass-wool. This tube is inverted and its onc end is placed
in beaker A and the other end in beaker B.

(iv) You know that the electrical current flowing through a circuit can be measured by joining
ammeter and the direction of electrical current by joining galvanometer. Hence, Ameter or
galvanometer can be selected, with the help of the ammeter the flowing electrical current and
the direction of flow of electron are determined.
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Asg shown in fig 3.1, if the strips of zinc metal and copper metal are connected through
galvanometer or ammeter, it shows flow of electricity from the wire.

After sometime, if both the strips are taken out, washed carefully with distilled water dried and
weighed, it will be found that the weight of zinc strip has decreased and the weight of copper strip has
increased. This shows that the reaction Zn(s) = an*'(aq) + 2¢- mmst have occurred in beaker A
containing solution of ZnSO, and the reaction Cu?*(aq) + 2~ = Cu(s) in the solution of CuSO, filled
in beaker B.

The construction shown in fig. 3.1, is known as electrochemical cell or Galvanic cell or
voltaic cell. The above special type of electrochemical cell is called Daniell cell. The strips dipped in
solutions are called electrodes which is expressed as (e.g. Zn(s) | Zn?*(aq) and Cu(s) | Cu?*(aq)). The
electrode on which reduction reaction takes place i3 called cathode (+) and the electrode on which
oxidation reaction takes places is called amode (—). If these two electrodes in electrochemical cell
are connected by a copper wire in the external circuit, the current of electrons flow from anode to
cathode. The U-tube filled in with solution of ammonium nitrate, used for the connection of two
solutions is called salt bridge. The flow of current in solution occurs through the ions.

In the beaker (B) on the right hand side, copper is formed from Cu?* by reduction and so,
concentration of Cu®* decreases due to which the solution of CuSO, becomes negatively charged
because of SO2~ ions. The solution in the beaker (A) on left hand side Zn?* ijons are produced from
Zn metal and so ZnSO, solution becomes positively charged. If it happens so, the chemical reaction of
the cell will stop. Hence, both the solutions must be without any electric charge so that the reaction of
cell takes place continuously. The salt bridge joining the two solutions in the beakers contains liquid
medium of solution of proper salt. Hence, the salt bridge joins the two solutions and keeps the
neutrality of electrical charge.

The cell in which the “concentrations of the ions associated with the reaction of the
cell are 1 mole litre™! and if any gas is associated with the reaction, then its pressure equal
to 1 bar and if temperature is 298 K, is called standard cell

3.3 Types of Electrodes

The metal strips dipped in the solution or rods of nonmetal like graphite and on whose surface
reaction takes place is called an electrode. The electrodes used in electrochemical cells are mainly of
three types.

(i) Active elecrodes of metal : The active electrodes of metal are metalg like Zn, Ni, Cu, Ag
etc. Atom of this kind of electrode undergo oxidation (anode) or cation in contact gets reduced on
surface (cathode). The reactions taking place on such electrodes can be shown as below :

Zn(s) = Zn** (aq) +2¢~

Cu®* (aqg) + 2~ = Cu(s)

(ii) Imert electrode ;: Atoms of inert electrode do not experience either oxidation or reduction
reaction but oxidation or reduction reaction takes place on the surface of this inert electrode. Graphite
and platinum are inert electrodess. When the solutions containing Fe** and Fe?* ions, are used in the
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construction of the cell, platinum wire is used as the electrode. Fe** gets reduced to Fe** by receiving
electron on strip of platinum or Fe?* is oxidised to Fe’* by giving electron to platinum wire. The
reaction taking place on this type of electrode can be shown as below.

Fe**(aq) +e~ = Fe’* (aq)

(fii) Gaseous electrode : Gaseous electrode mostly resembles the inert electrode. Here, gas
is passed over the strip of platinum dipped in the solution. viz. If in hydrogen gas electrode containing
H'*(ag) in solution is passed over the strip of platinum kept in the solution, then 2H* are reduced and
the gas H, is formed or 2H" are formed by oxidation of H, gas. Here, the strip of platinum provides
the surface necessary for exchange of electrions. The reaction taking place on such an electrode can
be shown as below:

2H"(aq) + 2¢~ = H,(g)
3.3.1 Half Cell : The metal which is kept in the aqueous soultion of its salt and a system
formed is called electrode. The electrode and the solution im which it is dipped is collectively

known as half cell. The representation of half cell is done by putting a vertical line between the
formmlas of electrode and the active ions.

Zn(s) | Zn’*(aq); Cu(s) | Cu®*(aq); Fe(s) | Fe?*(aq); Ag(s) | Ag*(aq)

The representation of gaseous electrode is expressed by inert metal or formula of non metal,
molecular formula of gas and the formula of active ions. e.g. Pt| H,(g, 1 bar) | H(aq).

3.3.2 Symbolic representation of cell : In symbolic representation of electrochemical cell, the
representation of both the half cells used in its construction are used. If a salt bridge is used to join
solutions of both the half cells, then it is expressed by Il (two vertical lines). But if salt bridge is not used,
then | (single vertical line) is used. Anode is always shown on the left hand side and the cathode on the
right hand side in symbolic representation of the cell. The concentration of the salt used in the construc-
tion of the cell i8 expressed in molarity unit in bracket after the formula or symbol of the ion. If a gaseous
elecirode is used in the construction of cell, then its pressure is expressed in bar units after the formula
of the gas.

@) Zn(s) |1 ZnZ* (ag, 1M) Il Cu* (ag,1 M) | Cu(s)
(i) PtlH, (g,1bar)| H* (ag, 1M) Il Cu?* (ag, IM) | Cu(s)
(iii) Mg(s) | Mg®* (aq, IM) Il H* (aq, IM) | H, (g, 1 bar) | Pt

(iv) Ag(s)l Ag*(ag,1IM) IICI™ (aq,1M) I Cl, (g,1bar) | Pt
If the concentration of solution is 1M in the half cell, or pressure of gas is 1 bar and temperature

is 298 K, then such a half cell is called standard half cell. By connecting of two standard half cells,
standard cell is formed.

3.3.3 Standard Hydrogen Gas Electrode : The comparison of different electrodes for the
tendency to release the electron or to receive the electron can be carried out by using the standard
hydrogen half cell because the hydrogen electrode works as a reference to other electrode. Hence,
hydrogen electrode can be taken as reference electrode. The construction of standard hydrogen gas
electrode is carried out as under :
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As shown in fig 3.2 a solution of 1M H*(aq) is
taken in a beaker at 298 K. In this solution, the platinum
strip which is electroplated with platinum black is dipped.
This strip is connected with platinum wire in a tube closed
at onc end. Mercury is added on this wire to keep clectrical
contact and the other end of the wire is connected outside.
Dihydrogen gas at 298 K temperature and 1 bar pressure is
passed over the platinum.

When this half cell is connected with other half cell
and a complete cell is formed, it acts as cathode or anode.
If it acts as cathode, the following reduction reaction takes
place on the platinum strip.

Pt

& J
Fig. 3.2 Standard
But if the standard hydrogen gas electrode acts as R - S—
an anode the oxidation reaction takes place on the anode as shown below :

SH,@, 1ba) < ' (sg, IM) +6

H' (aq, IM) + €7 = Hy (@, 1 ban)

Thus, standard hydrogen gas electrode possesses the tendency to receive the electron or to
release the clectron. The intensity of this tendency is accepted as zero volt at all temperatures.
Hence, it is casy to obtain the relative values of intensity of the tendency of receiving the electron or
the tendency of releasing the electron. The relative intemsity of tendency of receiving the electron
is called reduction potential E_, or E’ , and the relative intensity of electrodes for releasing
electron is called oxidation potential E_, or E®

Standard hydrogen electrode works as a reference electrode for other half cells. If the tendency
of the other half cell to receive electron is more then standard hydrogen gas electrode acts as an anode
and if standard hydrogen gas clectrode has more tendency to receive the electron, it acts as a cathode.

Hence, the dependence of another half cell as anode or cathode remains with reference to
standard hydrogen electrode, so it is called reference electrode. With reference to standard hydrogen
gas electrode, standard Zn-half cell act as anode while standard Cu-half cell act as cathode.

3.4 Caell potential

The clectrochemical cell is a device which can transform chemical energy into electrical encrgy.
When two electrodes are joined, then the flow of electrons due to chemical reaction will be from anode
to cathode in the external circuit under produced electromotive force. This electromotive force is called
cell potential E.y. If the cell is in standard state, the standard potential is expressed as E%,. The
voltage measured with voltmeter is really not the correct potential. Potentiometer should be wsed
to measure the correct potential.

The cell potential is in fact the difference between the intensities of receiving electron of each
clectrode and posscss the tendency to release the cleciron. The proof of this is obtained. From the
following experimental results.

@ © Zn(s)1Zn? A M) Il Cu?* (IM) | Cus) ®
When the above cell is in operation, the following reaction takes place:

Zn(s) + Cu®" (ag, 1IM) = Zn*" (ag, IM) + Cu(s)
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Here Zn releases the electron and Cu?* receives the electron. The tendency of Cu?* to receive
the electron is more which can be said on the basis of the above reaction.

@) © Cu@ICu® M)l Ag* (IM) | Ag(s) @
When the above cell is in operation the following reaction takes place.

Cu(s) +2Ag* (ag, IM) = Cu** (aq, IM) + 2Ag(s)

Here, Cu releases the electron and Ag* accepts the electron. The tendency of Ag* to receive
electron is more than that of Cu, which can be said on the basis of the above reaction.

In the above reaction (i) the tendency of Cu, to receive electron is more than that of Zn; while
in reaction (ii) the tendency of Cu to receive relectron is less than that of Ag. Hence, in reraction (i) Cu
electrode acts as cathode and in reaction (ii) Cu electrode acts as anode. The potential is the difference
of intensities of cathode and anode to receive electrons. The abosulte value of intensity of tendency to
accept the electron cannot be measured because redox reaction is not completed by half cell. The value
of E0 is the difference between the values of standard reduction potentials of two half cells. This
relation is shown as below :

EO

0 _ o 0 0 _
E'car = Eramus)— Ereaams) OR E'car = E'reg (Cathodey = E'red (Anode)

3.4.1 Method of determination of standard half cell potential : To obtain the potential of
any standard half cell, it is connected with the standard hydrogen half cell, through salt bridge. The cell
potential EoCa'l]. of the complete cell prepared like this is measured with the help of potentiometer.

In the complete cell constructed like this, the potential of one half cell - standard hydrogen half
cell is zero as it is being accepted The potential of the other half cell will be the value equal to that
of E%(p;. If the other half cell is functioning as anode the positive value of E0; indicating negative value
ofE"Moftheelectodc. But if it is functioning as cathode, thenthevalueofpomﬁalEomdwﬂlbe
positive. If the electrochemical cell is formed by comnecting zinc half cell with standard hydrogen
electrode, the half cell of Zn acts asanodeandhencethcva]ueofEOCeuwi]lbeequaltonegativeof
reduction potential of Zn half cell. When the electrochemical cell is formed by connecting half cell of
Cu with standard hydrogen electrode, it acts as the cathode half cell. Hence the positive value of Cu
half cell will be equal to the positive value of reduction potential of half cell of Cu. The values of EOL_ed
and E° , of any electrode are same but the signs are opposite. The negative value of E®_, shows
positive value of Eomi.

B, =-E,
E%\1e2* | Mgrety = —2-36 Vot
B 1M ox) = + 2.36 Volt
E% 2+, = +0.34 Volt

B, 2t = —0.34 Volt




Example 1 : The potential of the following given cell is 2.36 volt at 298 K. Write the equation
for reaction and calculate the reduction potential of magnesium half cell.

© Mg | Mg2*(IM) | H*(IM) | H,, (1 bar) I Pt ®
Solution : Here, electrode of Mg is anode.
Cathode : 2H*(ag) + 2¢" = Hy(g) (Reduction)
Anode : Mg(s) = Mg?*(aq) + 2¢~ (Oxidation)

Cell Reaction : Mg(s) + 2H'(aq) = Mg**(aq) + H,(g)

0 — RO 0
E'can = B'red (Cathode) = B red (Anode)

0 _ go 0
Elcal = EH"'I%]-Iz_ E Vg2t 1Mg

. —_ _ RO
& 236 volt = 00— E Me2* IMg

. RO —
A EMx“IMg =

The standard reduction potential of this half cell E°Mg2+ IMg = —2.36 volt.

Example 2 : The potential of the given following cell is 0.34 volt at 298 K temperature
calculate the standard reduction potential of copper half cell.

—2.36 volt

Opt | H, (1 bar) | H'AM) Il Cu?*(IM) | Cu @
Solution : Here, copper electrode is cathode

— RO 0
EoCel.l_ xed(Cadmde)_Ered(Amde)

. 0 = RO 0
o B = B2t jcq = Bty g,

- 034 Volt = E° 2+ o, — 0.0
o Bt o= 0.34 volt
The standard reduction potential of this half cell E°, 2+, = 0.34 volt and the standard oxidation

potential of this half cell will be E0,, | 2+= —0.34 volt.

It will be understood from the above two examples that reduction potentials of standard reduc-
tion half cells are positive. Their tendency to receive electron is more than that of hydrogen. Hence, if
these half cell electrodes are connected with standard hydrogen gas electrode, they will act as cathode.
As contrast to this, the potentials of standard half cells of standard electrodes are negative, their
tendency to receive electron is less than that of hydrogen. Hence, if the half cells of this type are
constructed, they act as anode.

If, instead of standard hydrogen gas electrode any other standard half cell is used for construction
of cell, then, the half cell having more negative reduction potential will act as cathode. viz. Zn2*(1M) | Zn(s)
and Cu?>*(IM)| Cu(s) half cells are jonied and a complete cell is prepared then, the zinc electrode will
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act as anode and copper electrode will act as cathode, because the value of Eozﬂ2+ |za = —0-76 volt
which is less than the value of the E°Cu2+ ey = 0.34 volt. Thus the complete cell formed is
© Zn(s) 1 Zn2*(IM) Il CuZ*(IM) | Cu(s) ©@ and its standard potential can be calculated.

35

Cathode : Cu?*(aq) + 26~ = Cu(s) (Reduction)
Anode : Zn(s) = Zn’*(ag) + 2¢ (Oxidation)

Cell reaction : Zn(s)+Cu**(ag) = Zn>*(aq)+ Cu(s) (Redox)

Bl = E'reg (cathode) = E’red (Anode)

= B2 100 — Bl iz

=034 — (- 076) =+ 034 + 0.76 = 1.1 volt
emf series

When potential of a cell is measured with reference to standard hydrogen electrode, the potential

of second electrode is known as Eleciro Motive Force which is known in brief as emf. If the values
of the reduction potentials of standard electrodes of the half cells is arranged in the decreasing order,
then the series of the electrodes, formed is called emf series. Earlier importance was given to oxidation
potential. Now, according to SI units importance is given to reduction potentials. The series of standard
reduction electrode potentials based on the values of E"md is given in table 3.1.

Table 3.1 Standard Electrode Potentials at 298 K
Tons are present as aqueous species and H,O as liquid;
gases and solids are shown by g and s

Reaction (Oxidesed form + ne~ - Reduced form) E%V
A FBO® +26 - 2F 2.87

E Co*t + ¢ —  Co?* -g’ 1.81
H,0, + 2H' + 2¢~ - 2H,0 1.78

g MnO,~ + 8H* + Se” —  Mn? + 4H,0 g 1.51
E At + 3¢ - An(s) = 1.40
Eo CL(g) + 2¢” -  2cr E 136
E Cr,0.~ + 14H* + 2&~ - 20+ TH,0 g 1.33
O,(g) + 4H* + 4e” - 2H,0 1.23
MnO,(s) + 4H' + 4e” -  Mo*+ 2H,0 i 1.23
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Increasing strength of oxidising agent

Br, + 2¢”

NO,” + 4H" + 3¢~

2Hg?* + 2¢&”
Agt + &
Fe** +

0,(8) + 2H" + 2¢~

L + 2
Cut + €
Cu?* + 2¢~
AgCl(s) + €~
AgBr(s) + ¢
2H* + 2e¢”
Pb% + 2¢
So** + 2¢”
NiZ* + 2¢~
Fe?* + 2¢
Crt + 3e”
Zn?t + 2¢”
2H,0 + 2~
APY + 3¢
Mg + 2~
Na* + &~
Ca’ + 2e”
Kt + e

Lit + e

N S N I I e S S S e N R N S A

_)

2B~

NO(g) + 2H,0

Hg,?*
Ag(s)

Fe?*

H,0,

2"

Cu(s)

Cu(s)

Ag(s) + CI
Ag(s) + Br~
H,(g)

Ph(s)

Sn(s)

Ni(s)

Fe(s)

Cr(s)

Zn(s)

H,(g) + 20H (aq)

Al(s)
Mg(s)
Na(s)
Ca(s)
K(s)

Li(s)

v

strength of reducing agent

1.09
0.97
0.92
0.80
0.77
0.68
0.54
0.52
0.34
0.22
0.10
0.00
-0.13
- 0.14
-0.25
- 0.44
- 0.74
- 0.76
- 0.83
- 1.66
- 2.36
- 271
- 2.87
-293
- 3.05

®

(&)

A negative E? means that the redox couple is a stronger reducing agent than the H'IH,

couple.

A positive E® means that the redox couple is a weaker reducing agent than the H'IH,

couple.
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The following information can be obtained from the series given in table 3.1.

(1) In this series, the tendency to experience oxidation, tendency to release electron and the
strength as reducing agent increases as we go from above to below.

(2) In this series, the tendency to experience reduction reaction, tendency to accept electron
and strength as oxidising agents increase as we go from below to above.

(3) The standard potential of the complete cell formed by combination of two half cells and
calculating their standard potentials. From this series, the information about which electrode
will be anode and which will be cathode can also be obtained.

(4) If the rods of the metals in this series, which have lower positions are placed in the salutions
of salts of metals having higher position in the series the ion will be replaced as metals by
the metal rods. e.g. The position of Fe is below than the position of Cu in emf series, if Fe
rod is placed in a solution of Cu?* the rod of Fe will transfrom Fe to Fe>* and Cu?* to Cu(s).

Examples 3 : Write the symbolic representation of the cell formed by the use of following
given standard half cells at 298 K. Write the cell reaction and calculate standard potential Eoceu-

(1) B%,2+,,, = — 0.76 Volt (2) E°Ag+, Ag

Solution : The standard reduction potential of zinc being less, it will act as anode. Hence, it
will be written on left hand side in symbolic representation.

= 0.80 Volt

Symbolic representation of cell : © Zn | Zo? (IM) I Ag(IM) | Ag ®
Cathode : 2Ag'(aq) + 2¢ = 2Ag(s) (Reduction)

Anode : Zn(s) = Zn**(aq) + 2¢~ (Oxidation)

Cell reaction : Zn(s) + 2Ag*(ag) = Zn?*(ag) + 2Ag(s) (Redox)

0
- Ered(Anode)

0 _ o

E'can = E'red (Cathode)
_ RO 0
= E'pgtiag — E 2t 1za

(0.80) - (- 0.76)

1.56 volt

In the equation the reaction at the cathode is multiplied by 2, even then the value of Eol,ed
is not multiplied by two because, for the balancing of equation the equation of the half cell is
mmltiplied by two but the definition of standard cell for IM concentration does not change.

Example 4 : Write the symbolic represgentation of cell formed by the given two following half
cells at 298 K. Write the reaction of the cell and calculate its standard potential.

) E“MgzﬂMa = — 2.37 volt Q) E° 2+, = — 0.28 volt

Solution : As the standard reduction potential of magnesium is less, it will act as anode.
Hence, it can be written on left hand side in symbolic representation.

Symbolic representation of cell : © Mg(s) | Mgt (IM) 1| Co**(IM) | Co(s)e

72 Chemistry 12



/_v'—'_\

Cathode : Co*(aq) + 2~ = Co(s) (Reduction)
Anode Mg(s) = Mg**(aq) + 2¢~ (Oxidaction)
Cell reaction : Mg(s) + Co?"(ag) = Mg**(aq) + Co(s)

Eocal = Eomd (Cathode) — Eored (Anode)
= EOCQZ"'ICo - EoMgz"'IMg
= (— 0.28) — (- 2.37) = 2.09 volt

3.6 Nernst Equation

It is not necessary always that the concentration of all the species involved in electrode reaction
should be unity. The potential of the electrochemical cell depends on temperature, concentration of
solutions associated with cell reaction and nature of electrode. Scientist Nernst first of all gave the
equation showing relation between the potential of the electrochemical cell and the concentration of
solutions associated with the reaction. He mentioned that this equation can be deduced on the basis of
principles of thermodynamics.

According to Nernst, in the electrode reaction,

M™(aq) + ne” = M(s)

The electrode potential at any concentration can be measured as the representative of the
standard hydrogen electrode as follows :

RT M
E = EO — —h—
o™t 1M oM IM) oF  [M™]
But taking concentration of solid form M as constant,

E - EO - El 1

E"(MH,M) is already known. R = gas constant (8.314 J K mol™!) and F is Faraday constant
(96500 coulomb mol™!), T = Temperature in Kelvin and [M™*] is the concentration of that form.

We can write the concentrations of Cu?* and Zn?* ions in Daniell cell, in the given electrode

potential.
0 RT, 1
For cathode : B2+, = E 2+ ~ oF m )
o RT, 1
For anode t Bopdtizm = B gn2tizg ~ oF ZnZ'] )
Cell potential : E_, = Eco?*Icey — Bza2* 120
RT 1 RT 1
=E% 2 ——Im——— — B9 o2 + —Ih—
(™ ICu) [CuZ*] @™z T o T Zn?
RT 1 RT 1
0 0
RT . [Zn*]
., =R, - —m 3
Ecey Cell oF " [Cu?] 3)
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It can be said from this that E_; depends on the concentration of Cu?* and Zn?* jons. Its value
increases with increase in concentration of Cu®* and decreases with increase in concentration of Zn**.

Putting the values of R, F and T and converting natural logarithm to the base-10 then, the
equation (3) will be like this.

2, RT
23 RT — 0059

0.059 [Zn?*]
1o,

4
5 {1 [Cup_,,.] 4

Thus, Egy = Eloy —

As same number of electrons(n) are taken for both the electrodes, cell can be shown as above.

In the same way, if we have different electrons for the two electrodes, the cell can be shown
as below :

© Ni(s) | Ni2* Il Ag* | Ag(s) ©
Cell reaction : Ni(s) + 2Ag*(ag) = Ni**(aq) + 2Ag(s)

It can be written according to Nernst equation as follows :

0.059 . [Ni*']
log———
n [Ag”]

Eqy = Bl -
The general equation of electrochemical equation will be like this
aA + bB ne:‘ cC + dD

According to Nernst equation,

Ec‘m=E°c‘=]l _Ehﬂ( Where K = equilibrinm constant
nF

_po_ _ RT_[crfmf
=Bea——h—"—%
oF  [AT*[B]
The potential of non-standard half cells can be calculated by Nernst equation. If we write
Co?* | Co half cell reaction as reduction reaction then it will be, Co?*(aq) + 2¢~ = Co(s).

0.059 Io 1
@¥ico) ~ 1 & [Co?']

_ w0
Bt icoy = E

But if we write Co | Co?* half cell reaction as oxidation reaction, then, it will be
Co(s) = Co?*(aq) + 2¢~

E 2+, = EO 2 log [Co**]

(Col Co?h (ColCo?hy ~
in which the potential expressed is oxidation potential.
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Example 5 : Calculate the cell potential of the following cell as 298 K.

© Zn(s) | Zn?*(0.6 M) Il Cu?*(0.3 M) | Cu(s) ®

E° 2+ = — 0.76 volt, E0

(Za

Solution : Here zinc electrode is anode and copper electrode is cathode. Its standard
electrode potential values are given. On the basis of which EoCell can be calculated.

= 0.34 volt,

| Zn) (Cu?* I ca)

Elcq = Eo(Cu2+ ICu) ~ O(Zn2+ | Zn)
= 0.34 volt — (- 0.76 volt)
=0.34 + 0.76
= 1.10 volt

Cell reaction :

Cathode : Cu?'(aq) + 2¢~ = Cu(s) (Reduction)
Anode : Zn(s) = Zn>*(aq) + 2¢~ (Oxidation)

Zn(s) + Cu**(ag) = Zn**(aqg) + Cu(s)
Here n equal to 2.
0.059 . [Zn?]
- lo

=ER°
Ecen Cell > g [Cu"*]
- 110 — 0.059 log [0.6]
2 [0.3]

1.10 — 0.0295 log 2.0

1.10 — (0.0295) (0.3010)

1.10 — 0.0089 = 1.0911 volt

Example 6 : The following reaction occurs in the cell
Mg(s) + 2Ag*(0.0001M) = Mg2*(0.130M) + 2Ag(s) Calculate By Eocm = 3.17 volt
Solution : The cell can be written like this

© Mg(s) | Mg2*(0.130M) Il Ag*(0.0001M) | Ag(s) &

Cell reaction
Cathode : 2Ag*(ag) + 2e~ = 2Ag(s)
Anode : Mg(s) = Mg?*(aq) + 2

Mg(s) + 2Ag"(ag) = Mg™*(ag) + Ag(s)
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Hence n equal to 2

_ _RT, Mg™]
Ecy = Bl 2F l“[Ag+]2

0.059 Mg?*]
= 3.17 - lo

0.059 [0.130]
log 3
2 (0.0001)

Ecd.l= 3.17 -

= 3.17 — 0.21 = 2.96 volt

3.6.1 Concentration Cell :

If the two electrodes of the electrochemical cell are same but the concentrations of the
solutions of the electrolyte are different, them it is called concentration cell. viz
Cu(s) | Cu®* (C)) Il Cu?* (C,) | Cu(s)

The concentrations of ions change in cell reaction of concentration cell as shown below; which
is the result of redox reaction. The ions of concentrated solution move towards dilute solution and so
this type of cell is called concentration cell.

In this cell for the reaction © Cu(s) | Cu?*(C,) Il Cu*(C,) | Cu(s) ® E%.; = 0.0 volt

Cathode 3 Cu“(C,) + 2 = Cu(s)

Anode : Cu(s) = Cu®*(C,) + 2e~

Cell reaction : Cu?*(C,) = Cu?*(C,)

Generally reduction occurs in concentrated solution and so it will be written on right hand side
and will act as cathode. The cell potential of concentration cell is calculated by the following formula.

B, = Eo&“ _ 0.059 Tog [C]
n [C,]

Here, E°..; = 0.0 volt because both the electrodes are same and the values of their standard
oxidation and reduction potentials are same but the sign is positive or negative and so its sum will be
zero. In both the half cells, concentrations of Cu?* are different, but positive ion is same in the solution.
The values of electrode potentials of anode half cell and cathode half cell are same but of opposite signs.
Hence, E°.,;, = 0.0 volt.

0.059 [C,]

= 0.0 - log
Eean 108 1

Example 7 : The standard reduction potential of Ag* | Ag half cell is 0.80 volt. Calculate the
potential of the following given cell at 298 K.

© Ag(s) | Ag*(0.25M) Il Ag*(0.75M) | Ag(s) ®

Solution :
Cathode : Agt(0.75M) + ¢ = Ag(s) (Reduction)
Anode : Ag(s) = Ag'(0.25M) + € (Oxidation)

Cell reaction : Ag"(0.75M) = Ag* (0.25M)
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It appears from the above equation that when cell is in operation the ions of concentratred
solution move towards the dilute solution. For this cell, Eoceu = 0.0 volt

0.059 [C,]
Boy= Efqy— log
n [C,]
0.059 0.25
= 0.00 - log —— i =1
1 og 575 (Here taking n )

— 0.059 x (10%] = — 0.0592 x (logl-1log3)

= — 0.059 x (— 0.4771) = + 0.0282 volt

Example 8 : The reduction potential of half cell Cu?* | Cu ig 0.34 volt. Calculate the potential
of the given following cell.

© Cu(s) 1 Cu?*(0.1M) Il Cu?*(1IM) | Cugs) ©

Solutoin :

Cathode : Cu*(IM) + 26 = Cu(s) (Reduction)
Anode : Cu(s) = Cu?*(0.1M) + 2¢~ (Oxidation)
Cell reaction : Cu**(IM) = Cu**(0.1M)

(&) )
In concentration cell, the ions of the solution travel towards dilute solution and in concentration
cell Eocm = 0.00.

0.059 [C,]

=B . - log —1

Ecen Cell [C,]
=0.00—M10@ (Here taking n = 2)

2 B0

. 1
= — 0.0295 x log % = - 0.0295 x log —

= — 0.0295 x (—1) = 0.0295 volt

The poteniial of concentration cell is comparatively less. As the ions from the concentration
solution travel towards dilute soultion, there is an effort for equalisation of same concentration of both
the half cells.

If the value of the potential of the cell obtained is negative it is believed that the electrode which
was assumed to be anode is in fact cathode and the electrode which was assumed to be cathode is in
fact anode.

3.7 Some Applications of Cell Potentials

(1) On the basis of the values of cell potential the equilibrium constant of the reaction taking
place in the cell can be calculated.

(2) By construction of proper cell and on the basis of its potential value the pH of acidic
solutions and ionic product of water can be calculated.

(3) Some titrations can be carried out using cell potentials.
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Calculation of Equilibrium constant : Daniell cell (fig.3.1) possesses closed circuit and we
have, noted the following reaction.

Zn(s) + Cu?* (ag) = Zn2*(aq) + Cu(s)

In the cell indicating this reaction, the concentration of Zn** increases and the concentration of
Cu?* decrease with the lapse of time. At this time, the potential of the cell can be read on the voltmeter
ar potentiometer in which the decrease in volt will appear. After some time, we can record that there
is no change in concentrations of Cu?" and Zn?* ions at that time. This situation is the indication of
equilibrium. In this case, Nernst equation can be written as follows :

2303 RT [Zn?*]

Eeyg = EC. _ 1 or
ok F [Cu?*]
0.059 . [Zn?*]
= E%,, - 1
ECau Cell > og [Cu2+]
[Zn™]

But at equilibrium m = K Hence, the above equation can be written for this reaction
(reaction equation) and T = 298 K.

2.303 RT
- Elog= === logKe )

0.059
B0, = —— logKe=L1volt (- B, = 1.1 volt)

_ (L1x2)

log K~ =
ERc =009

= 37.288

At 298 temperature K. = 1.941 x 10°7

Thus, equation (5) shows the relation between standard electrode potential and the equilibrium
constant for the reaction taking place. Thus, it is difficult to measure equilibrium constant; but the
calculation related to E° can be carried out.

Example 9 : Calculate the equilibrium constant of the reaction.
Cu(s) + 2Ag*(aq) = Cu’*(aq) + 2Ag(); E’cy = 0.46 volt

Solution :

0.059
B, = — logKq = 0.46 volt or
log Kg = 238X2 _ 15503

o K =3.92 x 101




Example 10 : The potential of the following given cell i 1.02 volt at 298 K temperature.
Calculate the pH of HCI solution, (E‘)Ag+I ag = 0.80 volt).

© pt | H,a bar) | HCI (xM) Il Ag* (0.01M) | Ag(s) ©

Solution : E'Cy = E® 4 Camodey — Elred (Anode)
= E'ugtiag ~ EO&!*I%HZ)
= 0.80- 0.0
EoCdl = 0.80 volt

Cellreacﬁon:%Hz(g) + Ag*aq) = H'(aq) + Ag(s) Here, n = 1

0.059 M=
=E°_ . — 1
ECe]l Cell n og [ Ag+]

+
1.02 = 0.80 — 0.059 log 2
[0.01]

0.22
0.059

= — log [H'] + (-2.0)

3.729 = pH — 2.0
.. PH = 5.729

Example 11 : The potential of the given following cell is 0.096 volt at 298 K temperature,
Calculate pH of HCI solution ('EO(Sn2+|Sn)= — 0.14 volt)

© Sn1Sn2+(0.05M) Il H*(xM) IH, (1 bar)lPt ®

Solution : o

) 0
cear = Byt 11-[2) — E% e 150)

2
E%, = 0.0— (- 0.14) = 0.14 volt

Cell reaction : Sn(s) + 2H*(aq) = Sn?*(aq) + H,(g); (Here, n = 2).

0.059_  [Sn?*]
=E%.. — log
Eca Cell n H
0.05
~ 0.096 = 0.14 — 0.0295 log %
(H"]
—0.096—-0.14 0.05)
. ————— =—log )
0.0295 H']
—0.044 +
= —log (0.05) +2log[H"]
0.0295 B ) 5
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0.044
0.0295

s — 1.491 = — 1.3010 + 2log [H*]

~ 1491 + 1.3010 = —2log [H']
& 1491 + 1.3010 = 2 x pH

=— 13010+ 2log[H"]

2.792
v, — = H
> p

s pH = 1.396

Example 12 : The potential of the given following cell is 0.53 volt. Calculate the ionic product
Ky of water.

©pt | By bar) | KOH(0.002M) I HCI(0.005M) | Hy(1 bar) | Pt D

Solution :

1
Cathode : HY(0.005M) + e~ =5 H,(1 bar) (reduction)
1
Anode ’ 5 H,(1 bar) = H' (xM) + ¢~ (oxidation)

Cell reaction : H'(0.005 M) = H'(xM)
The change is only in concentrations of H*
*. E% = 0.00 volt in this cell.

The concentration of OH™ in 0.002 M KOH is 0.002 M. In any aqueous solution, existence
of H" and OH™ is there and the product of their concentration is K. Hence, for KOH solution.

[HY][OHT] = K,,, but [OH7] = 0.002 M

.*. [H*] in KOH solution = Kw
(0.002)
E. =E°. _ 0.059 o (Concentration H* in KOH solution)
Cell 1 (Concentration H* in HCI solution)
0.53 = 0.00 — 0.059 o K 70.002

1 & 0.005

0.53 K
92 g ——w | _
0.059 g[0.002><o.005] log Ky, + log (107)

8.983 = — log K, — 5.0
log K, = — 8.983 — 5.0 = — 13.983

. K, = antilog 14,017 = 1.04 x 1074




3.8 Electrolysis

Electrolysis is redox reaction. In electrolysis, electrical energy is transformed to chemical en-
ergy. The apparatus used for this is called electrolytic cell. When electric current is passed through an
aqueous solution of electrolyte or molten electrolyte, by dipping proper electrodes in the solution, this type
of redox reaction resulting from oxidation and reduction reactions at the electrodes, of products are
obtained. The result of this type of redox reaction is known as electrolysis. viz. If few drops or sulphuric
acid are added to distilled water and it is electrolysed with inert electrodes of platinum, dihydrogen gas
is produced at the cathode and dioxygen gas at the anode.

i 1
HZO o0 Electrolysis H2 @ + E 02 @

Similarly, by electrolysis of molten sodium chloride, sodium metal is obtained at the cathode and
dichlorine gas at the anode.

INaCl(f) —Zecwolysis o HNacs) + %Clz(g)

Faraday’s laws of Electrolysis : Scientist Michael Faraday, in 1834, established the following
relations, regarding the amounts of the products obtained by the reaction and the quantity of the
electricity used for it. They are called Faraday’s laws of electrolysis.

(i) First law : The amount of products produced at the electrodes by electrolysis are directly
proportional to the quantity of the electricity passed through the electrolytic cell. If W is the mass of
the product produced and Q is value of the quantity of electricity passed, then W o< Q.

(ii) Second law : If the different electrolytic cells, containing different electrolytes are joined in
series and same quantity of electricity is passed through them, then the amounts of products obtained
at the electrodes are directly proportional to their equivalent weights.

W o Eq, where, W = Mass of product obtained and Eq = Equivalent weight of product.

After the establishment of above Faraday’s laws, in the starting years of the twentieth century,
the knowledge about the electronic configuration of the atom was developed and hence the basic
information about redox reaction could be obtained. During this, the concept of mole was also accepted.
Hence, the modern presentation of Faraday’s law was made as follows:

“The products, obtained at the electrodes by oxidation and reduction half-reactions
have the relation with the moles of the products and stoichiometry of the reaction and the
quantity of electricity.” The explanation of this law can be understood in detail by the following
illustrations.

Na*()) + e — Na(s) or Na*(}) + e — Na(s)

_ 1 _ 1
Mgt () + 2 — Mg(s) or 2 Mg (D + & - EMg(s)

APH()) + 36 — Al(s) or % AR + & o LAle)
3
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This reduction half cells indicate that if 1 mole electrons electric current is passed, 1 mole

1 1
sodium, P mole magnesium and 5 mole aluminium masses will be respectively obtained.

The quantity of electricity passed by 1 mole electrons is called one Faraday. It is expressed as F.
The electric quantity on one electron is 1.602 x 10™!° coulomb
Hence, the electric quantity of one mole of electron ig

1 Faraday (F) = 1.602 x 10719 x 6.022 x 10*? electron mole™!

96487 (= 96500) Coulomb mole™ (electron)
In Coulomb umit, 1 Faraday = 96487 coulombs
But generally 96500 coulombs is accepted for calculations.

If I ampere current is passed through electrolytic cell for t seconds, the quantity of electricity
Q in coulomb units can be calculated by the following equation.

Q =1 x t (1= electric current in amperes, t = time in seconds)

The amounts of substances liberated at the electrodes depend upon the quantity of electricity
passed. If quantity of electricity equal to 1 Faraday is passed then % mole substance will be liberated
at the electrode; where n is the number of moles of electrons associated with the reaction at the

cathode.
Table 3.2 Electricity Quantity and Electrolysis

Sr Reaction occurring Number of Quantity Moles
at the electrode moles of electron | of electricity (F) F
1. Agt(aq) + € — Ag(s) 1 1 1
1
2. Cu**(ag) + 26~ — Cu(s) 2 2 B
1
3, AR + 3¢ > Al(s) 3 3 e
1
4, 2CI (aq) —> CL(g) + 2¢” 2 2 >
1
5. 2H,0() — O,(g) + 4H'(aq) + 4¢ 4 4 Z

The efficiency of the electrolytic cell is not always 100 percent. Hence, the efficiency of
the cell can be calculated by the following formula.

Experimental value of product «

Efficiency of cell (%) = -
Theoretical value of product

100




r

Example 13 : In the electrolysis of aqueous solution of CuCl, copper is deposited on the negative )
electrode and chlorine gas liberated on the positive electrode at 800 K temperature and 1 bar
pressure. How much copper and chlorine gas will be liberated if 2.0 ampere current is passed for
1 hour 2 (F = 96500 Coulomb ) (Cu = 63.5u, Cl = 35.5 u) (R = 0.08314 bar Litre mol™' K™).

Solution : We will calculate the total quantity of electricity passed according to the definition
Q=Ixt

Quantity of electricity = 2 x 60 x 60 = 7200 coulomb

_ 7200
96500

Reaction occurring at cathode : Cu?*(aq) + 2¢~ — Cu(s)
(2 mole) (63.5 gram mole™)

In the above reaction, 2F are associated with 1 mole Cu. Hence, the Cu associated with

= 0075 F

0.075 E.
mole of Cu = 2075 = 0.0375 mole
= 0.0375 x 63.5
= 2.38 gram Cu will be obtained.
Similarly,

At the anode 2CT(aq) — Cl, (g) + 2¢~
ie. 1 mole Cl, gas is associated with 2F quantity of electricity.

Cl, gas associated with 0.075 F quantity of electricity = % = 0.0375 mole

According to simple gas equation. PV = nRT
The volume of Cl, gas at 300 K temperature and 1 bar pressure

_ 0.0375 x0.08314 x 300
1

= 0.9353 litre

Example 14 : How much O, gas will be collected at the anode at 300 K temperature and
1 bar pressure if 2.5 ampere electric current is passed for one hour in electrolysis of aqueous
soultion of Na,SO,. (F = 96500 coulomb) [1 mole gas volume is 22.4 litre at STP].

Solution : 2H,0()) — 4H'(aq) + O,(g) + 4~
1 mole 4F (224 litre at STP)

The volume of liberated O, at 300 K temperature and 1 bar pressure

2.5 x 60 x 60 1 22400 300 1
= — X — X X X -
96500 4 1 273 1
L = 573.93 ml
J
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Example 15 : 2.68 ampere electric curent is passed for 1 hour from the solutions of Hg,(ClO,),,
Hg(ClO,),, CuSO, and AgNO,. How many moles of each metal will be deposited on cathode ?

1
Solution : 5 I-Ig22+ (aq) + e—>Hg()

1. _ 1
3 Hg**(aq) + ¢ — Hg()

%Cu’“‘(aq) +e—>Cu(s)

Ag” (aq) + e —>Ag(s)

As the electrolytes are arranged in the series and same quantity of electricity will pass through
them.

Quantity of electricity = 2.68 x 3600 = 9648

=H =0.09998F = 0.1 F

96500

Thus, 0.1F quantity of electricity will pass through cach electrolyte. Hence, as shown carlier
0.1 mole Hg,?*, 0.05 mole Hg?*, 0.05 mole Cu?* and 0.01 mole Ag* will be reduced to metal
getting deposited on the cathode.

Example 16 : How many grams of Cu and what volume of O, gas will be obtained at 300 K
temperature and 1 bar pressure by passing 10 ampere curent for 193 minutes from an aqueous
solution of CuSO, ? The efficiency of the electrolytic cell is 80% ( Cu = 63.5 u ).

Solution : The quantity of electricity passed = I x t
= 10 x 193 x 60 coulomb
10 x 193 x 60
~ 96500

Chemical reactions :

=12F

Cathode : Cu?*(ag) + 2" — Cu(s)

2F) (1 mole)
Anode : 2H,0() — O, (g) + 4H*(ag) + 4~
(1 mole) (4F)

Acoording to the reaction; by passing 2 Faraday electric current 1 mole Cu and by passing
4 Faraday electric current 1 mole O, gas are produced.

For Cu : when 2 Faraday clectric current is passed 1 mole Cu will be obtained

1.2
When 1.2 Faraday electric current is passed - = 0.6 mole Cu will be obtained.
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Weight of copper = 0.6 x 63.5 = 38.1 gram

As the efficiency of the cell is 80 % so, oL 80 _ 3048 gram Cu will be obtained.

100

For O, gas, when 4 Faraday, electric current is passed 1 mole O, pgas is produced.

When 1.2 Faraday electric current is passed =% = 0.3 mole O, gas will be obtained.
According to simple gas equation, PV = nRT

_ nRT _ 0.3 x0.08314 x 300
P 1

A\ = 7.4826 litre.

As the efficiency of the cell is 80 % so, %ﬁo"so = 5.986 litre

Example 17 : 0.972 gram Ag is obtained by passing 5 ampere electric cureent for 193
seconds through an aqueous solution of silver nitrate (AgNO,) between graphite electrodes,
calculate the efficiency of the eletrolytic cell.

Solution : The quantity of electricity passed = I x t

=5 x 193 = 965 coulomb

_ 5x193
96500

= 0.01 Faraday

Cathode : Ag" (ag) + &~ — Ag(s)

According to the reaction when 1 Faraday of electric current is passed 1 mole Ag is obtained.
So, 0.01 Faraday electric current is passed, 0.01 mole Ag will be obtained.

.~ Weight of Ag = mole of Ag x atomic weight of Ag
= 0.01 mole x 108 g mol~! = 1.08 gram Ag will be obtained

This is the value obtained by calculation and so it is considered as theoretical value. 0.972 gram
Ag ig released in the electrolytic cell during electrolysis. it becomes experimental value.

Efficiency of the cell =Exp tal value x 100

Theoretical value

_0.972x100
1.08

= 90%

The efficiency of the cell is 90%.
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3.9 Products Obtained by Electrolysis

Which products will be obtained by electrolysis of aqueous solutions of salts depend upon the
nature of the electrodes used for it, concentration of solutions and the electromotive force. Some of the
illustrations strenghtening this statement are given below :

3.9.1 Electrolysis of NaCl :

(a) Electrolysis of molten NaCl : Na metal and Cl, gas are obtained on the cathode and
anode respectively when molten NaCl is electrolysed using cathode of stecl and anode of graphite.

Reaction : NaCl(l) > Nat() + CI())
Cathode : Na*(l) + ¢ — Na(s)

Anode (Graphite) : CI'() — % CL(@+ e

(b) Electrolysis of dilute agueous solution of NaCl : When dilute aqueous solution of NaCl
is electrolysed using graphite electrodes, dihydrogen gas at cathode and dioxygen gas at anode are
obtained by net reaction of only electrolysis of water. In dilute solution as concentration of Cl” ion is
less, Hence, dioxygen O, is obtained instead of CL,. Similarly reduction Na*(aq) on cathode being difficult
it is difficult to have its reduction on cathode. Instead of Na, H, gas is obtained by reduction of H,O
and OH (aq) are formed.

Cathode : 2H,0()) +2¢~ — H,(g) + 20H (aq)

Anode : HO0M — %Oz(g) + 2H*(aq) + 2¢

Cell reaction : 2H"(aq) + 20H (ag) — 2H,0()

Net reaction : H,0() — H,(g) + %02(8)

Thus, the electrolysis of dilute aqueous solution of NaCl, in fact is the electrolysis of water.

(¢) Electrolysis of Concentrated Aquecus Solution of NaCl : During the electrolysis of
concentrated aquecus soultion of NaCl between graphite electrodes, takes place by following reaction.
As concentration of CI” is more in concentrated solution of NaCl, CI” ions are oxidised at the anode
instead of H,0 and so Cl, gas is obtained.

Cathode : 2H,0(]) + 26~ — H,(g) + 20H (aq)
Anode : 2CI(ag) = CL(g) + 2¢”

Na'*(aq) ions of the solution does not undergo reduction reaction because reduction of H,O is
easier, H, gas is obtained at the cathode. Thus, by electrolysis of concentrated aqueous solution of NaCl,
Cl, gas is obtained at the cathode and Na* ions of the solution combine with OH™ near the cathode and
gives NaOH.

It is observed from all the above three illustrations, that different products are obtained by
electrolysis of a substance in its different concentrations and also in its molten state.
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3.10 Electrolysis of aqueous solution of Na,SO,

In the electrolysis of dilute aqueous solution of Na,SO, between graphite electrodes, O, gas
is obtained at the anode and H,, gas is obtained at the cathode in the net reaction of electrolysis of water.
Reduction at Na* ion and oxidation of SO42‘ ions being difficult, these ions do not experience the
reaction.

Cathode : 2H,0 () + 2¢” — Hy(g) + 20H ~(aq)
Anode : H,00) —» %Oz(g) + 2H"(aq) + 2¢~

Cell reation : 2H'(ag) + 20H (aq) = 2H,0())

Net reaction

H,0() - Hy(® + %oz(g)

3.11 Electrolysis of aqueous solution of CuSO,

(a) If the electrolysis of aqueous solution of CuSO, between copper electrodes, is carried out,
the copper of anode deposits on the cathode as the net reaction. The copper electrode (anode) being
active, it experiences oxidation reaction during electrolysis.

Cathode (Copper) : Cu?*(aq) +2¢- — Cu(s)

Anode (Copper) : Cu(s) = Cu*(ag)+2e-

Net reaction : Cu(s) (anode) — Cu(s) (cathode)

As the reaction proceeds (cathode) further, the weight of copper anode decreases because the
anode of copper being active produces Cu?* by experiencing oxidation reaction.

Copper metal Cu(s) is deposited at the cathode by experiencing reduction reaction and so weight
of cathode increases. If electrolysis is carried out using impure copper as anode at proper electrical
potential the impuries which do not experience oxidation, remain in the solution. In the metallurgy of
copper, the inert metals like Au, Pt which do not experience oxidation, are released from the anode and
deposited at the bottom of the cell. It is called anode mmd.

(b) If electrolysis of aqueous solution of CuSO, between inert electrodes like graphite or
platinum is carried out, the reactions take place as follows:

Cathode : Cu**(aq) + 2~ — Cu(s)

Anode : H,O() - 2H*(aq) + %Oz(g) + 26"

The oxidation of SO4’" in the solution is difficult in comparison to oxidation of H,0. H,0O
gets oxidised and H*(aq) and O, gas are produced. The reduction take place of Cu?*(aq) ion and
they are removed from the solution. In this electrolysis, copper is deposited on cathode and O, gas
is produced anode and H,SO, is produced in solution.

Electrolysis being very important reaction, production of metals like Na, Ag, Al and production
of NaOH, KOH and refining (purification) of metals like Cu, Ag, Au are carried out by electrolysis.
Electrolysis-reaction is also used in electroplating of metals.

Electrochemistry 87



3.12 Gibbs’ Free Energy amd Cell Potential

You have necessary information about Gibbs’ free energy in thermodynamics. You have studied
in detail that for spontaneous reactions the free energy of the system decreases that means the change
in free energy becomes negative. For the electrochemical cells, when electrodes are comnected the
chemical reactions occur spontancously and 50 the value of AG is negative. If the potential of the cell
is B, and if n Faraday electricity is obtained from the cell then, AG = —nFE_,

where F is Faraday constant. The above equation for a standard cell can be written like this
AG® = —nFE’;

If the evolved electrical energy is completely transformed into electrical work then,
AG = Wyertricn = — DFEqy

Thus, change in free energy is equivalent to electrical work.

Example 18 : The electric current is produced in an electrochemical cell by the given
following reaction.
Fe(s) + Cu?*(ag) » Fe**(aq) + Cu(s)

If 0.85 Faraday electricity is obtained from standard cell, then what maximum work can be
done 7 The value of potential of this standard cell is 0.78 volt.

Solution : Maximum electrical work AG? = W,_. . = — nFE’
= — 0.85 x 96500 x 0.78
= — 63979.50 volt coulmbous
= — 6.398 x 10* joules (1 volt coulmbous = 1 joule)

The equilibrium constant of a cell reaction can be calculated on the basis of value of cell
potential. For this we will see the following example.

Example 19 : Calculate the equilibrium constant and free energy change of given following
reaction for Daniell cell at 298 K temperature.

Zn(s) + Cu¥*(aq) = Zn?**(aq) + Cu(s)
Cell potential = 1.1 volt ( F = 96500 coulomb)
Solution : For this reaction n = 2,

AGl = — nFEooﬂl = — RTinK = — 2.303RTlogK
log K = —nFEOCen
2.303RT
_ 2%96500x 1.1
2.303 x 8.314 x 298

log K = 37.2074
K = 1.61 x 10*7

AG° = — nFE’; = — 2 x 96500 x 1.1 volt coulomb
= — 212300.0 joule = — 2.123 x 10° joule
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3.13 Difference between Electrochemical Cell and Electrolytic Cell
The difference between electrochemical cell and electrolytic cell can be understood by the

following points :
Electrochemical cell Electrolytic cell

(1) Chemical energy is transformed to (1) Electrical energy is transformed to chemical
electrical energy in this cell. energy in this cell.

(2) Electrical energy is produced by sponta- | (2) Redox reaction takes place by supplying
neous redox reaction electrical energy does not take place on its own.

(3) Two electrodes are generally in two (3) Both the electrodes are dipped in the same
different vessels containing solutions. vessel containing solution of electrolytes or

molten salts.

(4) The electrode on which reduction occurs | (4) The electrode which is connected to the positive
is called cathode and the electrode on electrode of battery is called anode and
which oxidation occurs is called anode. oxidation takes place there and similarly the

electrode comnected to the negative electrode
of the battery is called cathode and reduction
takes place there.

(5) Salt bridge is required in construction of | (5) Salt bridge is not required in the construction
this cell. of this cell.

(6) e.g. Daniell cell, Galvanic cell, storage cell (6) e. g. Electroplating, Electrorefining

3.14 Electrolysis for Industrial Products
As shown in the table 3.3, important chemicals are obtained at the cathode and anode

Sr. Electrolyte Cathode Anode
1. NaCl (Molten) Na q,
2. NaCl (concentrated solution) H,, NaOH in solution Cl,
3. NaCl (dilute solution) H, 0o,
4. ALO, Al 0,, COo,
5. KHF, in anhydrous HF H, F,

3.15 Electrical Conduction
Substances are of two types-solid or liquid from electrical conduction point of view.
Solid or liquid substances which conduct electric current are called conducting substances and
from which the electric current does not conduct are called insulators.
Generally, two types of conducting substances are available (1) Metallic conductors and
(2) Conduction of electricity through solutions of clectrolytes.

(1) Metallic conductors : Metals and alloys are electric conductors. The conduction of
electricity through them is due to the delocalised electrons in the outer orbit of the atoms of metals.
There is no chemical change in the substance during electrical conduction but in physical change, the
temperature increases.
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(2) Conduction of electricity through solution of electrolytes : The substances which
release ions in water by ionisation are called electrolyte substances and such solutions are called
elecirolytic solutions. If electric current is passed through aqueous solutions of acid, base as well as salts,
the electrcial conduction takes place through ions. It is necessary to know the concept of electrical
resistance to understand the electrical conduction in electrolytic substances.

Less proportion of conduction of electricity occurs due the resistance of the ions present in the
solutions of electrolytes. If more is the resistance by ions, less will be the conduction of electricity and
lesser the resistance by ions, more will be the conduction of electricity. The electrical resistance is
expressed by R and is measured by Wheatstone bridge.

The registance of a uniform conductor i directly proportional to its length (I) and inversely
proportions to its arca of cross section (A)

RaL
A

R=p% where, R = Resitance, A = Area of cross section, I = length, p = proportionality

constant.

The proportionality constant (p) is called resistivity or specific resistance. The SI unit of resistivity
is ohm meter (2 m) but mostly ohm cm (2 cm) unit is used.

3.16 Resistivity (Specific Resistance)

The resistance of a conductor having one meter length and one square meter of unit cross
sectional area is called its resitance (specific resistance).

l1Qmeter =100 Q cmor 1 Qcm =001 Qm
Conductivity : The inverse of resistance R is called conductivity G

1 A A
G=—=— =K— where :K:l K=G-L
R pl l p A
The SI unit of conductivity is Siemens which is expressed as S. It is expressed as ochm™ or
Q™! or mho or U.

Specific conductivity : The inverse of resistivity is called specific conductivity. It is accepted
by IUPAC that specific conductivity be accepted as conductivity. Hence, the word conductivity is used

instead of specific conductivity. The value of % in the formula of conductivity is the cell constant of

the apparatus used to measure conductivity. Its value can be determined from % or in chemistry, by

using a solution of KCl of known concentration. Its value is determined at the experimental temperature
by measuring its conductivity and obtaining its value from literature. The obtained conductivity G is
multiplied by cell constant and so specific conductivity is obtained which is expressed as K from the
Greek word kappa.

Specific conductivity K = observed conductivity G x cell constant

The ST unit of specific conductivity is S m™ or S cm™. The conductivity of the conductor having
unit length of 1 meter and unit area of cross section 1 square meter is S m™'. 1 Sem™' = 0.01 Sm™.
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Table 3.4 The values of conductivity by of some selected materials at 298.15 K

Material Conductivity § m™! Material Conductivity S m™
Conductors Aqueouns-solutions
Sodium 2.1 x 10° Pure water 3.5 x 1075
Copper 5.9 x 10° 0.1 M HCl 391
Silver 6.2 x 10° 0.1 M KC1 0.14
Gold 45 x 10° 0.1 M NaCl 0.12
Iron 1.0 x 10° 0.1 M CH,COOH 0.047
Graphite 1.2 x 10 0.01 M CH,COOH 0.016
Insulator Semiconductors
Glass 1.0 % 10716 CuO 1 x 1077
Teflon 1.0 % 10718 Si 1.5 x 1072
Ge 2.0

It is clear from the above table, that the values of conductivities of different substances have
very large difference. This depends on the characteristics of substance; temperature, pressure are also
the factors affecting the measurement of conductivity.

The classification of conducting substances is carried out on the basis of the magnitude of their
conductivity values, as follows :

(1) Good conductors : As the conductivitics of metals and alloys are more, they are called
good conductors. Some non metallic substances like graphite, organic polymets are also good conductors.

(2) Insulators : The conductivity of glass and ceramic substances is in very less proportion and
so they are called insulators.

(3) Semiconductors : The values of conductivities of the substances, which are in between the
values of good conductors and insulators are kmown as semiconductors. Silicon, germanium, gallium
arsenide etc. are semiconductors.

The resistivities of some substances are zero and their conductivities are extremely high. They
are called superconductors. Earlier metals and alloys were considered superconductors at low temperature
(0 to 15 K) but many ceramic susbtances and mixed oxides are known as superconductors at higher
temperature (150 K).

The conduction of electricity through metals is called metallic or electronic conduction. It occurs
due to migraton of electrons. The electronic conductivity depends on the following factors :

(1) Structure of metal and its characteristics.

(2) The number of electrons in the valence shell of atoms of metal.

(3) The electrical conductivity of metal decreases with increase in temperature.
There is no change in the structure of the metal during electrical conduction.
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3.17 Ionic Mobility

The proportion of hydrogen and hydroxyl ions in water is very less, 1077 M. Because of this, water
is known as bad conductor of electricity (conducitivity = 3.5 x 107° § m™).

When electrolyte is digsolved in water, the conductivity of solution increases due to ionisation
of the electrolyte in water. The conductivity of the solution is mostly due to the ions present in the
solution. This type of conductivity is called ionic conductivity. The dependence of ions conductivity is on
the following factors :

e Nature of the added electrolyte

® The size of the ions produced and their hydration.
® The nature of the solvent and its viscosity

@ Conceniration of electrolyte

@ Temperature

In the ionic solutions, when electric current is passed, electrochemical reactions take place and
the structure of solution changes.

Molar conductivity : The solutions of different electrolytes in the same solvent have different
conductivities at the same temperature. The reason for this is the size of ions produced and the electrical
charge on the ions. The migration of ions under the effect of concentration of electrolyte and electrical
pressure are responsible for different conductivities. So it is more meaningful to express the conductivi-
ties of these solutions as molar conductivities.

Molar conductivity is expressed as A (Greek alphabet lambda).

K x 1000
C

where, K = (Kappa) specific conductivity, C = Concentration if solution in unit of molarity.

The unit of molar conductivity is mho cm? mol™!. If the concentration of solution is taken in
normality or gram equivalent weight, then the unit will be mho cm? gm eq”!.

The changes in conductivity of the solution with changes in its concentration : If there
is change in concentration of electrolyte dissolved in solution then its conductivity as well as molar
conductivity changes. In both weak and strong electrolytes the conductivity increase with decreases in
concentration of solution. With the decrease in concentration of solution, the number of ioms in unit
volume carrying electric charge increases. It is clear from this fact that the conductivity of solution
increases.

Molar conductivity A =

The electrical conduction by the solution of electrolyte a given concentration having unit volume,
between two platinum electrodes possessing unit cross section and at a distance of unit length is called
conductivity of solution.

The above fact will be clear from the following formula.

G=%=K,TakingtheunitsAa.ndlintheunitmcta‘orcm

Thus, the conductivity of V volume having 1 mole electrolyte solution between two electrodes
possessing unit cross section and at a distance of unit length is called mwolar conductivity,
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KA
A = - = K { =1 and A = V (volume of solution of electrolyte)

If the total volume V of a solution of 1 mole electrolyte is increased, the concentration of the
solution decreases and so the molar conductivity increases. When the value of concentration becomes
about zero i.e. at infinite dilution the molar conductivity is called limiting molar conductivity or molar
conductivity at infinite dilution. Limiting molar conductivity is expressed as /o\m and gives different
proportions of ions which may be more or less. Hence, one which gives more ionis will show more
conductivity. It is called strong electrolyte viz. Aqueous solutons of NaCl, KCl, MgCl,, KNO,. If an
electrolyte ionises less in aqueous solution and gives less number of ions and therefore shows less
conductivity is called weak electrolyte e.g. Aqueous solutions of CH,COOH, NH,OH, HCN.

Conductivity of strong electrolytes : There is increase in the value of A of a strong

electrolyte on dilution of its solution.
0 1

Ay = Am—AC? .

If a graph of values of A_ against C2 is plotted,
a straight line is obtained. The intercept of this graph will
be the value of /o\m and the value of the slope will be A.
The value of A depends on the type electrolyte (its
dissociation into positive ion and negative ion), given solvent
and temperature. NaCl, KCl, CaCl, and MgCl, are strong

Ay (Sem? mol™l)

electrolyes having 1:1, 1:1, 2:1, and 2:1 type valencies. KCl1
The values A are same for all the same type of electrolytes. CH,COOH
Conductivity of weak electrolytes : The study c? (womit™y*

of changes in conductivity with dilution was carried out
by scientist Ostwald. It was found that the conductivity of weak clectrolyte increases more with dilution.
This type of study is known as Ostwald’s law of dilution.

The degree of dissociation is very less for such weak clectrolyte like acetic acid having more
concentration. When a solution of such electrolytes having 1 mole electrolyte is diluted, and with that
volume increases and with that the degree of dissociation increases. As a result the number of ions
increases and molar conductivity (A_) also increaes. It is clear from the graph that the molar

0
conductivity at infinite dilution increases in the form of a curve when the graph of A, for such solutions
is extrapolated towards X-axis, The value of limiting molar conductivity at infinite dilution (almost
zero concentration) is not obtained.

The values of limiting molar conductivity at such electrolytes can be obtained by Kohlrausch's
law of independent migration.
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The value of degree of digsociation for such an electrolyte at the given concentratin will be as

below :

Molar conductivity of the solution of a given concentration A
0
Molar conductivity of the solution at infinite ditution Am

Degree of dissociation (o) =

Ca’”
(1-o)
C = concentration of solution, o = degree of dissociation of weak electrolyte

We know that, K = where, K = Dissociation constant of weak electrolyte,

2 2
_ C An _ C A
0

)
/\m /\m_ /\m

1 - Im

Am

Example 20 : The conductivity of 0.001028 mole litre™ acetic acid is 4.95 x 1075 S cm™., If the
limiting molar conductivity of acetic acid is 390.5 S cm?mol™! calculate dissociation constant.

K 495x107°Sem™ 1000 cm®
Solution : A =— = x

= = 0001028 L =48.15 S cm? mol~!
.| mo!

48.15 S ecm? mol ™!
u=/(}_m= Cm2m0 1 =0.1233
390.5 S cm” mol

Am
K - Ca’ _ 0.001028 mol L™' x (0.1233)°
¢ 1-a 1—0.1233

K, = 1.78 x 10~° mol L™!

3.18 Kohlrausch’s law of Independent migration of Ions

The value of molar conductivity (A ) for different electrolytes can be obtained. In addition, the
values of molar conductance (A,) will also change with change in concentration. It is found from the
study that a straight line graph is obtainead for the molar conductivity (A ) at different concentrations
of the strong electrolyte like KCIl. In this graph, the value of limiting, molar conductivity extended to zero

o
concentration (infinite dilution), the intercept is obtained or molar conductivity (Am ) at infinite dilution

will be obtained. But for weak electrolyte like CH,COOH the graph of molar conductivity at different
dilutions of weak electrolyte does not give straight line but a curve. So their intercepts obtained are not
correct and the true values of molar conductivity at infinite dilution cannot be obtained.

0
Scientist Kohlrausch studied the Am values of some strong electrolytes. He observed some

0
characteristics viz. The difference between the value of Am of two strong electrolyte like NaX and KX
( X =C], Br, I) was found to be same. e.g.,
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0 0 0 0 0 (V]
Am KCl—Am NaCl= Am KBr —Am NaBr=Am KI —Am Nal = 23.4 mho cm’ mol!

o 0 0 o o i
Similarly, Am NaBr —Am NaCl= Am KBr —Am KCl=1.8mho cm? mol%,

It can be concluded from this study, that the molar conductivity of a strong ionic electrolyte is

equal to the sum of the molar ionic conductivity of the positive ion and the molar ionic conductivity of
0 0 0
negative ion. Am NaCl = Am Na*+Am C[”

If the electrolyte gives v, and v_ jons due to dissociation, then their molar conductances, can

0 0 0
be written as Am =V, Am* + V_ An— (Where, £m+ and ;)Lm— respectively are ionic molar conductivity

of positive and negative ion.)
From this, Kohlrausch’s law can be written as follows. “The molar conductivity of an electrolyte

o
at infinite dilution Am is the sum of the values of the molar conductivities of positive ion and
0 0
negative ion present in them i,+and 3. ”.

In the use of Kohlrausch’s law, the molar conductivity at infinite dilution for a weak. electrolyte
can be obtained by adding of subtracting the values of molar conductivities at infinite dilution of the
solutions of proper strong electrolytes. This will be clear from the following example.

Suppose the molar conductivity of weak electrolyte CH,COOH is to be determined, then it can
be obtained by determining molar conductivities of strong electrolytes like CH,COONa, HCl and NaCl,
then computing.

o 0 0 0
Am CH,COOH = Am CH;COONa + Am HCl—Am NaCl
According to Kohlrausch law,

0 0 0 0 0 0 0
Am CH3C00H = Am CH3COO_ + Am N8.+ + Am H'+ Am CI — (Km Na+ + Am CI” )
0 _ 0 0 0 I ) 0 _
= Am CH3COO + Am N8.+ + Am H++ AmCl —2Am Na+ —Am Cl

0 0 _ 0
Am CH4COOH = Am CH;COO + Am H*

Table 3.5 Limiting molar conductivity for some ions in water at 298 K

jon A (S cm’moal ) fon ) (S cm®mol 1)
H* 349.6 OH~ 199.1
Na* 50.1 cr 76.3
Ca?t 119.0 CH,CO0™ 40.9
Br- 78.1
Mg2* 106.0 s0?%- 160.0
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Example 21 : Calculate the limiting molar conductivities of CaCl, and MgSO,

Ion Limiting molar conductivity S an’?mel™!
Ca?t 119.0
Mg?* 106.0
so2" 160.0
ClI- 76.3

Solution : According to Kohlrausch’s law,

o 0o
ACa%" +21CI
119 + 2 (76.3)
271.6 S cm? mol™!

@ AmCaCl,

.. 0 0 N o .
() AmMgSO, = AMg**+ 2SO~
= 106.0 + 160.0

= 266.0 S cm? mol™!

Example 22 : If the values of limiting molar conductivities of NaCl, HCI, and CH;COONa
are 126.4, 425.9 and 91.0 S cm? mol™! respectively, then calculate the limiting molar conductivity
of acetic acid.

. 0 0 0
Solution : An CH,COOH = AH*+ ACH,COO"

0 0 0 [} 0 0
= AH"+ ACl” + ACH,COO0™ + ANz*— ACI - ANa®

0 0 0
= Am HCl+ Am CH3COONa —Am NaCl

= (425.9 + 91.0 — 126.4)= 390.5 S cm?mol™!

3.19 Batteries
Commercial cells and Fuel cells :

Any battery is a source for obtaining electric current. In a cell (battery) the chemical energy
obtained by chemical reaction in it, is transformed to electrical energy.

Dry cell, Ni-Cd storage cell, lead storage cell, fuel cell etc. are included in the cells for industrial
use. It can be divided into two types. (1) Primary cell and (ii) Secondary cell.

(1) Primary cell : The cell which is dead after a long use and which cannot be regenerated
i.e. which cannot be reproduced, is called primary cell. e.g. Dry cell.
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(2) Secomdary cell : The cell which can be
regeneratacd or reproduced is called secomdary cell.
e.g. lead storage cell and Ni-Cd storage cell.

3.19.1 Dry cell : This type of dry cell or primary
cell was first of all prepared by French Scientist Lechlanche
in 1867. Hence, it is also called Leclanche cell,

In thig cell, there is a thin porous layer of paper on
inner side of a cylinder of zinc metal, closed at the bottom.
In this cyliner, graphite rod is placed in the centre so that it
does not touch the bottom and small amount of mixture of

<— Seal

graphite
cathode

——MnO, + C
Paste of
— NELC] +
ZnCl)

Zinc anode

MnO, and carbon is filled, the remaining part is filled with
a paste of the mixture of NH,Cl and ZnCl, and the mouth

Fig. 33 Dry cell

of the cyliner is sealed with a special type of wax in a such a way that graphite rod is slightly outside.
The insulating layer of thick paper is applied on the outer part of the cylinder (Fig. 3.3)

When the cylinder of zinc and the rod of graphite are connected
by a conducting wire, zinc acts as anode and the rod of graphite in the
contact of MnO, acts as a cathode. The reactions occurring at these
electrodes are as follows :

Reaction at cathode :2MnO,+ 2NH} +2e~ — Mn,0;+2NH, + H,0

Reaction at anode : Zn(s) > Zn>'(aqg) + 26

In fact, the product-containing manganese-obtained depends on
the time of continuous use and the interval between times of the two
uses. The potential of this cell is about 1.5 volt. Here oxidation of Mn (III)
to Mn (IV) can not be possible by reversing the direction of the current
and so, once this cell is dead means has become useless, it
cannot be regenerated or reproduced. Hence this cell is known as primary
cell. Dry cell is not really dry becaue wet paste of NH,Cl and ZnCl, is
filled in it. If this cell is completely dry, then the electric current cannot
pass throught it. To obtain more voltage, two or more cells are
joined in series and more voltage can be obtained; so dry cell is
used in torch, transistor, radio and other big or small electronic
devices.

Mercury cell : Mercury cell is a systematic device to
produce low electric current. It is used mostly in hearing aids,
watches etc. In this cell layer of zinc-mercury (Zn-Hg) is in the
form of anode and paste of mercuric oxide and carbon is as
cathode. In it, electrical paste filled is prepared from KOH and
Zn0. The reactions occurring at the electrode in this cell are as
under :

Carbon rod (Cathode)
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Reaction at cathode : HgO + H,0O + 2¢~ — Hg(l) + 20H™

Reaction at anode : Zn(Hg) + 20H™ — ZnO(s) + H,0 + 2¢

The complete equation of these reactions is as follows :

Zn(Hg) + HgO —» 7ZnO(s) + Hg()

The cell potential of this cell is about 1.35 volt and during the whole life of this cell, no ions are
produced in the complete reaction.

3.19.2 Secondary cells : The cells which can be regenerated or reproduced are called sec-
ondary cells. Lead storage cell and Ni-Cd storage cells are secondary cells.

Lead storage cell : When two or more cells are joined in series to obtain more voltage which
can be recharged are called storage cells.

In the construction of this cell, sponge like lead plate and thin plate of lead on which layer of
PbO, is applied are dipped in 38 % (W/W) concentration sulphuric acid containg vessel. When these
two plates are connected by conducting wire the following discharging reactions take place and electric
current is produced.

Reaction at cathode : PbO,(s) + aut (aqQ) + SOﬁ_ (ag) + 26 —>PbSO,(s) + 2H,O()

Reaction of anode : Pbs)+SO2 (aq) —> PbSO,(s) + 26

Anode Cathode

Pb plate Pb02
h\‘ r—

/ ﬂ./HQ SO,
NS 2/

Fig. 3.6 Lead storage battery

PbSO, produced here remains stuck to the surface of the electrodes. The cell potential of this
cell is about 2 volt. When the cell is in operation the density of sulphuric acid solution in reaction
decreases. In the beginning the density of the solution is 1.25-1.30 gmml™! but when cell stops
producing electric current, the density of the solution decreases and becomes 1.10-1.15 gm mI™2, If the
cell is joined to a high electrical voltage containing any cell and passing the electric curent in opposite
direction, the reverse reactions take place on the electrodes and the cell becomes capable to produce
electric current again. Even then, the efficiency of the method to regenerate is not 100 %. Hence, at
intervals, solution of H,SO, containing 38% (W/W) concentration is to be added. After a long time use,
this cell becomes useless. The charging reactions taking place in lead storage cell are as follows :
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Cathode : PbSO,(s) + 26~ — Pb(s) + SO2 (aq)
Anode : PbSO,(s) + 2H,0() — PbO,(s) + 4H*(aq) + SO? (ag) + 2&~

If in one vessel of lead storage cell more than one anodes and cathodes are dipped in the vessel
containing solution and joining them in series, more than 2.0 volt potential can be obtained. In the car
battery, six cells are joined and 12 volts can be obtained. 22 to 24 volt electric current can be obtained
by combining 11 to 12 cells in series.

Ni-Cd storage cell : Nickel-cadmium cell is important as a secondary cell like the lead
storage cell. Its life is more than that of lead storage cell but its production is very cosily. There are
charging and discharging reactions in the method of working of this cell. The complete reaction of
discharging is as follows.

Cd(s) + 2Ni(OH),(s) — CdO(s) + 2Ni(OH),(s) + H,O0(?)

3.19.3 Fuel cell : The cell which can transform the
energy obtained by combustion of fuels like H,, CO or methane,
into electrical energy in only one step is called fuel cell. When
hydrogen is oxidised large amount of energy is produced in the
form of heat.

H,(g) + O,(g) — 2H,0() + 571.70 kJ

We know that when fuel is combusted, heat is produced.
In the thermal power stations like Sabarmati, Gandahinagar,
Dhuvaran, Vanakbori, etc. mainly mineral coal is used as the
fuel and water is transformed into steam by this produced beat.
Electricity is produced by using this steam using turbine.
Maximum 35% of this combustion energy is converted to elecirical energy that is, its working efficiency
is mmch less. But, if the energy produced by combustion reaction is directly obtained in the form of
electrical energy, then the wastage of energy can be decreased. This purpose is achieved in fuel cell.
Different types of fuels can be used in fuel cell. First of all, the fisel cell was presented by scientist
Bacon.

Fig. 3.7 Ni-Cd Storage battery

H,0
Hydrogen Fuel cell : The simple understanding of a Anode T Cathode

fuel cell using hydrogen as fuel is given in fig 3.8. In a vessel, \ /
two porous carbon membrancs are arranged and concentrated /—/etm“y;

aqueous solution of NaOH is filled between them. This
membranes work as inert electrodes. Platinum is used for
electrode acting as anode and mixed powder of paltimum and
silver oxide is used as a catalyst in the electrode which acts as
cathode. On passing hydrogen gas from anode and oxygen gas
from cathode, the reactions take place at the electrodes and
electric current is produced. Fig. 3.8 Fuel cell

Hy = — O
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Cathode : 0,(g) + 2H,0()) + 46" — 40H (ag)

Anode : 2H, (g) + 40H ™ (aq) — 4H,0(0) + 46
Cell reaction : 2H,(g) + O, (g) = 2H,0()) +571.7 kJ

Theoretically the efficiency for the production of electricity by this type of cell can be expected
to be 100% but, really, the efficiency obtained is about 70 - 75%. The potential of this cell is about
1.23 volt.

Advantages : There are number of advantages of fuel cell in comparison to other cells. Air
is not polluted by fuel cell. Also, it does mot create sound and possesses very high efficiency in
comparison to electricity produced by thermal power stations. This type of cell was used in space
shuttle programme Appolo carried out by American scientist. In addition, the vapour of water obtained
during cell reaction was cooled and was used for drinking purpose. In foreign countries, the use of such
fuel cells is increasing,

3.20 Corrosion

Some metals are slowly corroded in contact with air or the rust forms on iron. Green coloured
salt produced on the vessels of copper and brass. The lustre of silver also fades. The reason for this is
the chemical reaction between the surface of the metals and oxygen. The real reactions are mostly
complicated. Even then, here we shall study the reaction with iron by the following illustration :

A Oy 453
Rust (F6203) \+ f é
ode

Cath - Anode
w
0,(® + 4H'(ag) + 46~ —> 2H,00)
Fe(s) = Fe?* (ag) + 2¢
Iron

Fig. 3.9 Reaction of corrogion of iron

The arrangement of atoms can never be systemetic in the rod or vessel of iron viz. In the rod,
where there is a bent, its structures in a trace proportions will not be systematic. In addition, its crystal
lattice is also defective. Also, there are impurities of other metals like copper is present in iron in trace
proportions.

This microscopic surface being active, the atoms on the surface lose electrons easily and get
transformed into positive ions. Hence, the atoms of iron near the bent on the surface of iron oxidation
reaction occurs.

Fe(s) = Fe**(aq) + 26~

The molecules of water required for this reaction to occur, are available from moisture of air.
Hence, the surface near the bent acts as anode. The flow of the electrons produced takes place through
the rod of iron and will reach to that point on the surface where oxygen of the air will carry out reduction
reaction in presence of H*. This point acts as cathode because following reaction takes place.
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0,(g) + 4H*(ag) + 4¢~ — 2H,0(]) (reduction)

H* required for this reaction can also be available from dissociatoin of H,CO, produced by
dissolution of carbon dioxide in water on the surface of the iron rod. Thus, one type of electorochemical
cell is formed on the surface of the iron rod and it acts as anode. The formation of rust starts from this
point. Fe?* ions produced by oxidation are oxidised to Fe** ions by the oxygen of the air which diffuses
towards the cathode and finally Fe,0,. xH,O is formed. If H" are not available then oxygen dissolved
in moisture get reduce by electrons.

0,(g) + 2H,0(0) + 46— 40H ~(aq)

Methods of prevention of Corrosion : Iron is an important metal industrially and in different
transportation devices. A huge loss occurs in the world due to corrosion. Hence, one of the methods
to prevent is that the moisture should not be allowed to have contact with the surface. This purpose is
achieved by applying layer of zinc on iron. This iron is called galvanised iron. In case, if the layer of
zinc from the surface of the galvanised iron is removed. even then iron does not get rusted; because
the value of E%g, .2+ is more than that of E% , 2+. Hence, the atoms of zinc diffuses on the open
surface of iron.

In the other method of prevention of corrosion, it is the combination of metals like Mg or Zn
havinghighervalucsofE"m with the sheets of iron and buried under the soil. To prevent the iron plates
of steamers. being corroded; they are connected with iron plates and then allowed to come in contact
with sea water. By doing so, the plate of iron acts as cathode, and blocks of Mg or Zn as anode. These
blocks are continuously corroded and so are to be replaced at intervals. Such blocks of Mg or Zn act
as anode. These block are continuously corroded and so are sacrificial anodes.

In addition, to apply wax, to paint and use some chemical substances called inhibitors are used.
By using them there is no direct contact of gases present in air with the surface of the metal. As a
result chemical reaction does not occur and so corrosion is prevented.

SUMMARY
® The reaction taking place in electrochemical cell is a redox reaction.

® In electrochemical cell, chemical energy is transformed to electrical energy and produce
electrical energy.

:pg

Electrochemical cell is known as voltaic or galvanic cell.

® The salt bridge functions to connect the two solutions and to maintain electrical neutrality
of solutions.

® The symbolic representation of chemical reaction Zn(s) + Cu?*(aq) = Zr?*(aq) + Cu(s) is
expressed as follows eZn(s) | Zn?*(IM) Il Cu?*(IM) | Cu(s) ® where one vertical line |
indicates the electrode and two vertical lines Il indicate the salt bridge.
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® The types of electrodes are (i) Active electrodes of metal (ii) Inert electrodes (iii) Gaseous
electrodes. The combined system consisting of clectrode and the solution in which it is
dipped is jointly known as half cell. The representation of half cell is made by putting

a vertical line between the electrode and the formula of the active ions.
e.g. Zn(s) | Zn>*(aq); Fe(s) | Fe**(aq).

[ ]

The representation of gaseous electrode is made by inert metal, formula of gas and the
formula of active ions e.g. Pt | H,(g) (1 bar) | H*(aq).

® Standard hydrogen electrode acts as a reference half cell. Its standard potential is accepted
as 0.0 volt. The values of standard potential of unknown electrodes are determined with
the help of H-electrode.

Electrochemical cell is a device to convert chemical energy to electrical energy.

® The flow of electrons, when two electrodes are combined, obtained on the basis of chemical
reaction under the evolved clectromotive force is from anode to cathode in the external
circuit. This electromotive force is called cell potential E. ;.

® If the cell is standard one, than the cell potential is expressedasE%aﬂ. Potentiometer is used
to determine the correct potential of the cell.

® Cell potential E,; = Reduction potential of E., .. — Reduction potential of E, .
B’ = Standard potential of B, .. — Standard potential of E,, .

When the potential of the electrical cell is determined with reference to hydrogen electrode,
then it is known as electromotive force (emf).

0.059 [C,]
log
n [C,]

Nernst equation By = E0q — where the value 0.059 is the value of

2303RT .t 298 K temperature, (R = 8.314 JK~' mol™%) and F = 96500 coulomb.

® With the help of the Nernst equation, K equilibrium constant, pH, K, (ionic product of
water) can be determined.

v

Even if the anode and cathode may be of same electrode, but if the concentrations of the
solutions of their salts are different, electrochemical cell is formed which is called concen-
tration cell. e.g. © Fe(s) | Be?* (0.6M) Il Ee?* (0.8M) | Fe(s) © is a concentration cell.

® Electrolytic cell is the cell of opposite type of electrochemical cell. In the electrolytic cell
the electrical energy is transformed to chemical energy. During electrolysis of acidic water,
hydrogen gas is obtained at the cathode and oxygen gas is obtained at the anode.

® The modern law as proposed after the first and second law of electrolysis by Michael
Faraday. “The number of moles of products obtained at the electrodes by axidation and reduction
half reacations, is related with the electrical quantity passing through cell according to their
stoichiometry.”
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@ The quantity of electricity flowing by one mole electrons is called one Faraday which is
expressed by the symbol F. 1 Faraday (F) = 96487 =~ 96500 coulomb.

For clectric charge (Q) = electric current (I) x time (t)

=, Ixt
96500

The products obtained by electrolysis,
@ Viz. Na metal and Cl, gas are obtained by electrolysis of molten NaCl.

@ In clectrolysis of concentrated NaCl between graphite electrodes, CL, gas is obtained and
NaOH can be obtained in solution which is industrial production of NaOH.
® Impure metal is taken as anode and the electrolysis is carried out in the solution of salt of

that metal, the metal can be refined and pure metal can be obtained on the cathode. The
noble metals remain as anode mmud.

The electrolysis of aqueous solution of Na,SO,, is in fact electrolysis of water.

@ The relation between Gibbs' free energy (G) and the potential of the electrochemical cell
in which sponteneous reaction, can be be shown by the formula. AG® = _nFEOCell

To obtain equilibrium constant from AG® = —nFE’., = — RTInK_

0
Cell

2.303RT

® The solid or liquid substances are of two types according to their electrical conduction :
The substances which conduct electric current are called conductors and which do not
conduct electric current are called non-conductors (insulators).

log K =

@ The two types of conducting substances are (i) metallic conductors (ii) conduction of
electrical current by electrolytic solutions. It is necessary to have the idea about electrical
registance in electrical conduction by electrolytic solutions, so that electrical conductivity can
be understood.

® The resistance of any uniform conductor is directly proportional to its length () and inversely

proportional to its area of cross section (A). Ra% R=pi,pisthepmportionﬂ]ity

constant which is called resistivity. It is also called specific resistance.

@ The SI unit of resistivity is Ohmmeter (2 m). The reciprocal or resistance R is called
conductance G

® The SI unit of conductance is Siemens expressed as S. It is expresed as ohm™, (chm™! or
Q1) Mho (mho or U). Specific conductance which is expressed by Greek letter K (Kappa)
is obtained by multiplying specific resistivity by cell constant.
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® Specific conductance (K) = observed conductance x cell constant, The SI unit of specific
conductance is Sm ' or S cml.

® The classification of conducting substance is carried out on the basis of the magnitudes of
the values of their conductance. (i) Good conductor (ii) Semiconductor (iii) Bad conductor
(insulator). The substances whose resistivity is zero and whose conductivity is very high are
called superconductors. The metals and non-metals are superconductors at 0 to 15 K
temperature. The ceramic substances and mixed oxides are superconductors at 150 K tem-
perature.

® Ionic mobility and molar conductivity A = w where, K (Kappa) = Conductivity

C = molar concentration of solution. The unit of molar conductivity is mho cm? mol?, If
the concentration of solution is in normality or gram equivalent weight then, the unit of
equivalent conductivity is mho cm? gmequ.™!.

® “The conduction of electricity by a solution at a given concentration of solution between two
platinum electrodes at a distance of unit length having unit area of cross section is called
the conductivity of solution.”

Hmoe,G:%=K (A and ! are in unit measure)

o Molar conductivity Ag=12> = K where, I = 1 and A = V (volume of solution of 1 mole
electrolyte) l
A, =KV
The molar conductivity at infinite dilution is expresed as limiting molar conductivity Xm . The
law of Kohlrausch regarding independent mobility of ions,” The value of molar conductivity
at infinite dilution (/({m) of an electrolyte is equal to the sum of molar conductivities at
infinite dilution of positive ion and negative ion (;]\.m’f + gm_ ).

® In the utility of Kohlrausch’s law, the molar conductivity of weak electrolyte can be obtained
by addition or subtraction of molar conductivities of suitable strong electrolytes.

® Any battery is a source of obtaining electric current. The cells for industrial use are of two
types (i) primary which can not be regenerated or reproduced after a long use. (ii) Second-
ary cell which can be regenerated or reproduced when it has become dead after a long use.
Dry cell is a primary cell and storage cell is a secondary cell. Dry cell is also called
Leclanche cell. The reaction taking place in dry cell are.

Cathode : 2MnO,(s) + 2NHJ (aq) + 26" —»Mn,0, (s) + 2NH, (g) + H,O()

Anode : Zn(s)—>Zn?' (aq) +2e About 1.5 volt electric current is obtained by chemical
reaction.
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® Mercury cell is also a primary cell whose cell potential is about 1.35 volt,

Storage cell : Lead storage cell is a secondary cell. The chemical reactions are :
Anode : Pb(s)+ SO} (ag)—>PbSO,(s) + 26
Cathode : PbO,(s) + soi‘ (aq) + 2¢ + 4H" (ag)—>»PbSO, (s) + 2H,0(7)

In this cell, about 2.0 volt electric current is produced during chemical reaction. Nickel-
cadmium storage cell can be used for a long time because it possesses long life.

Cd(s) + 2Ni(OH), (s) = CdO(s) + 2Ni(OH), + H,0

® Electrical energy is produced only in one step from the heat of combustion produced by the
combustion of gaseous fuels. Such a cell is called fuel cell. Nowadays fuel cells are used
because of less efficiency in production of electricity by thermal power station and to
prevent pollution due to it.

® A loss of billions of rupees occur due to metallic corrosion. Metallic corrosion is a redox
reaction in which the chemical reactions of electrochemical cell are taking place at anode
and cathode. Its prevention can be carried out by inhibitors or electroplating.

EXERCISE
1. Select the proper choice from the given mmltiple choices :
(1) Which reaction takes place in electrochemical cell ?
(A) Oxidation (B) Reduction (C) Redox (D) All the given
(2) Which of the following reactions is for Daniell cell ?
(A) Cu™(ag) + Fe(s) = Fe*(ag) + Cu(s)
(B) Zn*(ag) + Mg(s) = Zn(s) + Mg*(aq)
(©) Cu™(aq) + Zn(s) = Zn*'(aq) + Cu(s)
(D) All the given reactions.
(3) Which cell differs from principle point of view?
(A) Storage cell (B) Electrolytic cell (C) Fuel Cell (D) Leclanche cell.
(4) Which phenomenon does not occur in Daniell cell ?
(A) Increase in weight of plate of Cu.
(B) The conduction of electricity takes place by salt bridge.
(C) Increase in weight of plate of Zn.

(D) There is no change in colour of ZnSO, solution.
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C))

(©6)

€)

®)

©)

(10)

(11)

(12)

13)

The electrochemical cell stops working after sometime. Why ?

(A) Increase of temperature

(B) The difference of cell potentials of both electrodes become zero.

(C) By reversing the direction of reaction taking place in the cell.

(D) Due to change in concentration

What is used for the measurement of accurate potential of electrochemical cell ?
(A) Galvanometer (B) Ammeter (C) Voltmeter (D) Potentiometer

IfM, N, O, P and Q are in the increasing order of their standard potentials in standard
conditions of their standard half cells, then by combination of which two half cells maximum
cell potential will be obtained ?

(A) M and N B) M and Q (C) M and P (D) M and O
B, =
(A) B ®) -E°, ©) -E% D) i

What will be the symbolic representation of the cell for the given following reaction :
Fe(s) + Cd?**(ag) = Fe**(aq) + Cd(s)

(A) © Be(s) | F2*(IM) I Cd(s) | Cd*(1M) @

@) © cd(s) | Cd>*(IM) I Fe2*(IM) | Fe(s) @

(© © cd(s) | Cd*(IM) Il Fe(s) | Fe** (M) @

®) © Fe(s) | F*(IM) || Cd*(IM) | Cd(s) @

The solution of silver nitrate becomes coloured when picces of nickel are added to solution
of silver nitrate because

(A) Nickel is oxidised (B) Silver is oxidised
(C) Nickel is reduced (D) Silver is precipitated

The values of standard reduction potential of X, Y and Z metals are 0.34 V, 0.80 V and
—0.45 V. Mention their order of strength as reducing agent

AZ>Y>X BZ>X>Y O©OX>Y>2Z O Y>Z>X

If one mole electrons are passed through solutions of MgSO,, AgNO, and AIC];, in what
mole ration the metals Mg, Ag and Al will be deposited at the electrodes ?

A)1:1:1 ®)1:2:3 ©2:1:3 D)3:6:2

What will be obtained at cathode and anode obtained respectively when electrolysis of
agqueous solution of concentrated NaCl, out between graphite electrodes ?

(A) Cl, and Na metal ®) H, and O,
(C) Cl, and H, (D) H, and Cl,
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(14)

15)

(16)

a7

(18)

The resistance of any uniform conductor is

(A) in inverse proportion to its length

(B) in direct proportion to its length

(C) in the inverse proportion of the square of its area of cross section
(D) in direct proporiton of the area of its cross section.

Which is more corroded when the iron plates of steamers are connected with block of Zn
metal and kept in contact of sea water ?

(A) Iron (B) Zinc (C) Both (D) Neither of the metals
Which is the device used for measurement of electrical resistance ?

(A) Voltmeter (B) Wheatstone bridge

(C) Galvanometer (D) Ammeter

At which temperatures ceramic materials are known as superconductor ?
A 0K (B) 200 K (©) 150 K D) 15K

! = length, R = resistance, A = area of cross section, then,

1 A 1
A) R‘*X (B)R‘*T (C)sz (D) R = IA

Answers the following question in brief :

)
2
3)
)
®
()
M
(®)
9)
(10)
(11)
(12)
13)

(14)

What is an electrochemical cell ?

Write the function of salt bridge ?

Write the names of the solution used for filling in salt bridge.

What is a gas electrode ? Describe any one of them.

Write definition of cell potential.

By which two instruments cell potential is determined ?

Write Nernst equation and on the basis of which rules it can be derived.
From which the value 0.059 is obtained in Nernst equation.

What is concentration cell ?

In which parameters the values of E., and Eocm become 0.0 volt.
Write usefulness of cell potential.

Write Faraday’s modern law of electrolysis.

What will be the value of cell potential under the circumstances of concentration of anode
in concentration cell is more than concentration in cathode ? What it will indicate ?

On which factors do the products obtained during electrolysis of aqueous solution of salt
depend ?
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(15)
(16)
a”n
(18)
(19)

(20)

21
(22)

(23)

(24)
(25)
(26)

27N

(28)
(29)
(30)
G
(32)
(33)
(34)

(35)

What is meant by primary and secondary cells ?
Write usefulness of electrolysis.

Write the names of the chemicals used in dry cell.
Write names of catalysts used in hydrogen fuel cell
Dry cell cannot be regenerated ? Why ?

What fault is produced in the lead storage cell so that the production of electric current is
stopped ? Why ?

Write the principle of fuel cell.
Mention advantages of fuel cell.

The ring of silver has fallen into the solution of an acid ? Will there be reason to worry ?
Why ?

Can the solution of copper sulphate be filled in the bucket of aluminium ? Why ?
What is emf series ?
What will you observe with naked eye when the Daniell cell is operative ?

If 1.93 ampere current is passed from an electrical conductor. How many electrons will
pass through that point in one second ?

How electrical resistance is expressed and write a law pertaining to it ?

What is meant by specific conductivity ?

Write Kohlrausch’s law.

Classify the conducting substances on the basis of their values of conductivity
What is indicated by Am = v, Am* + ¥ dar 2

What are called superconducting substances ? Write the effect of temperature on it
Write reduction reaction of moisture containing oxygen gas for corrosion of metal

Explain the terms : ‘Sacrificial anode’ and ‘Inhibitors’.

Write answers of following questions :

1)

@

What is electrochemical cell ? Write equation of Daniell cell and mention anode and
cathode ?

Write the construction of salt bridge and explain its function.
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3)
“)

)

(6)

Q)
(®)
)
(10

(1)

12)

13)

(14)

(15)
(16)
an
(18)
(19)

(20)

What is electrode ? Write its types and give one example of each.
What is emf series ? Write the information available from it.

Write the reaction of the electrochemical cell formed with the help of

E) 2 = — 023V, E"Agﬂ‘,‘!I = 0.80 and give symbolic representation.

H, gas is liberated by reaction of Fe with HC], but H, gas is not liberated when Cu reacts
with HC]. Explain.

Write usefulness of cell potential

Write Nernst equation and explain the terms involved in it.

Write laws of Faraday for electrolysis.

Explain the electrolysis of dilute aqueous solution of NaCl between graphite electrodes.

If 1.08 gram Ag is deposited on the cathode when 7.5 ampere current passed through
aqueous solution of AgNO, for 200 seconds, then calculate efficiency.
(Ag=108 u,N=14u0 = 16 u)

The electrolysis of aqueous solution of sodium sulphate is in fact the electrolysis of water.
Explain.

Explain Gibbs’ free energy and cell potential.

Find the change in free energy and equilibrium constant of an electrochemical cell having
standard potentials, cell having

E"Cuz+|c“l = 0.34 V and E°k2+u,e = - 045 V.

Explain resistivity and specific conductance.

Write the classification of cells which are industrially useful and give example.
Explain Lec Lanche cell.

Write methods of preventing corrosion.

Write reactions of corrosion of iron.

Find the value of E_, of electrochemical cell.

Zn(s) | Zn?*(0.6M) I Cd**(0.85M) | Cd(s).

B2+ 7 = — 0.76 V, B0 24, o, =— 0.40 V)
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Write the answers of the following questions in detail :

(1) Draw the labelled diagram of electrochemical cell based on the reaction

Zn(s) + Agt(aq) = Zn?*(aq) + Ag(s) and answer the following questions.

(i) Show the anode and the cathode and write the reactions on them

(ii) Show the direction of flow of electrons

(iii) Carry out symbolic representation

(2) What is electrolysis : Explain the electrolysis of aqueous solution of CuSO, between graph-
ite electrodes.

(3) Explain the electrolysis of aqueous solution of CuSO, by active electrode of Cu and write
its usefulness.

(4) Write the Kohlrausch’s law of independent migration of ions and explain.

(5) 'What is storage cell ? Explain lead storage cell.

(6) What is fuel cell ? Explain hydrogen fuel cell.

(7) Explain metallic corroison.

(8) Explain ionic mobility: Explain the factors on which it depends.

(9) Explain in detail “Standard hydrogen gas electrode.”

(10) Explain electrical conduction.

(11) Explain molar conductivity and also explain the effect of changes in concentration on
conductivity.

(12) Explain mercury and Ni-Cd cells

(13) Calculate the following examples :

(1) By using the standard electrode potentials given below, construct the cell having
maximum and minimum potentials, write cell reactions and calculate equilibrium con-
stant.

Eopemlpe =—-045V, E"Ag+IAg =080V, EoMgulMg =-237 V.

(2) Find the value of cell potential of the following cells at 298 K temperature
(@ © cdlcd©0.02M) 1| H*(IM) | % H,(1 bar)| Pt®
®) © Mg | Mg?*(0.18M) Il Ag*(0.01M) | Ag(s) @
©) © Al | AP*0.25M) Il Zn?*(0.15M) | Zn(s) ®
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(3) The values of standard potentials of the half cells, Sn?* | Sn and Ni?* | Ni are —0.14
V and —0.23 V respectively. Calculate the equilibrium constant at 298 K temperature.

(4) The cell potential of the given following cell is 0.52 V at 298 K temperature, calculate
the pH of HCI solution (%, 2+, = 0.34 V)

© Pt | Hy(lbar) | HCl (M) || Cu?*(0.02M) | Cu(s) ®.

(5) The potential of the given following cell is 0.586 V at 298K temperature, calculate
the ionic product (K_) of water.

© Pt | Hy(1 bar) | NaOH (0.01M) Il HCI (0.01M) | H, (1 bar) | Pt®

(6) How many grams of Cu and what volume of O, gas will be obtained if 18.4 ampere
electric current is passed through the electrolytic cell of CuSO, for 1 hour and 42
minutes between graphite electrodes at 298 K temperature and 1 bar pressure ?
(Cu = 63.5u O = 16u)

(7) How many amperes of current should be passed when aqueous solutoin of Na,SO,
is electrolysed between graphite electrodes at 300 K temperature so, that
250 ml min™' O, gas is obtained under 1.0 bar pressure.

(8) How many spoons can be electroplated by silver when 5 ampere current is passed
through electrolytic cell of AgNO, for 2.7 hours ? 0.01 gram Ag layer is deposited
on cach spoon (Ag = 108 u).

(9) For how much time 48 ampere current should be passed through 400 ml 0.04M
AgNO, solution during electrolysis so that Ag is completely deposited?

(10) How many grams of Cu will be obtained by passing 4.5 ampere current through 1 litre
0.6M CuCl, aqueous solution by dipping inert electrodes ? What will be the change
in concentration ?
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Unit
4

General Principles and Processes
of Isolation of Elements

4.1 Introduction

A few elements are available in free state in nature. Metal like copper, non-metals like carbon,
gulphur and inert gases like helium and other are available in free form in nature. Many more metals
and non-metals other than these are available naturally in combined form in the crust of the earth. As
you know, that metals being important in our everyday life, they can be obtained in the form of metal
from their compounds. For this, processes like extraction, isolation involving physico-chemical principles
can be used to obtain metal. This total process is known as ‘metallurgy’ The methods developed and
used to obtain metals are based on the economical and industrial aspects. Some principles to obtain
elements are same, even then, some special methods are developed depending on the nature of the ore.

Mineral is the substance available in nature, which is present in the crust of the carth and is
being dug out. All the minerals available are not useful for obtaining metal because very less amount
of metal is available from them. The mineral from which metals can be obtained in good proportion is
called ore. e.g. It is not practical to obtain aluminium from aluminosilicate but it can be obtained in good
proportion from its mineral bauxite. There may not be only the element to be obtained being present but
undesirable and certain earthly substances are present which can be called impurities. This is called
gangue. The main steps to obtain metal from the ore are as follows :

(1) Concentration of ore (2) Isolation of metal from concentrated ore (3) Purification (Refining)
of metal.

Thus, the total procedure to isolate metals from their ores using scientific and industrial processes
is called ‘metallurgy’.

In this unit, we shall study steps for effective concentration of ores, certain general principles of
metallurgy in which the thermodynamical and electrochemical aspects have been included as well as to
obtain metal by reduction.
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4.2 Occurrence of Metals

The abundance of different elements in the crust of the earth is different. In metals, the abun-
dance of aluminium is the highest. Its place is third in the elements available from the earth’s crust. It
is about 8.3% by weight. Its chief minerals are mica and china clay. Some of the gem stones are impure
forms of AlO,. e.g. Ruby containg Cr as impurity, sapphire contains Cd as impurity. The element
available at second place is iron. It is available in many combined forms and it is also very important
element. It is also present in combined form in the haemoglobin present in blood in our body. We shall
study in this unit, the extraction of metals like aluminium, copper, iron and zinc. Principal ores of
aluminium, copper iron and zinc metals are shown in table 4.1

mnetaly
TMCLHIS

Metal Ore Composition proportion
Aluminium Bauxite AlO,(OH), , where 0 < x < 1
Kaolinite (one type of china clay) [AL,(OH),S1,0,]
Copper Copper pyrites CuFeS,
Malachite CuCO, » Cu(OH),
Cuprite Cu,0
Copper glance Cu,S
Iron Haematite Fe,0,
Magnetite Fe,0,
Siderite FeCO,
Iron pyrites FeS,
Zinc Zinc blende or ZnS
Sphalerite
Calamine ZnCO,
Zincite ZnO

The oxide mineral is preferably selected to obtain metal from ores because SO, gas evolved from
sulphide minerals causes pollution and their reduction is also difficult. So, bauxite for aluminium and
hacmatite for iron etc, oxides are used. For copper and zinc, the ores mentioned in table 4.1 and their
availability and the related factors are taken into consideration for the selection of ores. Before carrying
out concentration of ores, they are crushed or grinded so that they become of the required size of
particles.
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4.3 Concentration of Ores

As we have seen earlier, there are impurities in the ores. viz. sand, clay etc. To obtain ore by
removal of impurities as much as possible, is called concentration. There are many steps. The selection
of these steps depends on the physical properties of the ore and the properties of the gangue. Two things
are important during the concentration of ores : (1) To obtain maximum concentrated form by proper
method. (2) The environment may not have any risk by the factors affecting the environment.

We shall understand one by one, all the four methods. (1) Hydraulic washing (2) Magnetic
geparation (3) Froth Floatation method (4) Leaching.

(1) Hydraulic washing : In this method, the principle of relative density of ore and gangue is
involved so this method is also called relative density isolation. In such method, the ore is taken in a
vessel and water flow is passed from the upper parts, so that the powdered ore is washed and all the
light particles of the gangue are washed out. Ore is finally collected.

Grinded powder D (2) Magnetic separation : In this
; method, the principle of magnetic properties
of the components of the ore is involved. If
any one of the ores and the gangue possesses
magnetic attraction, then magnetic field can
be applied. Thus, the components attracted
by the magnet and not attracted by the mag-
net are separated. This method can be applied
to the ares of iron. As shown in figure 4.1,
the grinded powder like ore is placed on a
Non-magnetic . . . .
particles magnetic roller and magnetic field is applied.
g &0 Migeats Bagratiie The magnetic roller is also called conveyor
belt which is placed on magnetic roller. As shown in figure 4.1 the components which are being attracted
are dragged towards the roller while the components which are not being attracted fall away from the
roller. Thus, concentration of ore can be carried out by magnetic separation.

Magnetic
particles

Air (3) Froth Floatation method : This
method is mostly used for the ores containing
sulphide. The ore is grinded and brought into
powder form and then suspended in water.

Froth contain-  gyhgtances which can produce froth and
ing sulphide

concentrate the ore are added to it. viz
substances like pine oil, fatty acids, xanthates,
turpentine etc. are added as the substances
Ore + Water + to collect the ore. As they do not mix with
| Turpentine  water, they keep the ore concentrated and
moistureless. In addition froth stabilisers like

cregol, aniline are also added. The particles

of the mineral are wetted by substances like

Fig. 42 Froth floatation method pine oil and the particles of the gangue are

—— Clay, sand
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wetted by water. As shown in figure 4.2 air is introduced in the mixture. As a result the solution gets
agitated and the particles of the ore are carried on the upper part by the light froth produced. As this
froth is light it is taken out by sieves skimmed off from the upper part and it is heated to obtain
particles of ore. The remaining impurities remain suspended in the solution containing water. Some
times two ores containing sulphide can also be separated. For this, the proportion of oil and water is
properly selected and some depressants are used. viz. If NaCN is added as depressant to the ore
containing ZnS and PbS, then PbS, skims off on the upper part with the froth and ZnS does not come
with the froth. The reason for this may be the formation of complex - Na,[Zn(CN),] soluble in water
from the insoluble ZnS in water.

(4) Leaching : This method is used when the ore is soluble in some suitable solvent. This method can
be understood by the following illustrations.

(A) Leaching of Alumina from Bauxite : As you know bauxite is the ore of aluminium which is
leaching of alumina from bauxite. We shall study further in this unit.

(B) The second example of leaching is metallurgy of silver and gold. In this, leaching of silver by
NaCN and leaching of gold by KCN in presence of oxygen is carried out. The metals are obtained in
displaced form by the reactions as shown below :

4M(s) + 8CN™ (aq) + 2H,0()) + O, (g) - [4M(CN),] (aq) + 4OH (aq)
(where M = Silver or Gold)
2[M(CN), 1 (ag) + Zn(s) = [Zn(CN), 1’ (aq) + 2M(s)

4.4 Extraction of Crude Metal from the Concentrated Ore

The metal to be obtained is in the ionic form of the compound of concentrated ore, so that they
can be obtained by reduction. But for this, the concentrated ore has to be converted into the suitable
form so that it can be reduced. viz. Sulphide ore can be reduced only after it being converted to oxide
form of ore; because the reduction of oxide is easier. Steps to obtain metal from the ore can be divided
into two parts :

(1) Conversion to oxide (2) Reduction of oxide to metal

(1) Conversion to oxide : For this, two reactions have to be carried out. (i) Calcination
(ii) Roasting.

(i) Calcination : The ore is heated very strongly during calcination, so that all volatile substances
are removed and metal oxide is left out. e.g.

Fe,0,'XH,0(s) — Fe,0,(s) + XH,0(g)
ZnCO,(s) — ZnO(s) + CO,(g)

CaCO,4°MgCO,(s) — CaO(s) + MgO(s) + 2CO,(g)
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(ii) Roasting : As shown in figure 4.3, the ore is heated below the melting point of the metal
in a reverberatory furnace by introducing air continuously. The roasting of sulphide containing ore takes
places according to the following reactions :

IPbS(s) + 30,(g) —> 2PbO(s) + 250,(g)
2ZnS(s) + 30,(8) = 2Zn0(s) + 250,(g)
2Cu,S(s) + 30,(g) — 2Cu,0(s) + 250,(g)

If the ore of copper is
containing sulphide then it is heated in
reverberatory furnace. If the ore is
iron containing, then silica is added to
it before heating so that iron oxide
combines with silica and forms iron
silicate (FeSiO,). It is known as slag.

Alr and ol Ren)(s) + SiOL(s) —A, FeSiOy(s)
Magnesite

Charge
hopper

Similarly, copper metal forms
onc mixed substance which is
a mixture of Cu,S and FeS. It is called
“Matte”. SO, gas produced can be
used in the manufacture of sulphuric
acid.

(2) Reduction of Oxide of Ore to metal : During reduction reaction suitable reducing agent
( viz. C or CO or any other metal) is used with the ore. Reducing agent like carbon combines with oxide
of metal and reduces the metal oxide giving metal. viz.

Farnace charge
Silica

Fig. 43 Reverberatory farnace

M,O, + yC = 1M + yCO

Metal oxides can be reduced easily or with difficulty depending upon their stabilities. In the case
of oxides which are easily reducible, common reducing agents are used and metal can be obtained by
reduction. e.g. Fe metal from Fe,O,. But the reduction of stable oxides like ALO, is possible by
accepting the electrons. You know that acceptance or receiving of eleciron is the reduction reaction.
Thus, the reduction reaction by accepting electron is called electronation. Heat is required during both
the types of reduction reactions. To understand these phenomena explanation about principles, functions
etc. of thermodynamics is essential. We shall study this in detail in point no 4.5.

For understanding the thermal reduction, the necessary changes in temperature, and which substance
will be suitable for reduction reaction of metal oxide, the calculation of Gibbs’ free energy and its
interpretation is necessary. The study of metallurgy with changes in temperature is called

“Pyrometallurgy”,
4.5 Thermodynamic Principles of Metallurgy

It is essential to have information about certain basic principles of thermodynamics. You are
familiar with the terms like chemical equilibrium, equilibrium constant, Gibbs' free energy, entropy,
enthalpy etc. From these, the understanding about equilibrium constant, Gibbs' free energy etc. will be
useful here.
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You have learnt Gibbs-Helmholtz equation AG = AH — TAS, where AG is the change in free
energy. AH is change in enthalpy and AS is the change in entropy and T is the temperature in Kelvin
unit. You have also learnt the other important relation AG” = — RTInK, where K = equilibrium constant,
R = Gas constant and AGP is standard free energy change. Three values of AG® can be possible-
positive, zero and negative. If the value of AG® is positive, then the reaction will not be sponatenous.
If it is zero, reaction will be equilibrium state and if it is negative reaction will be spontanecus. Also the
values of K can be <1, 0 and >1. If the value of K is < 1, then the proportion of products will be less
in comparison to reactants ie. product obtained will be less. If it is one, then equilibrium will be there
i.e. both reactants and products will be in same proportion. If it is greater then 1 the proportion of
product obtained will be more. In addition to this, Le Chatelier’s principle also plays an important role.

As we have seen, the negative value of AG will lead the reaction to products. In the equation
AG = AH — TAS, if the value of temperature T is increased, the value of AS will increase. Consequently,
the product TAS will also increase, so that AH — TAS or AG will become negative and so the reaction
will go towards product.

The value of AG? is constant at definite temperature and so in the process, after mixing reactants
and products the factors like concentration, temperature, pressure, affecting the reaction should be so
arranged that the value of AG becomes negative. If it happens so, the reaction will become spontaneous
in the direction towards products. Scientist H. J. T. Ellingham had studied the relations by plotting graphs
of AG? versus T, and so these graphs are known as Ellingham diagrams. They are useful but have
certain limitations also. We will not study it in detail here.

When reducing agent takes part in the reaction, then its oxide is formed and metal oxide gets
reduced. The function of reducing agent is to make the value of AG® negative. Thus, free energy change
of oxidation-reduction reaction should be zero.

On the basis of the thermodynamic principles associated with obtaining metal, it can be said that
increase in temperature will lead to negative value of AG®. Hence the redox reaction should be such
that the value of AG? obtained will be negative. But increase in temperature is harmful for exothermic
reaction but can be advantageous for endothermic reaction. In the end, it should be kept in mind that
the reducing agent should be such that its reduction reaction with metal oxide should be as spontaneous
as possible. i.e. it gives maximum negative value of AG® and the efficiency of metal oxide reduction can
be more. Thus, we can decide about the use of carbon, carbon monoxide, or any metal for the reduction
and so the product obtained will be more or metal obtained will be more. In short, the selection of the
reducing agent will depend on the magnitude of the negative value of AG®. We have studied in the unit
of equilibrium that to obtain maximnm product the value of equilibrium constant K should be as high as
possible and the corresponding values of free emergy change should be as less as possible so that the
process will be advantageous. Hence, we can have combination of temperature, pressure, reducing agent
in such a manner that the ‘optimum’ state can be formulated and maximmm product, i.e. maxinmm
amount of metal, can be obtained by reduction. Such thermodynamical principles are also called physico-
chemical principles.

4.6 Electrochemical Principles of Metallurgy
We have earlier learnt, the principles of thermodynamics, in obtaining metals from their oxides
during pyrometallurgy. In addition to this, the principles of electrochemistry can be useful for reduction

of metal ions present in the aqueous solutions or in molten states. For this electrolysis, or addition of
some other metal (considering their reduction potentials) and ions of the metals can be reduced and
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metals can be obtained. Metal can be obtained by reduction reaction during electrolysis of molten salts,
in which electrochemical principles are involved. We have studied some equations viz.

AG? = AHP-TAS?, AG® = -RTinK

AG® = — nFE® and E° = RLpk
nF

From these, if we think of the equation combining thermodynamics and electrochemistry, then the
equation AG? = —nFPR° is useful; where n is the number of electrons associated with the reaction,
F = value of Faraday = 96500 coulomb, E° is the standard reduction potential of the complete cell of
the redox reaction and it is the difference between standard reduction potentials of the two metals and
AG® = standard free energy change. The oxidation potentials of the electrodes doing reactions will be
very high and positive, so their reduction potentials will be very low and negative and so their reduction
will be very difficult. But if the value of E° is positive, the value of AGP will be negative and so the
reaction will be spontaneous. Hence, if active metal is added, into the solutions of ions of the metal
which is less active, the metal ions from the solution will be reduced and converted to metal- form and
the added metal will be obtained as ions in the solution. viz.

Cu?* (aq) + Fe(s) —>Cu(s) + Fe?* (aq)

Activity : Prepare solution of copper sulphate in the laboratory. Place the iron nails in this
golution. After two hours, observe what has happened ? The blue colour of the solution will become light
blue coloured and red particles will be deposited on the iron nails. This observation is of the reaction
shown above; then explain which metal is oxidised, which metal is reduced, which ions from the solution
are reduced and which ions have gone into solution by oxidation. If you have studied the unit on
electrochemistry, calculate E%  of the reaction and calculate the value of AG? from its value and prove
the use of electrochemistry in metalllurgy.

Also, you do the experiment in reverse form. Place a strip of copper metal in the solution of
FeSO,. What happens? Explain. Give reason. This type of experiment is included in your practical book.

In electrolysis, you have studied that metal ions from the solution are deposited on cathode.
Always reduction will occur at cathode. For thigs reduction, the electrons of the cathode have entered,
metal ions receive them and metal is obtained from metal ions. Generally, cathode of any metal can be
used because the metal is to be deposited on the cathode. Cathode does not dissolve, but will not allow
the impurities to enter, inert cathode or the cathode prepared of the metal to be obtained is advisable
for use. We shall discuss this in detail in the point of metal refining.

The electrolysis of molten solid can be carried out as above but if the melting point of molten soild
is very high some substances are added to bring it down which is known as flux and so electrolysis can
be carried out at lower temperature. Cryolite (Na,_,A]FG) or calcium fluoride (CaF,) is added in the
process of obtaining Al from ALO,. We shall study this in detail in the extraction of aluminium metal.

4,7 Ogxidation-Reduction

You have studied the different definitions of oxidation and reduction. We shall study here one
of these definitions. Oxidation means loss of electron and reduction means gain of electrons. Formation
of metal ions from metal by loss of electron is oxidation reaction and formation of metal from metal ions
by gain of electron is reduction reaction. This method is mostly for non-metals. We shall study the
following reactions which is the reaction to obtain chlorine from sea water (brine).

2C1" (aq) + 2H,0(0)—> 20H " (aq) + H, (g) + CL,(g)
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The value of AG? is + 422 kJ for this reaction if we calculate the value of E® from this by the
equation AGP® = —nFE? then, its value obtained is —2.186 V. As we have studied earlier, the value of E°
being negative, the reaction will not occur in forward direction. Hence, if we apply external e.m f. higher
than —2.186 V, then the reaction will occur and Cl, gas will be obtained on anode and NaOH will remain
in solution because H, will be obtained as gas at cathode. Formation of Cl, from CI™ ions is oxidation
reaction and will occur at anode. Suppose we electrolyse molten NaCl, then CL, will be obtained on
anode and Na metal will be obtained on cathode and NaOH will not be obtained in solution. As seen
earlier in leaching sodium cyanide (NaCN) is used to obtain gold and silver. Formation of Ag*™ from Ag
and Au* from Au are oxidation reactions. Hence, cyanide complex ions of gold and silver- [Au(CN),]™
and [Ag(CN),]™ complex ions will be obtained respectively. It can be reduced by zinc metal and so gold
and silver metals can be obtained viz.

4Au(g) + 8CN™ (aq) + 2H,0() + O, (g) —>4[Au(CN), 1 (aq) + 40OH (aq)
4Ag(s) + 8CN™ (ag) + 2H,0(1) + O, (g)—> 4[Ag(CN), 1" (ag) + 40H " (aq)
and then,

2[Au(CN), " (aq) + Zn(s) —> 2Au(s) + [Zn(CN), >~ (ag)

2[Ag(CN), 1" (aq) + Zn(s) —> 2Ag(s) + [Zn(CN), 1> (aq)

Zinc acts as reducing agent in above reactions.

4.8 Refining of Impure Metals

There is a possibility to have impurity in the metals obtained by any of the methods or processes
discussed earlier. Hence, to obtain very pure metals, their refining can be carried out and refining as high
as possible can be obtained. For this, the methods used for refining are applied after taking into
consideration the properties of the metal, impurities present in it etc. some of these are listed below :

(1) Distillation (2) Liquation (3) Electrolysis
(4) Zone refining (5) Vapour phase refining (6) Chromatographic methods

(1) Distillation : This refining method is used for metals like zinc and mercury which have
comparatively low melting points. The vapours obtained by distillation of impure metals, is cooled and
the metal is obtained. The pressure is to be reduced for distillation of metal like mercury. Low
pressure can be achieved by vaccum distillation method.

(2) Liguation : This method is used for the refining of metals like tin which have low melting
points. For this, the impure metal is passed over a hot slopping surface, so that the pure metal having
low melting point is obtained from the impurities which are melting at higher temperatures. The
temperature of slopping surface can be adjusted.

(3) Electrolysis : In this, the impure metal is made anode and the strip of pure metal is made
cathode. Now, these two electrodes are dipped in the aqueous solution of proper salt. If suitable
electric current is passed in the solution, electrolysis takes place and pure metal is deposited on the
cathode and the impure metal on the anode undergoes oxidation and enters inio the solution as ions.
Some noble metals are collected near the anode in the form of mud which is called anodic mud. In
this method, the principle of electrochemistry is involved. You have earlier studied about standard
potential of cell (E?) and free energy change (AG). Hence, if the reduction potential is high, the ions
in the solution are reduced and deposited as pure metal on the cathode. The impure metal at the
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anode, enters into the soluition as ions by oxidation reaction. If suitable potential is adjusted then
amount of the metal obtained is directly proportional to the quantity of the electricity passed. You have
studied this in the first law of Faraday's laws of electrolysis.

Anode : M(s)—>M™ (aq) +ne”
Cathode : M™ (ag) + ne” —>M(s)

The refining of impure copper is carried out by this method in which the reactions take place as
follows :

Anode : Cu(s)—>»Cu**(ag)+2e”

Cathode : Cu?*(aq) +2¢—> Cu(s)
combining both the reactions.

Cu(s) (Impure) — Cu(s) (Pure)

Thus, pure copper metal is obtained from impure metal. Metal like zinc can also be obtained
in pure form by this method.

(4) Zone Refining : Semimetals like silicon and germanium can be refined by this method. The
principle of this method is that, the impurities of some metals are more soluble in molten state but is less
soluble in solid state. This principle is used in the zone refining method.

In this method spherical mobile heater
is fixed at one end of the cylinder of impure

semimetal. As shown in figure 4.4, the
molten zone is advanced further with the

Metal ' Tod heater. As the heater advances further, the
rod : = ution-coilheaters N K

) Pving as shown  L0DUre semimetal (element) is separated from

Molten molten fluid and the impurities advance

zome R . T T e further with impure molten fluid. This method

is repeated and the heater is moved in one direction only. It is cut in cylindrical form and removed. The
vapourised semimetal gets cooled and obtained in pure form. The inert gas atmosphere is created with
inert gas kept in the cylinder so that there is no effect of air and heat. Very pure silicon required for
gemiconductors is obtained by this method. In addition to this, metals/semimetals like germanium, baron,
gallium, and indium are refined by this method.

(5) Vapour phase Refining : In this method, the impure metal is reacted with suitable substance
and its volatile compound is prepared which is in gaseous form and so can be collected in other vessel.
Then, this volatile compound is decomposed so that pure metal is obtained and the by-product obtained
can be used again and can be reacted with impure metal. Thus, there are two aspects in the principle
of this method : (1) To prepare volatile compound of the said metal with any other suitable substance
(2) The obtained volatile compound can be easily decomposed. If it happens so, it will be easy to obtain
metal. We shall see the refining of nickel. Impure nickel is reacted with hot flow of carbon monoxide
gas at 330-350 K temperature so that complex compound named nickel tetracarbonyl [Ni(CO),] is
formed. In this, nickel metal combines directly with neutral ligand like carbonyl. If nickel carbonyl
compound obtained this way is heated at 450470 K temperature, it decomposes and pure nickel metal
is obtained. Obtained carbon monoxide can be used again for the formation if nickel carbonyl from
impure nickel metal, so that the expenses will be less. This method was developed by scientist Mond
and so it is called Mond Carbonyl process.
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Similarly, metals like zirconium or titanium can be refined by using Van Arkel method. By this
method, oxygen and nitrogen present in the form of impuries in the metals like zirconium and titanium

can be removed. Impure metal is heated with iodine in an evacuated vessel. The iodides of metal being
volatile, are changed into vapour.

Z1(s) + 2L, (g)—>Z1l, (g)
Ti(s) + 21, (g) —>Til, (g)

The metal iodides obtained in this way are heated electrically on tungsten filament at 1800 K
temperature so that they are decomposed and the pure metal is deposited on the wire.

211, (g) —Z1(s) + 21, (g)
Til, (g) —Ti(s) + 21, (g)

(6) Chromatographic method : In this method, the principle of adsorption is involved. The
adsorption order or efficiency of different metal jons on any one adsorbent is different. Hence, if the
mixture of any metal ions is passed over any suitable solid adsorbent, the components (ions) in the
mixture are adsorbed in different parts of the adsorbent. These adsorbed parts in the adsorbent are
separated and obtained by suitable eluent because that ion or substance becomes soluble in that eluent.
You will study in detail about adsarption in the unit of surface phenomena. Solid like AL O;, paper like
filter paper or any suitable inert gas can be used as adsorbent. If solid substance like AL,O, is used then
it is filled in a glass tube and it can be used; so that the glass tube will become one columm and so this
chromatography is called colummn chromatography. If we cut filter paper strip and carry out separation
of metal ions by suitable solvent on it, it is called paper chromatography. If on any suitable support,
gaseous substance is used and separation is carried out, it is called gas chromatorgaphy. Demonstration
experiments on adsorption and paper chromatography are included in your practicals book. Do it as an
activity, with the help of the teacher. Yon will experience how interesting, nice, pleasant and innovative
science is ! Some dyes, cations, anions etc. can be separated by suitable chromatographic method.

4.9 Extraction of Aluminium (Al), Copper (Cu), Iron (Fe) and Zinc (Zn) Metals
(1) Extraction of Aluminivim : The extraction of Aluminium can be divided into two parts :
(A) To obtain pure alumina (Al,O,) from ore (bauxite )
(B) To obtain aluminium metal by reduction of alumina.

(A) To obtain pure alumina from ore (bauxite) : Bauxite is one of the principal minerals of
aluminium from which aluminium is obtained. Silica (SiO,), oxides of iron and titanium dioxide (TiO,)
are as impurities in impure bauxite. As seen earlier, the mineral bauxite is grinded and converted to small
particles. Afterwards it is digested with 6 to 8% concentrated NaOH solution at 473 - 523 K temperature
and 35 - 36 bar pressure. Because of this reaction amphoteric oxide ALO, reacts with base like NaOH
and soluble hydrated sodium aluminate complex Na[Al(OH),] is formed which we express as sodium
tetrahydro aluminate (III) according to IUPAC. The remaining components also dissolve in sodium
hydroxide and form soluble sodium silicate but hydroxides of iron and titatnium being insoluble get

precipitated.
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AL O, (5) + 2NaOH(aq) +3H,0(I) —» 2Na[AOH), 1(aq)

By filtering the solution, sodium aluminate is obtained in solution. By neutralising the solution by passing CO,

gas, hydrated AL O, gets precipitated. At this stage, freshly prepared  precipitates of Al,O; or A(OH), are
added which create induced effect in precipitation of AL,O, from solution.

2Na[Al(OH),, aq) + 2CO, (g) —»AL, 0, sXH,O(s) + 2NaHCO, (aq)

Sodium silicate remains in solution. Insoluble hydrated alumina is filtered. On heating it at 1470 K
temperature, pure alumina is obtained.

ALO,+XH,0(s) — 470K, A1,0,(s) + XH,0(g)

(B) To obtain pure aluminium from alumina : Al,O, does not conduct electricity and its
melting point is very high; so that electric current can flow before getting pure aluminium metal and
aluminium metal can be obtained
]-,m’ssﬁﬁv on cathode by electrolysis. Hence,
- substances like cryolite (Na,AlF,) or
CaF, are added to ALO,. Hence, as
Carbon studied earlier the physico chemical
} C‘:&fde) principles of thermo-dynamics are used
Molten ALO, + NaAlF, so that the system formed is such that
.,  Outlet for  the value of AG® becomes more
aluminiom negative. This mixture is taken into an
Molten alumininm iron vessel in which there is layer of
graphite on the inner side and it works
as cathode. As shown in figure 4.5,
carbon anodes are used and the molten AL,O, + Na AlF, mixture is taken as electrolyte. For this, high
temperature is to be maintained. Aluminium metal is obtained on graphite cathode by reduction. It is
being in molten state at high temperature of the cell, aluminium comes out in the liquid form from the
hole in the lower part of the cell. On cooling, aluminium metal is obtained in solid form. Thus, carbon
of graphite functions as reducing agent.

2AL,0,(8) + 3C(s)y—>4Al(s) + 3CO, (g)

This method was discovered independently by scientists Hall and Heroult and so it is known as
Hall-Heroult process. Oxygen liberated from Al,O, at anode reacts with anode because anode is
made up of carbon and temperature is high, so carbon monoxide (CO) and carbon dioxide (CO,) are
formed.

Carbon anode Copper
Ironvessel

L.

Fig. 4.5 Electrolytic cell for extraction of aluminivm metal

Reaction at cathode : AP (I) +3e—> Al()
Reaction at anode : C(s)+ 0% (Molten salt)—>CO(g) + 2e~
C(s) + 20”~ (Molten salt)—>CO, (g) + 4™

Thus, carbon of the anode is used up or gets carroded. According to one estimate 0.5 kilogram
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carbon is corroded or used up for 1 kilogram aluminium produced. Hence, the anodes of carbon are to

be changed frequently. The production of alumina at the international level is about 100 million tons, India
is producing about 1 million ton.

Uses of Aluminium : As aluminium is a light metal, it is used in the preparation of parts of
aeroplane, household vessels, parts of cars for race. As it is good conductor of electricity, it was used
in the electric wires. At present, its use has diminished. It can be used as reducing agent and metals
like chromium manganese, are obtained from oxides of these metals. Alum is its important and useful
compound. It also forms alloys like duralumin, magnalium, alnico and aluminium bronze are used
in preparation of paris of the aeroplanes, parts of scientific balances, coinage, etc. Its thin sheets are
used in cigarette cases, to keep hot substance hot and in packaging for the things instead of packaging
by papers.

(2) Extraction of copper : For the extraction of copper, copper pyrites (CuFeS,) is used even
when many ores of copper are available. Copper available in free state, is obtained as copper metal by
removal of the impurities exisiting with it. By this method, about 5% copper metal is obtained. If the ore
is in carbonate or oxide form, it is heated with suitable reducing agent in fire furnace. Then it is heated
with coke and sand so that copper metal is obtained by reduction of oxide; But if the ore is sulphide,
it is not reduced directly as seen earlier and so it is to be converted to oxide. Sulphur dioxide gas
produced during this reaction, causes pollution in atmosphere. Wet metallurgical process is used for
pyrites ores of lower grade; while dry metallurgical process is used for the higher grade of pyrite ores.
As copper has more attraction for sulphur, its reduction is difficult. With the increase in temperature, this
attraction also increases. Iron has got more attraction for oxygen. Dry metallurgical method can be
divided into five steps : (i) Concentration (ii) Roasting (iii) Smelting (iv) Bessemerisation (v) Refining.

(i) Concentration : About 2% copper is present in copper sulphide minerals available in nature.
Froth floatation process is used for concentration of ore (Recollect : As studied earlier froth floatation
process ig used for concentration of sulphide ares). The grinded mineral is suspended in water and
turpentine oil or cryolite oil is added to it. Then air is blown into it, so that oil sticks to the mineral and
with the bubbles of the air it is collected as froth on the upper part and the impurities as well as waste
is collected at the botom. The froth is skimmed off with sieves. By concentrating in this way, about 25%
copper containing ore is obtained.

(ii) Roasting : The ore obtained by froth floatation method is roasted in air so that moisture as
steam, sulphur and arsenic as their oxides i.e., sulphur dioxide and arsenious oxide are removed because
of high temperature. During roasting, until iron sulphide is not converted into iron oxide, cuprous sulphide
is not converted to its oxide.

2CuFeS, () + 40, (g) —> Cu,S(s) + 2FeO(s) + 350, (g)

(iii) Smelting : The mixture obtained by roasting is smelted with sand (SiO,) in blast furnace so
that sand and iron oxide combine to form iron silicate (FeSiO,) which is called slag. As it is light it floats
on the mixture and so it is repeatedly removed. This iron oxide is removed as slag during the smelting.

2FeS(s) + 30, (g) —> 2FeO(s) + 280, ()

FeO(s) + SiO, (s) —>FeSiO; (s)
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If cuprous oxide is formed with cuprous sulphide during roasting is converted to cuprous sulphide.

Cu,0(8) + FeS(s) —> Cu,S(s) + FeO(s)

FeO obtained this way can be removed ag slag. Then, mixture of iron sulphide (FeS) and curpous
sulphide (Cu,S) is seen there which is called matte. As it is heavy, it settles at the bottom of the vessel
and the light slag of iron silicate - remains floating, so it is easy to remove it.

(iv) Bessemerisation : The iron left out in
the mixture is removed in Bessemerisation process.
For this the fluid (mixture) obtained by smelting is
poured in Bessemer’s converter and required amount
of sand is added. Then the converter is kept in
vertical position as shown figure 4.6. Air at high
pressure is introduced into it, so that iron sulphide is
converted to iron oxide which combine with sand
and form iron silicate (slag).

2FeS(8) + 30, (g) —»2FeO(s) + 250, (g)

FeO(s) + Si0, (s)—»FeSiO; (s)

Fig. 4.6 Bessemerisation

During Bessemerisation, cuprous oxide is formed by oxidation of cuprous sulphide only after all
the iron sulphide is converted to iron oxide. When cuprous oxide is formed in the sufficient proportion,
introduction of air is stopped. Because of self oxidation between cuprous sulphide and cuprous oxide,
copper is obtained in fluid state.

2Cu,S(s) + 30, (g) —>2Cu,0(s) + 280, (g)
Cu,S(s) + 2Cu,0(s)—>6Cu(s) + SO, (g)

Copper is taken out in fluid state, from the Bessemer converter. As this copper gets cold,
bubbles of sulphur dioxide gas from the fluid are evolved. Hence, it appears that blisters are there
on the surface of copper and is called blister copper. This copper is about 95% pure. Mainly
impurities of sulphur and iron are present in it. Impurities like Zn, Si, As, Sb, Bi, Au, Pt are present
in trace amounts.

(v) Refilning :

{A) Thermal Refining : Blister copper is heated in presence of air in furnace, so that volatile
oxides of As, Sb, etc. are removed. Silicates of Fe, Bi, Zn etc. float as slag on copper, which are
removed. The remaining impurities like Ag, Au, Pt, can not be removed. During this some cuprous
oxide is produced which dissolves in copper and so it becomes brittle. Hence, to stop this, powder
of coal is spread on the fluid copper and the fluid is shaken with the freshly cut branches of
tree. Because of the heat of copper, destructive distilladon of branches of wood produces gas like
methane. It reduces cuprous oxide to copper. Copper obtained this way is about 99.5% pure. It being
very strong, it is used for common uses.
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(B) Electrolysis : Copper obtained by thermal refining contains some impurities and so it is not
a good conductor of electricity. Noble metals like Ag, Au and Pt are present in it and so it is advisable
to obtain them. Hence electrolysis method is used for obtaining very pure copper. As shown in
figure 4.7, solution of copper sulphate in dilute sulphuric acid is taken as an electrolyte, in a vessel.
In this, small strips or rod of impure copper is dipped as the anode and strip of pure copper is dipped
as cathode. As the electric current is passed through the solution, following reactions take place at
anode and cathode during electrolysis.

g
@
o ld 0] B
% 7 Z % % CuSO4
Pure Cu Addic solution
Tank having layer of lead
Fig. 4.7 Electrolysis of copper
Anode :  Cu(s) (Tmpure) —> Cu>* (ag) + 2e~ (Oxidation)
Cathode : Cu®*(ag) + 22~ —> Cu(s) (Reduction)

Net reaction : Cu(s) Impure) —» Cu(s) (Pure)

Thus, as long as electric current is passed, copper of impure copper gets oxidised and enters into
the solution as copper ions and the copper ions of the solution are changed to copper metal by reduction
reaction which is deposited on the cathode. As noble metals like Ag, Au and Pt are not oxidised, they
are collected below the anode which is known as amode mud. Ag, Au and Pt metals can be obtained
from it. The purity of copper obtained at the cathode is about 99.96 to 99.99%.

Uses of copper : Copper is used in preparation of electrical appliances, tubes of boiler, sheet,
hounsehold vessels, currency coins and also it is added to gold ornaments so that they become strong.
It is also used for obtaining metals like Ag and Au from their ions in the solutions of their salts, by
reduction. In addition to this, it is also used in preparation of many more alloys. Some of the known alloys
of copper are brass, bronze, german silver, Monel metal, Bell metal, Delta metal, constantant, Muntz
metal, phosphor bronze, aluminium bronze etc.

(3) Extraction of Iron metal : From the ores of the iron, hacmatite (Fe,0O,) is used to obtain
iron. There are three steps for this.

(i) Roasting and Calcination (ii) Reduction and smelting (iii) Refining.

(i) Roasting and Calcination : The oxide form ore containing iron is first roasted by heating with
some coal in a furnace, so that the volatile impurities like the moisture and carbon dioxide obtained due
to decomposition of carbonate are removed. Ferrous oxide is oxidised to ferric oxide which does
not combine with silica and does not form slag, in the smelt. The mixture in the furnace becomes porous.
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Ore, limestone and coke (if) Reduction and smelting : The porous
l l l l mixture obtained by roasting is mixed with lime stone.

Coke, etc. are added into the blast furnace from the
Exhaust gases o ner part as shown in figure 4.8. Here, oxide is reduced
(©0: €09 11 iron metal. Thermodynamics is useful in understanding
the reactions occuring in blast furnace e.g. How carbon
monoxide formed from coke, carries out reduction ?
Why such a furnace is selected ? The main functon of
this furnace is to carry out the following reactions :

FeO(s) + C(s) —>Fe(s/l) + CO(g) 4.1)

The coke can carry out reduction directly. CO
gas is formed by combination of carbon with oxygen
available from FeO.

FeO(s) —>Fe(s) + %02 (® [AG(FeO,Fe)]l (4.2)

2170 K
Blast of air 1
e ae - C@+ S0,()—>CO®  [AGC.CON  (43)
Reaction 4.1 is obtained by computation of simple
reaction (4.2) and (4.3). Hence, the free energy change
of the reaction (A G) will be as follows.

Fig. 48 Blast furnace

AG = AG (C,CO) + AG (FeO, Fe) (44)

If the value of AG obtained is negative, then only the reaction will occur. Hence, from the study
of A/G and temperature, the changes in AG can be studied and the temperatures of the reactions
occurring in blast furnace can be controlled and the conditions can be so created that the reaction
occurs. You have studied in standard 10 that blast furnace is a very tall furnace and there are different
temperatures at different heights in the furnace. At the temperature 500-800 K (Range of low tempera-
tures in blast furnace) the reaction takes place.

3Fe, 0, (s) + CO(g)—>2Fe,0,(s) + CO, (g)
Fe,0, (s) + CO(g)—33FeO(s) + CO, (2)
Fe, 0, (s) + CO(g)—»2FeO(s) + CO, (g)
At temperatures 900 - 1500 K, (Range of high temperatures in blast furnace), following reactions

occur,
C(s) + CO, (8)—>2CO(g)
FeO(s) + CO(g)—>Fe(s) + CO, (g)
Calcium oxide obtained by the decomposition of lime stone combines with silica which is the
impurity from the ore and forms slag which is removed as slag. Slag being in molten condition, separates

from the iron. Hence, the reaction occurring at different temperatures in blast furnace can be shown
as below :
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(i) In the temperature range of 500-900 K.

3Fe,0,(8) + CO(g)—» 2Fe,0, (s) + CO, (g)
(©re)

Fe;0,4(s) + CO(g)—>3FeO(s) + CO,(g)

CaCO,4(s)—>»Ca0(s) + CO, (g)
(Limestone)

Ca0(s) + $i0, (s)—>CaSiO, (s)
(Slag)

(ii) At 1270 K temperature

FeO(s) + CO(g) —>Fe(s) + CO,(g)

C(s) + CO,(g)—>2CO(g)
(Coke)

FeO(s) + C(s) —> Fe(s) + CO(g)
(iii) Molten slag is formed at 2170 K temperature.
(iv) At temperature higher than 2170 K, pig iron is formed.

Iron obtained from blast furnace contains 4% carbon and many impurities. Also, it contains S, P,
Si, Mn etc. in trace. It is called pig iron. It can be casted into different shapes. Cast iron is different
from pig iron, Cast iron can be prepared by blowing hot air in the mixture of pig iron, iron scrap and coke.
The proportion of carbon in it is comparatively less (about 3%). It is hard and brittle.

(iii} Refiming : Wrought iron or malleable iron is the purest form of general iron. Wrought iron is
prepared from cast iron in reverberatory furnace in which there is a layer of haematite. Haematite
changes carbon to carbon monoxide.

Fe, 0, (s) + 3C(s) —> 2Fe(s) + 3CO(g)

Limestone is added as a flux and is removed with oxidation of sulphur, silicon and phosphorus.
Metal is taken out of the furnace and passed through the rollers so that slag is removed and iron metal
is obtained.

Uses of Iron: The most important form of iron is cast iron which is used in stoves, rails of
railway, pipes of guitter, toys etc. because it can be casted. It is used in preparation of wrought iron and
steel. Wrought iron is used in preparation of anchors, wires, bolts, chains, agricultural tools, etc. Steel
has many uses. Different types of steel, having desirable properties can be prepared by mixing other
metals with iron. Steel containing nickel is used in ropes, automobile, parts of aeroplanes,
pendulums, measurement tap etc. Steel containing chromium is used in machines for cutting and grinding
and stainless steel is used in cycles, automobiles, vessels, pans etc.

(4) Extraction of Zinc : The ores of zinc are available in forms of oxide, carbonate and sulphide.
From these, the zinc sulphide are is known as zinc blende. It is mostly used in obtaining zinc metal. Zinc
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metal can be obtained by reduction with carbon. This, extraction takes place in four different steps :
(i) Concentration (ii) Roasting (iii) Reduction (iv) Refining

(i) Concentration : As studied carlier, ZnS which is the sulphide containing ore of zinc, froth
floatation process is used for its concentration. It contains galena (lead sulphide-PbS) sand etc. as the
impurities. It is grinded and converted to powder form It is taken in a vessel and water is added to it.
Air is passed through after adding turpentine oil As zinc sulphide mineral is light it comes up with the
light froth obtained by bubbles of air, while other impurities remain in the solution or settle down. The
froth obtained by froth floatation process is frequently removed with sieves. Concentrated ore is col-
lected. If mineral is calamine, this method is not necessary becaue the ore does not contain galena.

(ii) Roasting : Concentrated ore-ZnS or calamine is roasted in presence of air, so that it is
converted to oxide form ZnO. If the ore is ZnS, it becomes necessary to keep in mind that it is converted
to ZnO as much as possible otherwise it combines with liberated SO, gas and changes to zinc sulphate.

27ZnS(s) + 30,(g) A) 27Zn0(s) + 250, (g)
If mineral is carbonate, ZnO is obtained as follows :

Z0C0,(s) -2 Zn0(s) + CO, (g)

Thus zinc oxide is obtained.

(iii) Reduction: Zinc oxide obtained by roasting is mixed with powder form coal or anthracite
coal and heated in the cylindrical retort which is made up of fire clay bricks; so strongly that it becomes
red hot. One end of the retort is closed and other retort is joined with the other open part so that it
works as a condensor and cools the vapour of zinc that iS coming out. Many such retorts can be
connected in series. It is kept bent towards its mouth. When it is heated, carbon combines with oxygen
of zinc oxide and forms carbon monoxide. Carbon monoxide burns with a blue flame at the end of the
china clay tube. After some time the flame becomes brighter which indicates that now the vapour of
metal has started forming. A small condensor which is prepared from iron and called as prolong or
nozzle. It is connected with the end of each of the china clay tube; so that zinc metal gets cooled and
collected in it. This metal is taken out and is casted into blocks. The zinc metal that we get on
commercial bagis i8 called spelter.

ZnO(s) + C(8) A) Zn(s) + CO(g)

In the distillate coming out in the beginning, impurity of cadmium is removed, because it can be
casily reduced and is more volatile than zinc.

(iv) Refining : Zinc obtained by reduction, which is called spelter contains impurities like Fe,
Al, As, Sb etc. which can be removed by repeated distillation. But zinc is reacted with dilute H,SO,,
g0 as to obtain pure zinc. By this reaction solution of zinc sulphate is obtained. Intensive refining of this

zinc sulphate is carried out. Cadmium is precipitated by zinc dust. Iron is converted to ferric state. Al,
Sb, and As are separated from solutions of suitable acidity. Afterwards, the solution is filtered out so that
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pure zinc sulphate solution is obtained. As seen earlier in copper, here also impure zinc is made anode
and pure zinc strip or rod is made cathode. The electrolyte is zinc sulphate solution containing dilute
H,SO,. Reactions occurring at anode and cathode are as follows :

Anode : Zn(s) (mpure)—> Zn2* (aq) + 2¢~ (Oxidation)

Cathode : Zn?*(aq) + 26" —> Zn(s) +2¢~  (Reduction)

Net reaction :  Zn(s) (Impure)—>Zn(s) (Pure)

Uses of zinc ; Zinc is used in preparation of electrical cells, in electroplating of zinc and also in
galvanising. It is used in certain alloys like brass, german silver, in combination with copper. It is used
as zinc powder in reduction reactions. Metals like gilver (Ag) and gold (Au) can be obtained from Ag*
or Au* ions containing solutions by reduction with zinc. It is also used for protection of metal from
corrosion by electroplating them on iron strips (galvanised iron).

SUMMARY

Metals and non-metals are associated with human life from very long time. viz. metals like
iron, copper, gold, mercury, and non-metals like dioxygen and dinitrogen. We use these metals in
pure form or their alloys formed by metals combined with other substances. Many reactions and
processes are to be used before obtaining such metals.

Metals are mostly combined in their oxide, sulphide or carbonate compounds and very rare
cases the metals are in free form. Their proportions are different in the earth’s crust. The
substances which are obtained from earth’s crust or mines are called mineral. There can be more
than one mineral for a particular metal. Same amount of metal or element is not obtained from
cach mineral. Hence, the part in which the maximum quantity and good quality metal can be
obtained is called ore. viz. Haemetite for iron, bauxite for aluminium, copper pyrites for copper
and zinc blende for zinc.

The complete process to extract metal from ore is called metallurgy. In this unit, we have
studied about the extraction of certain metals from their minerals or ores. The combined form of
metal alongwith impurities and earthly substances is called gangue. Three important steps are
there to obtain metal from ore. (i) concentration of ore, (ii) isolation of metal from concentrated
ore and (iii) refining of metal. The abundance of aluminium ore available from earth’s crust has
position three in the order of elements available from carth’s crust. The methods used for con-
centration of ores are developed after taking into consideration, impurities, etc., physico-chemical
principles, physical and chemical properties of the metal as well as the matters which should not
be harmful to environment. Amongst the methods of concentration of ore are (1) hydraulic
washing (2) magneteic separation (3) froth floatation method and (4) leaching. The principle of
hydraulic washing is the relative density of gangue. Principle of magnetic attraction-repulsion is
involved in magnetic separation. In froth floatation process, conceniration of sulphide ore by
producing artificially foam is carried out. In leaching, the principle of solubility of different solutes
in different solvents is involved.

Several steps are associated with extraction of crude metal from ore. viz. conversion to
oxide and reduction of oxide to metal The steps which are followed for conversion into oxides
are (1) calcination (2) roasting - by which metal is obtained in oxide form. Some substances are
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added to remove certain substances viz. to remove iron oxide, sand (Silica) is added so that iron
silicate (FeSi0,) is obtained in slag form. As it is light, it can be removed. The furnaces for such
functions, furnaces like reverberatory furnace, fire furnace and blast furnace are used.

After obtaining oxide of metals, they are reacted with suitable reducing agents and metals
are obtained. Carbon, coal, carbon monoxide, active metal etc. can be used as reducing agents.
Metallurgy studied with changes in temperatures is called pyrometallurgy. Reduction can also be
carried by electrons through electric current.

The study and information about the principles of thermodynamics, chemical equilibrium, Le
Chatelier’s principle, as well as the study of terms like free energy change, equilibrium constant,
enthalpy, entropy etc. become very essential in the process of metallurgy. For any reaction to
result in products, the value of equilibrium constani should be more than 1 and the corresponding
value of free encrgy change should be as negative as possible. Scientist Ellingham studied the
relations between free energy decrease (—AG®) and it is known as Ellingham diagrams. The use
of physico-chemical principles associated with metallurgy are explained in this unit. Oxidation
means to lose electron which takes place at anode in the electrochemical cell and reduction means
to gain electron which takes place at cathode in the electrochemical cell. Hence, impure metal can
be oxidised with the help of anode and pure metal is reduced from the solution by reduction and
gets deposited on the cathode viz. From anode of impure copper, pure copper can be obtained on
the cathode. The purity of the metal obtained by this method is almost 100%. Certain metals can
be converted to their complex compound forms by addition of certain substances and can be
separated. Viz. reaction of metals like silver and gold with substance like sodium cyanide.

The following methods are used for refining of impure metals. (1) Distillation
{2) Liquation (3) Electrolysis (4) Zone refining (5) Vapour phase refining.

Metal like mercury can be refined by distillation. Metal like tin can be refined by liquation
metal like copper can be refined by electrolysis, semimetal like silicon can be refined by zone
refining method and metal like nickel can be converted to gaseous compound like nickel carbonyl
and then refined by vapour state method. Metals like zirconium and titanium can be refined by
Van Arkel method. The ions of some metals can be obtained in pure form by chromatographic
method and then metals of ions can be obtained by reduction.

In addition, the extractions of aluminium, copper, iron and zinc have been studied in this unit.
This study can be shown as summary in the following table.

Sr. No. Ore Pure metal Method and its name
1. | Bauxite (ALO,"XH,0) | Aluminium | Hall-Heroult method - by electrolysis
2. | Copper pyrites (CuFes,)| Copper Thermal refining and electrolysis method
3. Haematite (Fe,0,) Iron Use of blast furnace method
4. | Zinc blende (ZnS) Zinc Electrolysis method

In addition, in this unit, the uses of each metal, their alloys with other metals etc. are also
included. The products etc. obtained by extraction of metals and non- metals plays an important
role in the economic condition of the country.
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EXERCISE

Select the proper choice from the given mmiltiple choices @

1)

)

3

“)

)

(6)

)

®

)

(10)

Which is the ore of aluminium ?

(A) Bauxite (B) Haematite (C) Copper pyrites (D) Zinc blende
Which is the ore of copper ?

(A) Bauxite (B) Hacmatite (C) Copper pyrites (D) Zinc blende
Which is the ore of zinc ?

(A) Bauxite (B) Haematite (C) Copper pyrites (D) Zinc blende
Which is the ore of iron ?

(A) Bauxite (B) Haematite (C) Copper pyrites (D) Zinc blende
Which metal is refined by zone refining method ?

(A) Copper ®) Zinc () Silicon (D) Aluminium
Which metal is refined by electrolysis method ?

(A) Mercury (B) Zinc (©) Tin (D) Silicon
What is name of the method used in refining of aluminium?

(A) Van Arkel (B) Bessemerisation (C) Hall-Herault (D) Heitler-London
What is called the strongly heating of ore and converted to oxide ?

(A) Roasting (B) Distillation (C) Liquefaction (D) Electrolysis
In which method do the ranges of temperature play an important role ?

(A) Electrolysis (B) Zone refining (C) Blast furnace (D) Liquation
Which principle is involved in chromatographic separation ?

(A) Precipitation (B) Hydration (C) Decomposition (D) Adsorption

Answer the following questions in brief :

)
)
3
@
&)

Explain the principle of zone refining method and show which metal can be refined by it.
Explain in detail roasting and calcination.

Describe the use of carbon and carbon monoxide as reducing agent.

Electrolysis is a reduction method. Explain.

Write chemical reactions occurring in the different ranges of temperature in blast furnace.
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Write the answers in detail, of the following questions :

1)
)
3)
C)
)

Describe in brief the methods for obtaining ore from mineral.
Explain the use of physico-chemical principles in metallurgy.
Describe Hall-Herault method.

Explain the electrolysis of impure copper.

Explain in detail, the zone refining method.

Write in detail, the answers of following questions :

1)
vy

&)

S
5)

What is slag ? Why is it required and in extraction of which metal it is used ?

Discuss the physico-chemical principles regarding cryollite and calcium fluoride used in Hall-
Heroult method.

Explain the terms giving suitable example-Roasting, Calcination, Refining, Electrolysis, Zone
refining,

Describe in detail the method to obtain pure alumina from bauxite.

Give reasons for the following phenomena :

(1) The anodes of carbon have to be changed in refining of aluminium.

(2) Froth floatation method becomes inevitable for the ore containing sulphide.
(3) Iron oxide does not get reduced till there is presence of iron sulphide.

(4) Cryollite is added in refining of aluminium.

(5) Inrefining of metals like gold and silver, the solutions of their complex compounds are
used.
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Unit
S
p-Block Elements 11

5.1 Introduction

We have studied in standard 11, that the last electron is filled in p-orbital in the elements of groups
13 to 18. Hence, these clements are called p-block elements. The outermost electronic configuration of
these elements is ns?np!™ (Except He; Electronic configuration of He is 1s2). The properties of the
elements of p-block, depend on their atomic size, ionisation enthalpy, electron gain enthalpy and elec-
tronegativity. A large diversity is observed in propertics of clements of p-block because of absence of
d-orbital in the second period and presence of d- or/and f-orbitals in the electronic configuration of third
to seventh period. In addition, diversity is also observed because of the presence of metals, non-metals
and semimetal elements.

5.2 Elements of Group-15

Nitrogen, phosphorus, arsenic, antimony and bismuth are included in group 15. As the first
element of the group is nitrogen, it is also known as nitrogen group. In any group if we move from
top to bottom, non-metal to semimetal and then, increase in metallic properties is observed. Nitrogen and
phosphorus are non-metals, arsenic and antimony are semimetals and bismuth is a metal element.
Dinitrogen gas is present in air as 78 % by volume. Nitrogen element from the earth’s crust is obtained
in the form of sodium nitrate-NaNO, (Chile salt petre) and potassium nitrate-KNO, (Indian salt petre).
Phosphorus element is obtained from apatite minerals Cay(PO,),* CaX, (X = F, Cl, OH) e.p.
fluorapatite Cag(PO,),+ CaF,. Phosphorus is the important component in the constitution of animals and
plants. It is present in living cell as well as in bones. Phospho-protein is present in eggs and milk. The
important atomic and physical properties of the elements of this group are shown in table 5.1
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Atomic mass 14.01 30.97 74.92 121.75 208.98
(g mol™)
Electronic configuration | [HeJ2s%2p* | [Ne]3s3p® | [Ar]3d'%4s’4p’ | [Krldd'®56?Sp® | [Xeldf'*5d'%s%6p®
Ionisation enthalpy (D | 1402 1012 47 834 703
(AH) (I mol™!) ) | 2856 1903 1798 1595 1610
am | 4577 2910 2736 2443 2466
Electronegativity 3.0 2.1 2.0 19 19
Covalent radius (pm) 70 110 121 141 148
Tonic radius (pm) 171 212 22 76 103
Melting Point (K) 63 317 1089 904 544
Boiling Point (K) 77.2 554 888 1860 1837
Density (g cm™3) 0.879 1.823 577 6.697 9.808
(295 K)

5.2.1 Electronic configuration, occurrence, oxidation states :

Electronic configuration : The electronic configuration of valence shell of elements of group
15 is ns?np’. As the s-orbitals of these elements are completely filled and p-orbitals are partially filled,
these elements are exceptionally stable.

Occurrence : The chief minerals of the elements of group-15 are shown in table 5.2

LWRARR LoD

Elements Structures of chief minerals and their names

Nitrogen Approximately 78% in the form of free gas in the earth’s atmosphere.
Approximately 17% in animal and plant proteins, NaNO, (Chile salt
petre); KNO, (Indian salt petre).

Phosphorus Approximately 60% Ca,(PO,), in bones and teeth, Cay(PO,), * CaF,
Fluorapatite; Cay(PO,), » CaCl, Chlor aptatite; Cay(PO,), = Ca(OH),
Hydroxyapatite.

Arsemnic As,S -Rielger (Volcano regions); As,S,-Orpiment; FeAsS,
Arsenopyrites.

Antimony Sb,S,-Stibine; Sb,0,-Antimony ore.

Bismuth Bi283-Bisnmthinc; BiZOS-Bismite; (BiO)2C03-Bisnmthspa.r.
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Oxidation State : The common oxidation states of elements of group-15 are —3, +3 and +5.
The tendency to show —3 oxidation state decreases as we go down the group because of increase
in the atomic size and metallic properties. Similarly the stability of +5 oxidation state also decreases
as we go down in the group. When nitrogen element reacts with oxygen element, it shows +1 to +5
oxidation states. In certain oxoacids, phosphorus shows +1, +3, +4 and +5 oxidation states. The
oxidation states of elements of group 15 are shown in table 5.3.

Table 5.3 Oxidation States of Elements of Group 15

Elements N P, As Sb Bi

Oxidation states -3 to +5 =3, 43, +5 +3, +5 +3

5.2.2 Periodicity in physical and chemical properties :

(1) Periodicity in physical properties : It can be said on the basis of table 5.1, that in the
elements of group 15 with the increase in atomic number, there is general tendency of increase in atomic
size, decrease in ionisation enthalpy and decrease in electronegativity. Hence, the metallic property
increases with atomic number.

(i) Atomic and JTonic Radii : Going down the group 15, atomic and ionic radii increase. There
is remarkable increase in the atomic radii while moving from nitrogen to phosphorus; but there is slight
increase in atomic radii while going from As to Bi; the reason for this, is that in heavy clements,
d-or/and f-orbitals are present. (Table 5.1).

(ii) Jonisation Enthalpy : The value of ionisation enthalpy decreases while going down the
group because of increase in atomic size. The order of the first ionisation enthalpy (A;H,), second
ionisation enthalpy (A;H,) and the third ionisation enthalpy (A;H,) is AH, < AH, < AH, (Table 5.1).
As the p-orbitals in elements of group 15 are half filled and so they possess characteristic stability.
Hence, electron is not removed easily from these elements. Thus, in the same period, the values of
ionisation enthalpy of elements of group 15 are more than the values of ionisation enthalpy of elements
of group 16.

(iii) Electronegativity : Generally the atomic size increases with atomic number while going
down the group, hence electronegativity decreases. The difference in electronegativities of heavier
element is found to be less (Table 5.1).

The elements of this group are polyatomic. There are allotropes of all the elements of this group
except nitrogen and bismuth.

(2) Periodicity in chemical properties :

(i) Reaction with hydrogen element : All the elements of group-15 form hydrides of the type
MH, (where M= N, P, As, Sb or Bi) by combining with hydrogen. The stability of the hydride compounds
decreases as we go from NH, to BiH, in the group, but its property as reducing agent increases. The
order of basicity of these hydride compounds is NH; > PH, > AsH, > SbH, > BiH,.

(ii) Reaction with oxygen element : All the elements of group-15 combine with oxygen and
form two types of oxides M,0; and M,0,. The oxides of the elements having higher oxidation state
are more acidic than the oxides of the eclements having lower oxidation states. The acidic character
decreases as we move down the group. The M,0, type oxides of nitrogen and phosphorus are acidic,
oxides of arsenic and antimony are amphoteric and oxide of bismuth is basic. This shows the development
in metallic property as we go down the group.
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(iif) Reaction with halogen elements : The elements of group-15 react with halogens and
form halide compounds of the type MX, and MX,. As there are no d-orbitals in valence shell of nitrogen
atom, it is not able to form pentahalide. Pentahalides are more covalent than trihalides. All the trihalides
except the nitrogen element are stable; while only one trihalide of nitrogen element-NF, is stable.
Trihalide compounds except BiF, are covalent compounds.

(iv) Reaction with metal elements : All the elements of group-15 combine with metal
elements and form binary compounds like Ca,N, (Calcium nitride), Ca;P, (Calcium phosphide),
Na,As (Sodium arsenide), Zn;Sb, (Zinc antimonide and Mg,Bi, (Magnesium bismuthide). In these, the
oxidation state of N, P, As, Sb and Bi is (-3).

5.3 Nitrogen
5.3.1 Preparation, Properties and Uses of Dinitrogen Gas :

(1) Preparation of Dinitrogen : Commercially, dinitrogen i8 prepared by liquefaction and frac-
tional distillation of air. As the boiling point of dinitrogen is 77.2 K, it is first obtained during distillation.
While, the boiling point of dioxygen is 90 K and so remains in the vessel. In the laboratory, dinitrogen
gas can be prepared by the reaction of aqueous ammonium chloride with aqueous sodium mnitrite.

NH,Cl(aq) + NaNO,(aq) = N,(g) + 2H,0() + NaCl(aq)

During this reaction, NO and HNO, are formed in smaller proportions. To remove them, the gas
produced during the reaction is passed through the mixture of potassium dichromate and aqueous
sulphuric acid. Dinitrogen gas can also be prepared by thermal decomposition of ammonium dichromate.

(NH),Cr,0,(8) _A y Ny(g) + 4H,0() + Cr,0,4()

Very pure dinitrogen gas can be obtained by thermal decomposition of sodium or barium azide.
Ba(Ny),(s) —A Ba(s) + 3N,(g)

(2) Properties :

(i) Physical properties :

® Dinitrogen gas is colourless, odourless, tasteless and nonpoisonous.

® It possesses two stable isotopes YN and 1°N.

@ It is sparingly soluble in water.

@ It is inert at room temperature but its reactivity increases with the increase in tempera-
ture.

(ii) Chemical properties : At high temperature, it combines with certain metals and forms
ionic nitrides while with non-metals it forms covalent nitrides.

e.g 6Li(s) + Ny(®) —A 2Li;N(s)
3Mg(s) + Ny(®) —A5 Mg, Ny(s)

2B(s) + N,(g) —A s 2BN(s)
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It reacts with dihydrogen and dioxygen and forms ammonia gas and nitric oxide gas respectively.

Ny® + 3H(g) St — INH,(g)
[FeO]
N,(®) + Oy(g) === 2NO(®

(3) Uses :

@ Dinitrogen gas is useful in indusiry in the manufacture of ammonia gas and other nitrogen

® In the metallurgical processes to maintain inert atmosphere, in electric bulbs and prepa-
ration of nitric acid.

@ The reactivity of oxygen in the air is decreased because of the presence of dinitrogen gas
and so it becomes useful in respiration. Liquid dinitrogen is used as coolant in preservation
of biological substances and food materials.

5.3.2 Distinction from other elements of group (Anomalous behaviour) :

@ The diatomic molecule of nitrogen is in gaseous form as dinitrogen (N,) while, other
elements are in solid state in the form of M, molecule (except Bi).

(i) Nitrogen element does not possess allotropes but other elements possess allotropes.

(i) Nitrogen trioxide N,O, and nitrogen pentoxide N,O; are monomolecular (monormers);
while the trioxides and pentoxides of other elements are bimolecular (dimers) e.g. P,O,
As,Oq P,O,y and As Oy

(iv) The trihydride of nitrogen element (NH,) is non poisonous while trihydrides of other
elements are poisonous, (e.g. Phospine (PHS), Arsine (AsH3) etc).

(v) As nitrogen is non-metal, its oxide compounds possess acidic property.

(vi) The halides of nitrogen except NF, are explosive, while the halides of other elements
are stable.

(vii) Because of the smaller size and higher clectronegativity of nitrogen element, there is
characteristic property of forming pm—pr bond in it; while this property is not possessed
by the other clemenis of the group. As a result, nitrogen element exists as dinitrogen gas
having triple N=N bond; while other elements of the group possess P—P, As—As and
Sb—Sb single bond. Bi forms metallic bond.

(viii) There are no d-orbitals available in the orbits of nitrogen element, its maximum bonding
capacity is 4. As a result it cannot form dr — prt bond. The other elements of this group
are able to form this type of bond. e.g. R;P=0 or R;P=CH, where R is the alkyl
group. Phosphorus and arsenic elements form dnt — dst bonds with tranistion metal elements
in which the compounds of phosphorus and arsenic like P(C,H;), and As(C.Hy), act
as ligands.
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5.3.3 Compounds of Nitrogen Element :
(1) Ammonia (NH,) :

(i) Preparation : Ammonia gas is present in very less proportion in air. In addition ammonia
gas is formed by the decay of nitrogen containing organic compounds like urea.

NH,CONH,(s) + H,0() = 2NH,(g) + CO,(g)

By reaction of ammonium salt with sodium hydroxide or calcium hydroxide, ammonia gas can
be obtained.

(NH,),SO,(s) + 2NaOH(ag) — 2NH,(g) + 2H,0()) + Na,SO,(aq)
2NH,CI(s) + Ca(OH),(aq) — 2NH,(g) + 2H,0()) + CaCl,(aq)
Industrially ammonia gas is manufactured by Haber’s process.

200 bar pressure

N,(®) + 3H,(®) = s INH,(g) AH = - 46.1 Kmol™

773K, [FeO]

According to Le Chatelier’s principle 773 K temperature, 200 bar pressure and FeO as catalyst
are used alongwith K,O and Al,0, in less proportions as promofers. By hydrolysis of magnesium
nitride, ammonia gas is obtained.

Mg,N,(s) + 6H,0() — 3Mg(OH),(s) + 2NH,(g)

(ii) Properties :

(A) Physical properties :

® Ammonia is a colourless gas with pungent smell O

@ Its freezing point and boiling point are 198.4 K and 239.7 K
respectively. Q\'\ o« N

@ Ammonia molecule possesses trigonal pyramidal structure in /07 \\
which three bonding and one nonbonding electron pairs are
present.

(B) Chemical properties :

® Ammonia gas dissolves in water and forms ammonium hydroxide which acts as weak
base.

NH, (g) + H,0()) = NH} (aq) + OH (aq)
® Aqueons solution of ammonia gas reacts with acid and forms ammonium salt.
NH,OH(aq) + HCl(ag) = NH,Claq) + H,O())

® Aqueous solution of ammonia gas forms hydroxides of metals by reaction with aqueous
solutions of metal salts.

NH,OH(aq) + ZnSO,(aq) = Zn(OH),(s) + (NH,),S0,,(aq)
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@ As nitrogen atom in ammonia molecule has got non-bonding pair of electron, it acts as
a Lewis base. It forms co-ordinate covalent bond with metal ion and forms complex ion.

Cu”(ag) + 4NH;(ag) = [Cu(NH,),1** (ag)
(Blue) (Dark Blue)
(if) Uses :
® Ammonia gas is used in the formatGon of nitrogenous fertilisers like ammoniwm nitrate,
urea, amonium phosphate and ammonium sulphate.
® It is also useful in preparation of certain important inorganic compounds like nitric acid.
® Liquid ammonia is used as refrigerant.
(2) Nitric acid (HNO, ) :
(i) Preparation : To prepare nitric acid in laboratory, sodium nitrate or potassium nitrate is
heated with concentrated sulphuric acid in a glass retort.
NaNO, (s) + H,SO, (aq) —2> NaHSO0, (aq) + HNO, (aq)

Anhydrous nitric acid is obtained by distilling concentrated aqueous solution of nitric acid in
presence of P,O,,. Industrial production of nitric acid is carried out by catalytic oxidation of ammonia.
This process is known as Ostwald’s method, in which the following reactions are involved

[Pt (90%) + Rh (10%)]
500 K, 9 bar

4NH,(g) + 50, (2) > 4NO(g) + 6H,0(g)

2NO(g) + O,(g) = 2NO,(g)
3NO,(g) + H,0() — 2HNO,(aq) + NO(g)
The aqueous nitric acid obtained in this way is distilled and acid with 68.5 % by weight
concentration can be obtained. To obtain nitric acid with 98 % concentration it is dehydrated with
concentrated H,SO,.

(il) Properties : 5 0
(A) Physical properties : H 1020 Q,\Q
@  Nitric acid is a colourless liquid. 9'5,% < }
o} N 130°

®  Its freezing point and boiling point are 140.6 pm

231.4 K and 355.6 K respectively.
®  Its demsity at 298 K temperature is 1.504 Strnchine of uitrie scld

gram ml™, ©

®  Nitric acid possesses planar structure in gaseous state.
(B) Chemical properties :
® Aqueous solution of nitric acid acts as a strong acid in which H,O* and NOj jons are

present.

HNO, (ag) + H,0()—>H,0" (aq) + NO3 (aq)
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® Concentrated nitric acid is a strong oxidising agent. It reacts readily with metals except

the noble metals like gold and platinum. Certain metals like Cr, Al do not dissolve in
concentrated nitric acid because inert oxide layer is formed on these metals. Generally,
nitrate salts are formed by reaction of metals with nitric acid. If dilute nitric acid is used
in the reaction NO or N,O are produced and if concentrated nitric acid is used NO, gas
is produced.

4Cu(s) + 10HNO, (dil., ag)—>4Cu(NO,), (aq) + N,O(g) + 5H,0())
3Cu(s) + 8HNO, (10 to 30 %, aq) —>3Cu(NO, ), (aq) + 2NO(g) + 4H,0(7)

Cu(s) + 4HNO, (con., ag)—>Cu(NO, ), (aq) + 2NO, (g) + 2H,0()

Zn(s) + 4HNO, (con., aq) —»Zn(NO, ), (aq) + 2NO, () + 2H,0()
® The non-metals and their compounds are oxidised by concentrated HNO,.

I, (s) + 10HNO, (I)—>2HIO;(aq) + 1I0NO, (g) + 4H20(l)
Todic acid

C(s) + 4HNO, () — CO,(g) + 2H,0() + 4NO, (g)
Sg(8) + 48HNO, (I) — 8H,S0, (aq) + 48NO, (g) + 16H,0(!)

P, (s) + 20HNO, (/) —»4H,PO (aq) + 20NO, (g++ 4H,0(!)

® Aqueous solution of nitric acid gives ring test. This ring test is given by NO, ion in
aqueous solution, So nitric acid also gives this test

Ring test : Freshly prepared solution of ferrous sulphate is added to aqueous solution con-
taining NO, ion. Then after, concentrated sulphuric acid is added slowly from the inner wall of the
test tube. (if required solution is cooled). Brown colowred ring is observed mear the surface
where concentrated sulphuric acid and mixed solution meet. This ring is due to formation
of nitroso complex. The ring test is carried out during inorganic qualitative analysis for detection of

NO, ion
NOj (aq) + 3Fe?* (aq) + 4H" (ag)—>»NO(g) + 3Fe** (aq) + 2H,0(!)
[Fe(H,0)41** (aq) + NO(g) —> [Fe(H,0)s (NO)I** (aq) + H,0())
(brown)
(iii) Uses :

@ The main use of nitric acid is made in preparation of fertilisers like ammonium nitrate and
explosive substances like trinitrotoluene and nitroglycerine.

@ It is used as oxidising agent in rocket fuels.
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(3) Oxides of nitrogen :

Preparation, structure and properties of oxides of nitrogen : Nicogen forms many oxide
compounds in different oxidation states of nitrogen. Names of compounds of nitrogen oxides, molecular
formula, oxidation states of nitrogen element, preparation and general properties are shown in Table 5.4.

Name of oxide of | Molecular | Oxidation State| Common methods Physical
Nitrogen formula of nitrogen of preparation appearance and
element chemical nature
Dinitrogen oxide NH,NO, _A, colourless gas
[Nitrogen(I) oxide] N,O + 1 N,O + 2H,0 neutral
Nitrogen monoxide 2NaNO, + 2FeSO, + colourless gas
[Nitrogen(Il) oxide] NO +2 3H,S0, > Fe,(SO,), + | neutral
NaHSO, + 2H,0 + 2NO
Dinitrogen trioxide 2NO + N,0, _250K , | blue solid,
[Nitrogen(III) oxide] N,O, +3 2N,0, acidic
Nitrogen dioxide 2Pb(NO,), 673K, brown gas
[Nitrogen(IV) oxide] NO, + 4 4NO, + 2PbO acidic
Dinitrogen tetroxide N0, =2L. N,0, | colourless solia/
[Nitrogen(IV) oxide] N,O, + 4 liquid, acidic
Dinitrogen pentoxide 4HNO, + P,O,, — colourless solid
[Nitrogen(V) oxide] N,O, +5 4HPO, + 2N,0; | acidic

Nitric oxide (NO) partially polymerises in liquid state because of presence of one unpaired
eletrcon. It acts as dimeric molecule in solid state. Nitric oxide combines with oxygen and forms nitrogen
dioxide.

2NO(g) + O, (g)—>2NO, (g)

Nitrogen dioxide in gaseous state forms compound having dimeric structure N,O, by attaining
equilibrium state as follows :

(Brown-Paramagnetic) (Colourless-Diamagnetic)

Oxides of nitrogen, react with water and forms oxoacid compounds of nitrogen.
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2NO, (g) + H,0()) —3HNO, (ag) + HNO, (ag)
N,0,(g) + H,O() = 2HNO, (aq)

N,05(g) + H,0() = 2HNO, (ag)

Because of this, N,O, and N,O; are called anhydrides of HNO, and HNO, respectively.
The resonance structures of oxides of nitrogen and the information about their bonds are given in

table 5.5
Table 5.5 Resonance Structures of Oxides of Nitrogen
Molecular Resonance structure Details abont bond
formmla
N;O [ N=N=0 ¢ :N=N-O: N—N-—0
113pm 119pm
va L] .w Linear
NO N=0: & :N=0: N—-—O
115 pm
¢ O_ 105°
% 2%~ N £° DN o
N,0; N—N > N—X ’f%Nlm{q_ ) 130
o ‘07 117‘?0
o | 121 pm
Planar
—> N
NO, /N%_ ,&N\ i 120 pm
o .0 0’ 0. 0 134° O
Angular
0 e o ° = g
- . 175 pm __/n
N,0, \N_N/ - \N_N 135§N pm
. . o . Planar
0 o . 0 0 i 0 o ‘J\ - \\QQ&O
B SOy L NN \b}/"’\N 134°
e . [ Z N o n2e
‘o’ 0, o7 Nol| o 0
: : ®. +

5.4 Phosphorus

5.4.1 Allotropes of Phosphorus : The known allotropes of phosphorus are white (yellow),
red and black. The white phosphorus prepared by industrial synthesis, is poisonous and wax like white
substance in which discrete tetrahedral P, molecules arc present. Red phosphorus is nonpoisonous and
it is in polymeric form. The allotropes of phosphorus are shown in figure 5.1
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(a) White (yellow) phosphorms (b) Red phosphorns

Fig. 5.1 Allotropes of Phosphorus

White phosphorous is insoluble in water but soluble in solvent like carbon disulphide (CS,).
It glows in the dark. In the inert atmosphere, phosphorous undergoes redox reaction with boiling
NaOH solution and forms phospine (PH,).

P, (s) + 3NaOH(aq) + 3H,0(/)—>PH, (g) + 3NaH, PO, (aq)
(Sodium hypophosphite)

The melting point of white phosphorus is 317 K. It is highly reactive and burns when kept open
in air. Hence, it is stored in water. If white phosphorus is heated at 573 K in absence of air, it is changed
to stable red form. The melting point of red phosphorus is 873 K. It is less soluble in solvent like CS,
in comparison to white phosphorus and is less reactive. Hence, it does not burn when it comes in contact
with air. The more reactivity of white phosphorus is due to its abnormal structure. Because of this, strain
is generated in P, molecule. Hence, the bond angle is 60° in geometrical structure of P,. Because of
this, p-orbitals do not overlap head to head. As a result of this p—p bond is bent. Hence this bond is weak
and reactive. As a result, white phosphorous bunrs as soon as it comes in contact with air.

Two froms of phosphorous found are o-black phsphorus and B-black phosphorus. o~black
phosphorus is obtained by heating red phosphorus in closed tube at 803 K temperature. White phospho-
rus is heated under high pressure at 473 K to obtain p-—black phosphorus.

5.4.2 Compounds of Phosphorus :
(1) Phosphine (PH,):
(i) Preparation : Phoshphine is obtained by reacting calcium phosphide with water or dilute
hydrochlaric acid.
Ca,P, (s) + 6H,0(l)—>3Ca(OH), (aq) + 2PH,(g)

Ca,P, (s) + 6HCl(aq)—>3CaCl, (aq) + 2PH, (g)

In laboratory, phosphine is prepared by reacting white phosphorus with concentrated NaOH in
inert atmosphere

P, (8) + 3NaOH(aq) + 3H,0())—>PH,(g) + 3NaH, PO, (aq)
Sodium hypophosphite
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(ii) Properties :

(A) Physical properties :

@ Phosphine is a colourless gas having smell like rotten fish and is very poisonous gas.
® It is sparingly soluble in water.

(B) Chemical properties :

® Phosphine explodes when it comes in contact with oxidising agents like HNO,, Cl,
and Br,.

® If phosphine is absorbed in aqueous solution of copper sulphate or mercuric chloride,
corresponding phosphide is formed

3CuS0, (aq) + 2PH; (g)—>Cu,P, (g) + 3H,S0,(aq)
3HgCL, (2q) + 2PH, (g)—>Hg,P, (g) + 6HCl(aq)

® Phosphine is a weak base. It gives phosphonium bromide (PH,Br) by reaction with HBr.
PH, (g) + HBr(g)—>PH,Br(g)

(iif) Uses :

® Becasue of spontaneous combustion property of phosphine, it is used in Holme’s signals.
By making a hole in the vessel containing calcium carbide and calcium phosphide is
thrown into the sea and so the gas produced burns which works as signal.

@ It is used in preparation of smoke screen.
(2) Phosphorus trichloride (PCL,) :
(i) Preparation : Phosphorus trichloride is obtained by passing dry chlorine gas on white

phosphorus at high termperature.

P, (s) + 6CL, (g) -2 4PCL, ()
Phosphorus trichloride is obtained by reaction of white phosphorus with thionyl chloride (SOCL,).
P, (s) + 8SOCl,{I) — 4PCl,(I) + 450,(g) + 25,Cl, ()
Sulphur chloride
(ii) Properties :
(A) Physical properties :
® Phosphorus trichloride is a colourless fuming licquid.
® Its boiling point is 349 K.
® It is soluble in solvents like benzene, chloroform, ether, carbon disulphide

® Its shape is pyramidal.
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(B) Chemical Properties :

@ Phosphorus trichloride forms fumes when it comes in contact
with air or water-because the P—Cl bond present in PCl,

is decomposed and is converted into the resulting product phos-
phorus acid (H,PO;).

P

PCl, (1) + 3H,0(I)—>H,PO; (aq) + 3HCl(aq)

Cl Cl

It reacts with organic compounds having —OH group. viz.
CH,COOH, C,H,OH as follows :
Cl

Phosphorus trichloride

3C,H;0H(!) + PCly (I) —>3C,H;CI(?) + H3PO,4 (1)
(3) Phosphorus pentachloride (PCl;)

(i) Preparation : Phosphorus pentachloride is obtained by reaction of white phosphorus with
excess amount of dry chlolrine gas.

P,(s) + 10Cl, (g)—>4PCl(s)

Phosphorus pentachloride is obtained by reaction of white phosphorus with sulphuryl chloride
(SOZC12).

P, (s) + 10SO,Cl, ())—>4PCl,(s) + 10S0, (g)
(i)

Properties :

(A) Physical properties

@ Phosphorus pentachloride is yellowish white coloured solid substance.
@ Its melting point is 440 K

® PCl; possesses trigonal bipyramid shape in liquid and gaseous states.
(B) Chemical properties

@ Phosphorus pentachloride is converted to phos-

phorus oxychloride by hydrolysis by moisture of
air and finally phosphoric acid is formed.

PCI, (s) + H,0(g)—>POCL, (!) + 2HCI(g)

POCL,(J) + 3H,0(g) —> H,PO, (aq) + 3HCl(aq)
®

Phosphorus pentachloride sublimes on heating but
decomposes when heated more.

PCl5(s) —2 PCL (1) + Cl,(g)
Structare of liquid or gaseous @ It forms chloro compounds by reaction with or-
phosphorus pentachloride

ganic compounds having —OH group.
P-Block Elements IT
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CH,COOH(}) + PCl4(s)—>CH,COCI(!) + POCL (1) + HCI(])
C,H0H(l) + PCl;(1)—>C,H;CI(!) + POCLy (I) + HCI(?)

® On heating PCLywith metal piece, it forms corresponding metal chlorides.
2Ag(s) + PCly(s) —25 2AgCl(s) + PCL, (1)

Sn(s) + 2PCls(s) —25 SnCl,(s) + 2PCL, ()

(4) Oxoacids of phosphorus : Different oxoacids of phosphorus are obtained by reactions
of phosphorus oxides with water.

P,0, (5) + 6H,0(!) — 4H,PO, (aq) Orthophosphorus acid

P,Oy, () + 6H,O() — 4H,PO ,(ag) Orthophosphoric acid

Orthophosphorus acid (H3PO3) is a weak diprotic acid because its only two hydrogen atoms
are combined with oxygen atom. Hydrogen atom directly combined with phosphorus is not acidic
because, the electronegativities of both P and H are same and so P-H bond is non polar. As all the three
hydrogen atoms in orthophosphoric acid are combined with oxygen atom, it is a weak triprotic acid. In
both these molecules, the other atoms arcund the phosphorus atom are arranged in tetrahedral shape.
Also, the successive dissociation constants in both the molecules are decreasing by the approximate

multiple of 10°.

O O
Il |l

H—O—F—H H—O—ll’—O—H
O O
I I
H H

Orthophosphoric acid (H,PO,) Orthophosphoric acid (H,PO,)
Ka, = 1.0 x 1072 Ka, = 7.5 x 107
Ka, = 2.6 x 1077 Ka, = 6.2 x 1078

Ka, = 48 x 1072

Diphosphoric acid (H4P207) is also called pyrophosphoric acid which is obtained by removal of
onc molecule of water when two molecules of H,PO, combine.
O O O O
| || |l |
H—O—P—O—+H + H—O——l|° —0—H —> H—O0—P—O0—P—O—H +H,O0
(0) 0] 0) O

H H H H
Pyrophosphoric acid
In trimetaphosphoric acid H;P,0,, the HPO, unit is repeated three times. (I{Po3)n is known
as polymetaphosphoric acid.
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Polymetaphospharic acid
(HPO, unit is repated)

In all the acids, the oxidation number of phosphorus is +5. Hypophosphorus acid is also called
phosphonic acid. Its fornmla is H,PO, and the oxidation number of phosphorous is +1.

O

|l

P

/|\
H H OH
Stracture of H,PO,

5.5 Elements of Group-16

Oxygen, sulphur, selenium, tellurium and polonium elements are included in group 16. These
elements are kmown as oxygen group elements or as chalcogens. The important atomic and physical
properties are shown in table 5.6

Table 5.6 Atomic and Physical Properties of Elements of Group-16

Properties (0) ) Se Te Po
Atomic number 8 16 34 52 84
Atomic mass (gm mol™) 16.00 32.06 78.96 127.60 210.00
Electronic structure [Hel2s2p* | [Ne]3s?3p* | [Ar]3d'4s?4p* | [Kr]4d'%5s?5p* | [Xel4f145d1%s26p
Ionisation Enthalpy
(AH,) (kJ mol™) 1314 1000 941 869 813
Electronegativity 3.50 244 248 201 1.76
Covalent radius (pm) 66 104 117 137 146
Ionic radius (pm) 140 184 198 21 230
Melting point (K) 55 393 490 725 520
Boiling point (K) 90 718 958 1260 1235
Density (gm cm™)
(298 K) 1.32 2.06 4.19 6.25 -
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5.5.1 Electronic configuration, occurrence, oxidation states :

Electronic configuration : The electronic configuration of valence shell of elements of group
16 is ns’np*.

Occurrence : Oxygen clement is the most abundant element available in highest proportion on
the earth. Oxygen element possesses about 46.6% mass of earth’s crust. In dry air oxygen is 20.9461%
by volume. Sulphur present on the earth is about 0.03-0.1% by mass of earth’s crust. It is available in
combined forms i.e. sulphate compounds like gypsum (CaSO,*2H,0), Bpsom salt (MgSO,*7H,0),
Baryte (BaSO4) and sulphide compounds like galena (PbS), zinc blende (Zns), copper pyrrites (CuFeS,).
Sulphur is also present in organic compounds present in eggs, proteins, garlic, onion, hair and wool.
Selenium and tellurium are available as selenide and telluride compounds. Polonium is obtained by decay
of minerals of thorium and uranium.

Oxidation states : There are six ¢lectrons in valence shell of elements of group-16 i.e. two
electrons are less for completion of octet. Hence, the oxidation state of such elements is —2. The stability
of -2 oxidation states of these elements decreases as we go down the group. Polonium does not show
—2 oxidation state. The electronegativity of oxygen element i more and so it possesses —2 oxidation
state but in OF, its oxidation state is (+2). The other elements of this group show +2, +4, +6, oxidation
states. Sulphur, selenium and tellurium generally show +4 oxidation states in compounds with oxygen and
+6 oxidation state in compounds with flluorine. As we go down from above in the group, the stability
of +6 oxidation state decreases and stability of 44 oxidation state increases. Oxidation states of clements
of group 16 are shown in Table 5.7.

Table 5.7 Oxidation states of Elements

Elements (8] S Se Te Po

Oxidation | -2, -1, +1, +2 | -2, 42, +4, +6 | -2, 42, +4, +6 | -2, +2, +4, +6 +2, +4
state

5.5.2 Periodicity in physical and chemical properties :

(1) Periodicity in physical properties : On the basis of table 5.6, it can be said that there
is general tendency of increase in atomic size, decrease in ionisation enthalpy, decrease in electronega-
tivity with the increase in atomic number of clements of group-16. Hence, the metallic property increases
with increase in atomic number.

(i) Atomic and lonic radii : The atomic and ionic radii increase with increase in number of
orbits in the elements when we go down the group. As an exception, the atomic radius and ionic radius
of oxygen element is comparatively less than other elements (Table 5.6).

(ii) Tomisation Enthalpy : The value of ionisation enthalpy decreases with increase in aotmic
number as we go down the group. The values of ionisation enthalpy of the elements of this group are
comparatively less than those of the elements of corresponding period of group 15; because the elements
of group 15 have half filled p-orbitals and so possess characteristic stability (Table 5.6).

(iii} Electronegativity : Amongst all the elements, after fluorine element, oxygen element has
highest electronegativity. Generally, as we go down from above in the group as atomic number increases,
atomic size increases and so electronegativity decreases (Table 5.6).
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(2) Chemical properties :

(i) Reaction with hydrogen element : All the elements of group 16 form hydrides of the type
H,M (where M = S, Se, Te, Po). The acidic property of the hydride compounds increases on going from
H,O to H,Te because as we go down from above in the group the value of dissociation enthalpy of
M-H bond decreases.

(ii) Reaction with oxygen element : All the elements of group 16 form oxides of two types
—-MO, and -MO, when react with oxygen element (where M = S, Se, Te, Po). Ozone (O,) and sulphur
dioxide (SO,) are in gaseous form and selenium oxide (SeO,) is in solid form. The property as reducing
agents of these dioxide compounds, decreases as we go from SO, to TeO,. SO, is a reducing agent,
while TeO, is an oxidising agent. All these oxides possess acidic nature.

(iil) Reaction with halogen elements : Elements of group 16 react with halogens and form
MX,, MX, and MX, type halide compounds, (where M = elements of group 16 and X = halogen
element). The order of stability of halide compounds is '~ > C1 7> Hr~ > I ~. Amongst the hexahalide
compounds, only hexafluoride compounds are found to be stable.

5.6 Oxygen
5.6.1 Preparation, Properties and uses of dioxygen gas:

(1) Preparation of Dioxygen gas : In laboratory, dioxygen (O,) gas is prepared by following
methods.

(i) By thermal decompositoin of oxygen containing elements like KCIO; and KMnO, or by
electrolysis of acidic water.

2KCI0,4(s) —[MH%a 2KCI(s) + 30, (g)
2H,0(@) —SLetolysis , o1 (@) + 0,(g)
(ii) Dioxygen gas is obtained by thermal decomposition of oxides of certain metals.
2Ag,0(s) —A, 4Ag(s) + Oy(e)
2HgO(s) —A, 4Hg() + Og)
2Pb,0,(s) —A, 6PbO(s) + O,(g)
2PbO,(s) A, 2PbO(s) + Oy(g)
(iii) Dioxygen gas is obtained by decomposition of H,0, in presence of mangancse dioxide.

[MnO, ]
2H,0, (1) —peat > 2H,0() + 0,(8)

For industrial production of dioxygen gas, first carbon dioxide and water vapour are removed
from air. By liquefaction and fractional distillation of remaining air mixture dinitrogen and dioxygen gases
are obtained.
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(2) Properties :

(i) Physical Properties :

® Dioxygen is a colourless and odourless gas.

® It possesses three stable isotopes 160, 70 and *0.

® It is paramagnetic.

® About 3.08 cm® of dioxygen gas dissolves in 100 cm® of water at 293 K temperature,
which is sufficient to sustain life of marine and aquatic living beings.

® It is converted in liquid form at 90 K temperature and in solid form by cooling at 55 K
temperature.

(ii) Chemical properties : Dioxygen gas reacts with most of metal elements except inert
(e.g. An, Pt) and noble gas elements. The reactions of dioxygen gas with certain metal elements,
non-metal elements and other compounds are shown as below :

2Ca(s) + O,(g) — 2CaO(s)

4A1(5) + 30,(g) — 2AL0,(s)

P,(s) + 50,(8) > P,0,4(s)

C(s) + O,(g) = CO,(g)

27ZnS(s) + 30,(g) = 2Zn0(s) + 2SO0,(g)
CH,(g) + 30,(g) = 2COx(g) + 2H,0(g)

(0]
280,(g) + O, (®) LVL5]—) 280,(g)

4HCI(g) + 0,(g) Elz]—) 2Cl,(g) + 2H,0(g)
(3) Uses :
® Dioxygen gas is useful in respiration reaction and combustion reaction.
® Dioxygen gas is useful in preparation of steel.

® Dioxygen gas is used in oxyacetylene flame. As very high temperature is obtained by this
flame, it is used in welding work of metals.

@ The cylinders of dioxygen gas are useful for treatment of patients in the hospital, moun-
taineers and divers going deep in the water as well as respiration process.
5.6.2 Distinction from other elements of group (amomalous behaviour) :

(i) Oxygen is in gaseous form at room temperature while other elements of the group are
in solid form.

(ii) Oxygen exists as diatomic molecule (O,) while other elements exists as polyatomic molecule.

(i) Oxygen is a non-metal. With the increase in atomic number the metallic property of
elements increases.
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(iv) d-orbitals are not available in valence shells of oxygen atom. Hence, it possesses lower
oxidation states (-2, —1, 1, 2). While in other elements, as d-orbitals are available, the
expansion of valence orbit in elements is possible. Here, these elements possess higher
oxidation states (-2, 2, 4, 6). (See table 5.7)

(v) Oxygen because of its smaller size and higher electronegativity, farms hydrogen bond with
hydrogen atom in water. Hence, strong hydrogen bond is observed in water and not
observed in H,S.

5.6.3 Compounds of Oxygen :

(1) Simple Oxides : Oxygen combines with other elements and forms binary compounds
called oxides. As noted earlier, oxygen element combines with most of the elements of periodic table.
Certain clements combine with oxygen and form more than one compounds. Oxygen element is able
to form both the types ionic and covalent type compounds. Simple oxide compounds are classified as
acidic, basic and amphoteric on the basis of their properties.

The oxides which give acid by reaction with water are called acidic oxides e.g. SO,, CL,0,,
S0,(g) + H,0()) — H,804(aq)
Generally oxides of non metals are acidic.

The oxide compounds which give base by reaction with water are called basic oxides. e.g.
Na,O, CaO, BaO :

CaO(s) + H,0()) — Ca(OH),(aq)

Generally oxides of metal are basic. Some oxides possess both the acidic and basic nature.
These oxides are called amphoteric oxides. They react with both acid and base. Some oxides are such
which possess neither of the acidic nor basic nature. These oxides are called neutral oxides. e.g. CO,
NO and N,O. Al,O, reacts both with acid and base as shown below and so it is amphoteric oxide.

ALO,(s) + 6HCl(ag) + 9H,0()) — 2[AI(H,0),1** (ag) + 6CI (aq)

AlL,O4(s) + 6NaOH(aq) + 3H,O0()) = 2Na,[Al(OH)/](aq)
(2) Ozone : Ozone is the allotrope of oxygen. Ozone is formed from oxygen in atmosphere

in presence of sunlight at the height of 20 kilometer above sea level. This layer of ozone gas protects
the earth from harmful effect of ultraviolet rays.

(i) Preparation : Ozone gas can be prepared in laboratory by the use of ozonizer of Siemens
or Brodie. Ozone is obtained by passing cold and dry oxygen in presence of silent electric charge in

Siemen’s ozonizer.
30,(g) & 204(g) AH = 142.7 XJ mole™!

In industrial production the ozonizer of Siemens and Halteske is used in which 8000 to 10000
volt electromotive force is used between rods of aluminium. In electrolysis method, 5% ozone can be
obtained at the anode by electrolysing acidic water using platinum electrodes.
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(ii) Properties :
(A) Physical properties :

@ Ozone possesses light blue colour in gaseous form, dark blue colour in liquid form and
dark violet colour in solid form.

@ Ozone possesses characteristic odour,

® Less proportion of ozone is not harmful but if its proportion, exceeds 100 ppm, then
difficulty in respiration develops. As a result of this there is experience of headache and
suffocation.

® The resonance structure of ozone are as shown below :

.. - -0 .
/O <> O\ f’ \\
e S ® e l® Y O O

Resonance structures of ozone molecule
(B) Chemical Properties :

® Nascent oxygen [O] is released from decomposition of ozone. Hence, it is a strong
oxidising agent.

0,(®) = 0,(2) + O®)

Hence, ozone gas oxidises lead sulphide to lead sulphate and iodide ion to iodine.
PbS(s) + 40,(g) > PbSO,(s) + 40,(g)
21" (aq) + H,0(!) + O4(g) —> 20H ™ (aq) + L,(s) + O, (g)

@ Nitric oxide coming out from the exhaust of supersonic jet planes, react with ozone and
form nitrogen dioxide gas.

NO(g) + O4(g) = NO,(g) + 0,(g)

@ In the same way, it forms oxo- acids by reaction with moisture containing sulphur, phos-
phorus and arsenic.

SG6) + H,0(0) + 30,(g) - H,S0,(aq) + 30,(g)
2P(s) + 3H,0() + 50,(g) & 2H,PO,(aq) + 50,(g)
2As(s) + 3H, 00D + 50,(8) > 2H,AsO (aq) + 50,(g)
(iii) Uses :
® Ozone is used to sterilise drinking water.
® It is useful as bleaching agent for bleaching of different oils, flour and starch.

® [Tt is useful as oxidising agent in production of potassium permanganate.
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5.7 Sulpbhur
5.7.1 Allotropes of Sulphur :

Amongst the different alltropes of sulphur, yellow rhombic sulphur (o-sulphur) and monoclinic
sulphur (B-sulphur) are very important. The stable form of sulphur at room temperature is rhombic
sulphur. When it is heated at 369 K temperature it is converted into monoclinic sulphur.

Rhombic sulphur (a-sulphur) : Rhombic sulphur is of yellow colour. Its melting point is

385.8 K. On evaporation of solution of sulphur prepared in CS,, rhombic sulphur is obtained. 1t is
insoluble in water but soluble in organic solvents like benzene, alcohol

(a)

S. molecule S‘ molecule

Fig. 5.2 Molecular structure of sulphur

Monoclinic sulphur (f-sulphur) : Monoclinic sulphur is soluble in CS,. Its melting point is
393 K. When rhombic sulphur is melted in a dish and then cooled, monoclinic sulphur is obtained.
Monoclinic sulphur is stable at temperature higher than 369 K and it is changed to rhombic sulphur at
lower temperatures. As contrast to this, rhombic sulphur is stable at temperature lower than 369 K but
is changed to monoclinic sulphur at higher temperature. At 369 K temperature, both the allotropes are
stable. This temperature is called the transition temperature. Both these possess S; molecule. In both
these forms S; molecule is in the form of a crown which is shown in fig 5.2 (a). In the last two decades,
it has been possible to prepare sulphur molecules containing 6 to 20 atoms, as a result of rersearch. The
cylic structure of Sy molecule is of chair form which is shown in fig 5.2 (b).

5.7.2 Compounds of Sulphur :
(1) Sulphur dioxide (80,) :

(i) Preparation : When sulphur is combusted in air or oxygen gas, sulphur dioxide (with about
6 to 8% sulphur trioxide) is obtained.

S5(s) + 0,(8) > SO,(g)

In laboratory, sulphur dioxide gas is obtained by reaction of hydrochloric acid with sodium
sulphite.

Na,S0,(s) + 2HCl(aq) — SO,(g) + H,O()) + 2NaCl(aq)

In industries, sulphur dioxide is obtained as a bye product during roasting of sulphide mineral.

4FeS,(s) + 110,(g) = 2Fe,04(s) + 8S80,(g)
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Sulphur dioxide gas obtained this way is dried and stored in liquid state under pressure in steel
cylinder.

(ii) Properties :
(A) Physical Properties :
® Sulphur dioxide is a colourless gas having intense smell and possessing burning effect.
® It is soluble in water in very high proportions.
® Its boiling point is 263 K. It gets liquefied at room temperature at 2 bar pressure.
@ Sulphur dioxide molecule is angular, Its resonance structures are as follows :
.-O_,// S \..O-... Hf.b.-/ S ~§O-.
Resonance structures of SO, molecule
(B) Chemical properties :
® Solution of sulphurous acid is obtained when sulphur dioxide is passed through water.
S0,(g) + H,O0() = H,50,(a9)

® It forms sodium sulphite in first step by reaction with NaOH which reacts with more
proportion of sulphur dioxide and form sodium hydrogen sulphite.

2NaOH(aq) + SO,(g) = Na,S0,(ag) + H,0())

Na,S0,(aq) + H,0()) + SO,(g — 2NaHSO,(aq)

® Sulphur dioxide reacts with chlorine gas in presence of catalyst and forms sulphuryl
chloride (SOZClz). Sulphur trioxide is formed by oxidation in presence of vanadium pen-
toxide catalyst.

SO,(g) + CL(g) = SO,CL
[v,0.]1
250,(8) + 0,(8) — 22 5250,(g)
It makes coloured acidic solution of KMnO, colourless. Thus it acts as a reducing agent.

580, (g) + 2MnOj (ag) + 2H,0() — 550%™ (ag) + 4H*(ag) + 2Mn>* (aq)
(iif) Uses :
® It is useful in purification of petrolenm and sugar.
® It is also used to bleach wool and silk.

® To dissolve certain organic and inorganic substances liquid sulphur dioxide is used as
solvent.

@ Sulphur dioxide is useful in industrial production of sulphuric acid, sodium hydrogen sulphite,
and calcium hydrogen sulphite.
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(2) Sulphuric acid (H,S0O,) :

(i) Industrial manufacture : Mainly the following steps are included in the manufacture of
sulphuric acid by contact process.

(1) To obtain sulphur dioxide gas by combusting sulphur ar sulphide mineral in air.

(2) To convert sulphur dioxide to sulphur trioxide with the help of oxygen in presence of
vanadium pentoxide catalyst.

(3) Sulphur trioxide obtained this way is absorbed in concentrated sulphuric acid and so
fuming sulphuric acid or oleum (stzo7) is obtained

Whater spray Conc. H,SO, Cone. H,80,
so, ] |
FTTT VTR HIIW —
o V,05 \QE: < lill"
2eses
Sulphur aaaay
LLLes
aaANY
LLLes
ALY
>
Alr > waARY -
LT AT
v
Oleum
cid S,0
a Arxsenic purifier Catalytic Hz 2v7

containing gelatinous
hydrated ferric oxide  comverter
Washing and Drying tower

Cooling tower

Fig 5.3 Indusirial manufacture of sulphuric acid by comtact process

First of all, arsenic compounds and other impurities are removed from sulphur dioxide gas and
purification is carried out. The important step in production of H,SO, by contact process is to prepare
sulphur trioxide gas by catalytic oxidation in presence of vanadium pentoxide catalyst.

250,(g) + Oy(g) —2255250,(8) AH = — 196.6 kimole™

This reaction is exothermic. The volume of the system decrecases during forward reaction.
Hence, to obtain more product, according to Le Chatelier’s principle, lower temperature and higher
pressure are required. But by decreasing the temperature very low, the rate of oxidation reaction
decreases. In practice, this reaction is carried out at 2 bar pressure and 720 K temperature. Sulphur
trioxide gas obtained in this way is absorbed in concentrated sulphuric acid. As a result fuming sulphuric
acid or oleum (stzo7) is obtained. Sulphuric acid of required concentration can be obtained by its
dilution with water.

SO,(g) + H,80,() = H,S,0,() (Oleum)

96 to 98% pure H,SO, can be obtained by contact process.
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(ii) Properties :

(A) Physical properties :

® Sulphuric acid is colourless, dense oily liquid.

® Its specific gravity at 298 K temperature is 1.84.

@ Its freezing point is 283 K and boiling point is 611 K.

® It evolves heat when dissolved in water. Hence it is necessary to take utmost care when
solution of sulphuric acid is prepared. For this, concentrated sulphuric acid is slowly added
into water with constant stirring or ice is kept around the vessel.

(B) Chemical properties :

@ The ionisation of sulphuric acid in aqueous solution takes place in two steps.
H,S0,(aq) + H,O()—>H,0" (aq) + HSO (aq) Ka, > 10 (very high value)
HSOj (aq) + H,O()—>H,0" (aq) + SO3"(aq) Ka, = 1.2 x 1072

® The higher value of Ka,, indicates that H"* and HSO] ions are obtained by its jonisation
in more proportion. The higher value of Ka, indicates the more strength of acid.

® Sulphuric acid forms two types of salts-common sulphate (e.g. Na,SO,, CuSO4) and acid
sulphate or bisulphate or sodium hydrogen sulphate (NaHSO,) by reaction with NaOH.

® It is used in preparation of other acids due to low volatility.
2MX(s) + H,SO0,() = 2HX() + M,S0,(aq)
(where M = metal ion, X = F~, CI", NO;)

® Concenterated sulphuric acid is a strong dehydrating substance. Gases containing moisture
when passed through concentrated H,SO, they become dry. (These gases must not be

reacting with H,SO)). It removes water from organic compounds.
C,H,,0,; —22245 12C + 11H,0
By this charring reaction sugar becomes black.

Hot concentrated sulphuric acid acts as oxidising agent. Metals and non-metals are oxidised by
concentrated H,SO, and sulphuric acid is reduced and converted to SO,.

Cu(s) + 2H,SO,(con.)()) = CuSO,(aq) + SO,(g) + 2H,0())
S@) + 2H,S0,(con.)()) — 3S0,(g) + 2H,00)
C(s) + 2H,80,(con.)()) = CO,(g) + 280,(g) + 2H,0()
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(ii) Uses :

@ Sulphuric acid is an important industrial chemical.

® As sulphuric acid is very useful in preparation of most of the chemical substances like
fertilizers, dyes, synthetic fibres, soap and detergent, it is called ‘King of Chemicals.’

@ It is used as reagent in laboratory.

(3) Oxoacids of sulphuric acid : Sulphur forms different types of oxoacaid compounds - like

H,S0,, H,S,0,, H,8,0,, H,S,0,, H,S,0, (x = 2 to 5), H,SO,, H,S,0,, H,S0,, H,S,0,.Here, we
gshall study only structrures of some oxoacids. They are shown below.

Sulphurous acid Sulphuric acid
H,80, H,80,

Pyrosulphuric acid (Oleum)
H,S,0,

5.8 Elements of group 17

Flourine, chlorine, bromine, iodine and astatine are the elements of group-17. These elements are
collectively known as halogen elements. They are reactive non-metallic elements. As a whole maore
similarity is observed in the propertics of the elementis of this group. Astatine is a radioactive element.
Important atomic and physical properties of the elements of this group are shown in table 5.8.

Table 5.8 Atomic and Physical Properties of Elements of group-17

Property F Cl Br I At
Atomic number 9 17 35 53 85
Atomic mass (g mol™) 19.00 35.45 79.90 126.90 210
Electronic configuration [HeRs2p’ | Nel3sX3p® | [Ar]3d™4s%4p® | [Ki]4d'%5s%5p° | [Xeldf'*5d'%s%6p°
Ionisation enthalpy (A1H1)
(kJ mol™) 1680 1256 1142 1008 -
Electron gain enthalpy
(kI mol™) -328 —349 -325 —295 -
Electronegativity 40 3.2 3.0 2.7 735
Covalent radius (pm) 64 9 114 133 —
Ionic radius (pm) 133 184 196 220 -

F, cL Br, I, =

Melting point (K) 54.4 172.0 265.8 386.6 -
Bailing point (K) 84.9 239.0 3325 458.2 -
Density (g cm™3)
(298 K) 15 1.66 3.19 494 -
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5.8.1 Electronic configuration, occurrence, oxidation states :

Electronic configuration : The electronic configuration of valence shell of elements of
group-17 is ns?np>. They have one electron Iess for obtaining electronic configuration like their neighbouring
inert elements.

Occurrence : The chief minerals of elements of group-17 are shown in table 5.9.

Table 5.9 Chief Minerals of Elements of Group-17

Elements Structures and names of Chief Minerals

Fluorine CaF,—fluorspar, Na;AlF ~Cryollite, Cay(PO,)sCaF,~Fluor apatite

Chlorine NaCl-Sodium chloride, KCl-Potassium chloride, (in form of soluble salt)

Bromine NaBr-Sodium bromide, KBr—Potassium bromide, MgBr,—Magnesium bromide
(in form of soluble salt)

Todine NalO,—Sodium iodate.

Oxidation state : Amongst the elements of this group flourine is the most electronegative
element. As a result, its oxidation state is (1) in all its compounds even then, going down from above
in the group the tendency to attain positive oxidation state increases. e.g.Oxoacids of chlorine.
Sometimes, the oxidation states of chlorine, bromine and iodine in their compounds are found to be
=1, +1, +3, 45, +7.

5.8.2 Periodicity in Physical and Chemical Properties :

(1) Periodicity in physical properties : It can be said on the basis of table 5.8, that there
is general tendency of increase in atomic size, decrease in ionisation enthalpy and decrease in electrone-
gativity with increase in atomic number of elements of this group.

(i) Atomic and Jonic Radii : The atomic radii of elements of halogen group are the least in
comparison to other elementes in the corresponding period; because halogen elements possess maximum
effective nuclear charge. e.g. fluorine element of group 17 in second period possesses least atomic
radius in comparison to all the elements. As we go down from above i.e. going from fluorine element
to iodine element, atomic and ionic radii increase because of increase in principal quantum number in
going from fluorine to iodine.

(ii) Ionisation Enthalpy : The values of ionisation enthalpy decrease with increase in atomic
size while going down from above in the group.

(iii) Electron Gain Enthalpy : The value of electron gain enthalpy of halogen elements of the
period is highest negative. The reason for this is that there is one electron less than the stable electronic
configuration of elements of neighbouring noble elements. The value of electron gain enthalpy goes on
being less negative as we go down from above in the elements of group 17; But table 5.8 shows that
the value of electron gain enthalpy of Cl atom is more negative than the value of gain enthalpy of
F-element. The reason for this is that new added eleciron takes place in 2p-orbital of F-element and in
3p-orbital of Cl element. You have studied in unit 3, std-11 (semester-T) that there is more electron repulsion
in 2p-orbital than that in 3p-orbital and so electron enters into 3p-orbital very easily.
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(iv) Electronegativity : The electronegativity of halogen elements is more. The electronegativity
decreases as we move down from above in group 17. The electronegativity of fluorine element is
maximum amongst all the elements in the periodic table.

(2) Periodicity in chemical properties :

(i) Reaction with hydrogen element : All the halogen elements react with hydrogen element,
and form hydrogen halide compounds; but the tendency of reaction with hydrogen decreases as we
move from fluorine to iodine element. These compounds dissolve in water and form hydrohalic acids.
The order of acidic strength of these acid compounds is HF < HCI < HBEr < HI. The stability of these
halide compounds decreases with decrease in value of dissociation enthalpy of H-X bond. The order of
stability of compounds is HF > HCI > HBr > HI.

(ii) Reaction with oxygen element : Halogen elementes react with oxygen element and form
many oxides, and most of them are unstable. e.g. fluorine element forms two oxides OF, and O,F,.
Amongst the two, OF, compound is thermally stable at 298 K temperature. In oxides that are formed
by elements chlorine, bromine and iodine, the oxidation state of halogen elements is +1 to +7. The order
of stability of oxides is I > Cl > Br.

(ili) Reactlon with halogen elements : Halogen elements react with other elements of their
group and form compounds called interhalogen compounds e.g. XX, XX'3, XZX'5 and XX'7 compounds,
where X = higher volume halogen clement and X = halogen clement of small size.

(iv) Reaction with metal elements : Halogen elements react with metal elements and form
corresponding metal-halide compounds. e.g. Bromine element reacts with sodium metal and forms
sodium bromide.

2Na(s) + Bz, (I)—>2NaBr(s)

The order of ionic character in metal halides is MF > MCl > MBr > ML

5.8.3 Distinction of fluorine element from other elements of group (Anomalous behaviour) :

(i) Fluorine clement has small size, more electronegativity, less value of dissociation enthalpy of
F-F bond, so it shows anomalous behaviour from other elements. Ionisation enthalpy and electronegativity
of element is more than the expectation, while value of atomic and ionic radii, melting point, boiling point
and electron gain enthalpy are less in comparison to expected values of other elementes of this group.

(i) Fluorine forms only one stable oxoacid: while other halogen elements form many oxoacids.

(iii) Because of the presence of strong hydrogen bond, hydrogen fluoride is in liquid state while
other hydrogen halides are in gaseous state.

5.9 Chlorine

5.9.1 Preparation, Properties and Uses of Dichlorine Gas :
(1) Preparation : Dichlorine gas can be prepared by any of the following reactions :
(i) By reaction of manganese dioxide with concentrated HCI, dichlorine gas is formed.

MmO, (s) + 4HCI(I)—»MnCl, (aq) + Cl, (g) + 2H,0()
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(ii) Chlorine gas is obtained by reaction of potasgsium permanganate with hydrochloric acid.
2KMnO, (s) + 16HCI(!)—> 2KCl(aq) + 2MnCl, (aq) + 8H,0() + 5Cl,(g)

(iii) Deacon’s process : Chlorine gas can be obtained by oxidation of hydrogen chloride with
oxygen of the air in presence of catalyst [CuCL)].

AHCI() + O, (g) ——25 2H,0(1) + 2CL, (g)

(iv) Electrolysis method : Chlorine gas can be obtained by electrolysis of brine (saturated solution
of NaCl), chlorine gas is deposited at the anode. Chlorine gas is obtained as a by-product in certain
industries.

Chlorine gas can be prepared in laboratory by reactions (i) and (ii) and chlorine gas can be
produced in industry by reactions (iii) and (iv).

(2) Properties :

(i) Physical properties :

® Chlorine is a suffocating and intense smelling gas.

® Tt is 2 to 5 times heavier than air.

® It can be converted to greenish yellowish coloured liquid.

(ii) Chemical properties : Chlorine gas is a strong oxidising agent and so reacts with metals
and non-metals and forms corresponding chloride compounds.

2A1(s) + 3CL(g) — 2AICL(s)
2Na(s) + CL(g) — 2NaCl(s)
2Fe(s) + 3CL(g) — 2FeCly(s)
P,(s) + 6CL(g) = 4PCL(})
Sg(s) + 4CL(g) = 4S,CL()

® As it has very strong attraction towards hydrogen, it forms HCl by combination with
dihydrogen gas or compounds containing hydrogen.

Hy(g) + ClL(g) —» 2HCU(g)
H,S(g) + CL(g) = 2HCI(g) + S(s)

® In the reaction of chlorine gas with excess amount of ammonia, ammonium chloride and
dintrogen gas are formed. If proportion of dichlorine gas is more in this reaction, nitrogen
trichloride (explosive substance) is obtained.
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8NH,(g) + 3CL(g) - 6NH,CI(s) + N,(g)

(excess)

NH,(g) + 3Cl,(g) —> NCl,(g) + 3HCl(g)

(excess)

It gives mixture of chloride and hypochlorite by reaction with cold and dilute alkali, while
it gives chloride and chlorate by reaction with hot and concentrated alkali.

2NaOH(aq) + Cl(g) = NaCl(aq) + NaOCl(aq) + H,O(l)

(Cold and diluted))

6NaOH(aq) + 3ClL(g) — 5NaCl(aq) + NaClO,(aq) + 3H,0())
(Hot and concentrated)

It forms bleaching powder by reaction with slaked lime.
2Ca(OH),(aq) + 2CL(g) — Ca(OCl),(ag) + CaCl(aq) + 2H,0())
The composition of bleaching powder is Ca(OCI),*CaCl,*Ca(OH),*2H,0.

Dichlorine gas reacts with saturated hydrocarbons in presence of sunlight and gives
substituted product but reacts with unsaturated hydrocarbons giving addition product.

cH, + c, Y cHC +HC
Methane Dichlorine gas Chloromethane

C2H4 + C12 Room temperature N C2H4C12
Ethene Dichlorine gas 1,2-Dichloroethane

If chlorine water is kept for a long time, it loses its yellow colour because of formation
of HCl and HOCI. The hypochlorous acid (HOCI) formed this way gives nascent oxygen
which is responsible for its oxidation and bleaching property.

2FeSO,(s) + H,S0,() + Cly(g) —> Fey(S0,),(s) + 2HCI()

Na,SO,(s) + Cl(g) + H,0(!) = Na,SO,(aq) + 2HCl(aq)

Uses :

Dichlorine gas is used for bleaching the wood pulp used in preparation of paper and jute.

Chlorine gas is useful in extraction of gold and platinum, and preparation of medicines,
dyes and organic compounds.

It is used in preparation of poisonous gases like phosgene (COCI,), tear gas (CCLNO,)
and mustard gas [CICH,CH,SCH,CH,CI].
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5.9.2 Preparation of Hydrogen Chloride Gas, Properties and Uses :

(1) Preparation : Hydrogen chloride can be prepared in the laboratory by reaction between
sodium chloride and concentrated sulphuric acid.

NaCl(s) + H,50,(ag) —*2°K , NaHSO,(aq) + HCl(g)

NaHSO,(ag) + NaCl(s) = Na,SO,(ag) + HCI(g)

By passing this HC] gas from concentrated sulphuric acid, it becomes dry.

)

Properties :

(i) Physical properties :

(i)

It is colourless gas with pungent smell.

It is converted into colourless liquid (b.p.189 K) and in white crystalline solid substance
(f.p. 159 K).

It is highly soluble in water.

Chemical properties :

The aqueous solution of hydrogen chloride is called hydrochloric acid.

As hydrogen chloride is completely ionised in water, it acts as a strong acid.
HCl(g) + H,0() > H,0"(ag) + CI (aq)

Hydrochloric acid gives white fumes of NH,Cl by reaction with ammmonia gas.

HCl(ag) + NH,(g) > NH,CI(g)

For dissolving noble metals like gold, platinum etc. mixture of three parts of HCl and one
part of HNO, (which is called aquaregia) is used.

Au(s) + 4H* (aq) + NOj (ag) + 4C1™ (ag) — AuCl} (ag) + NO(g) + 2H,0())
3Pi(s) + 16H* (aq) + 4NO; (ag) + 18C1™(ag) —> 3PC12~ (ag) + 4NO(g) + 8H,O(l)
It decomposes salts of weak acid

Na,CO5(s) + 2HCl(aq) —> 2NaCl(ag) + H,0(!) + CO,(g)

NaHCO,(s) + HCl(ag) —> NaCl(aq) + H,0(!) + CO,(g)
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(iif) Uses :
® Hydrogen chloride gas; is useful in the production of glucose and ammonium chloride.
® It is useful as a reagent in laboratory.

5.10 Preparation, Properties and Uses of Interhalogen Compounds

When two different halogen elements react with each other and form the compounds, they are
called inferhalogen compounds e.g. XX', XX';, XX'; and XX', compounds, where X = halogen
clements with bigger size, X' = halogen elements with smaller size.

(1) Preparation : Interhalogen compounds are obtained by direct reaction of halogen elements
with each other.

CL(g + F,(g) -4BXK, 2CIF(p)
Equnal volume Chlorine fluoride

CLe + 3F,@) 2K, 2CIF ()

cxcess Chlorine trifluoride
L + ClL(g — 2ICls)
Equal mole Iodine chloride
L) + 3Cl(g) — 2ICL(E
excess Iodine trichloride

Brg) + 3F,(8) — 2BrF,()

Bromine trifluoride

Brg) + SF(8) — 2BrF(D
excess Bromine pentafluoride

(2) Properties : Some propertics of Interhalogen compounds are given in table 5.10.

Table 5.10 Some Properties of Interhalogen Compounds

Type Formula Physical state and colour Structure (shape)
XX CIF colourless gas -
BrF pale brown gas -
IF detected spectroscopically -
BrCl gas -
1C1 ruby red solid (o-from) -
brown red solid {B-form) -
IBr black solid -
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XX, CIF, colourless gas Bent T-shaped
BrF, yellow green liquid Bent T-shaped
IF, yellow powder Bent T-shaped
ICL, orange solid Bent T-shaped
XX's IF; colourless gas but solid below 77 K Square pyramidal
BrF, colourless liquid Square pyramidal
CIF; colourless liquid Square pyramidal
XX, IF, colourless gas Pentagonal bipyramidal

(i) Physical properties : Most of the interhalogen compounds are in volatile solid or liquid
form. Some compounds are in gaseous form. (Table 5.10).

(ii) Chemical properties : Generally interhalogen compounds are more reactive than their
corresponding halogen elements (Except fluorine) because the X—X' bond in interhalogen compounds
is relatively weak in comparison to X—X bond. By hydrolysis of interhalogen compounds halide ion
is formed from smaller size from them and hypohalite (for XX'), halite (for XX';), halate (for XX')
and perhalate (for XX‘.,) ions are formed from bigger size halogen.

XX + H,0 - HX' + HOX
(3) Uses :
® Interhalogen compounds are used as non-aqueous solvent.
® They are very good fluorinating reagents.
® CIF, and BrF, are used to obtain U®5 for concentration of UF,.
U(s) + 3CIF,() = UFg + 3CIF(g)
5.11 Oxoacid Compounds of Halogen Elements

Fluorine forms only one oxoacid because of smaller size and more electrnegativity of fluorine
element. HOF is called fluoric (I) acid or hypofluorous acid. Other halogen elements form oxoacid
compounds in more number. Most of the compounds cannot be separated in pure form. They are stable
as aqueous solutions or in the form of salts. The oxoacid compounds of halogen elements are shown
in table 5.11.
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Table 5.11 Oxoacid Compounds of halogens

Halic (I) acid HOF HOCI HOBr HOI
(Hypohalus (Hypoflourous | (Hypochlourous (Hypobromous (Hypoiodous
acid) acid) acid) acid) acid)

Halic (IL) acid - HOCIO - -
(Halous acid) (Chlorous acid)
Halic (V) acid - HOCIO, HOBrO, HOIO,
(Halic acid) (Chloric acid) (Bromic acid) (Iodic acid)
Halic (VII) acid - HOCIO, HOBrO, HOIO,
(Perhalic acid) (Pexchloric acid) (Perbromic acid) | (Periodic acid)

The strength of oxoacids of halogens increases with the increase in oxidation state of halogen
e.g. HCIO is a very weak acid, in which oxidation state of Cl element is (+1). HCIO, is a very strong
acid in which oxidation state of Cl element is (+7).

Here we will have structures of some of the oxoacids which are shown below :

Chloric acid Perchloric acid

5.12 Elements of Group 18

In this group six elements helium, neon, argon, krypton, xenon and radon are present. These
clements are also known as, ‘Imert gases’ or “Noble gases’. These elements are not considered as
metals or non metals. All these elements are in gaseous form at the room temperature and are chemically
inert. Hence they form very few compounds. The atomic and physical properties of the elements of this
group are shown in table 5.12.
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Table 5.12 Atomic and Physical Properties of group 18 Elemenis

Property He Ne Ar Kr Xe Rn
Atomic number 2 10 18 36 54 86
Atomic mass 4.00 20.18 39.95 83.80 131.30 222.00
(g mol™)

Electronic

configuration 1$ | [Hel2s*2p" | [NeJ3s*3p® | [Ar]3d'%4s4p® | [Kr}4d'®5s25p°  Xeldf!45d"%6s6p®
Ionisation enthalpy

(AH) (kI mol™) 2372 2080 1520 1351 1170 1037
Electron gain

enthalpy (kJ mol™!) 48 116 9% 96 77 68
Atomic radius (pm) 120 160 190 200 220 -
Melting point (K) - 24.6 83.8 1159 161.3 202
Boiling Point (K) 42 27.1 87.2 119.7 165.0 211
Density

(g cm™) (298 K) |1.8x107% 9.0x107* | 1.8x1072 | 3.7x1073 5.9x1073 9.7x1073

5.12.1 Occwrrence, Electronic Configuration, Oxidation States :

Electronic configuration : Except helium (1s2) the elements of group 18 have their elec-
tronic configuration in valene orbits is ns’np®. Except helium, all the elementes have outermost orbit
completely filled with electrons. Hence, these elements are chemically inert.

Occurrence : All the noble gases except radon are available from atmosphere. Helium is
obtained mostly in nature. It is available from natural gas. Argon is 1% by volume in dry air.

Oxidation state : Xe possesses +2, +4, +6, or +8 oxidation states in its compounds.
5.12.2 Periodicity in Physical and Chemical Properties :

(1) Periodocity in physical properties : On the basis of table 5.12 it can be said that
general tendency of increase in the atomic size, decrease in ionisation enthalpy with increase in atomic
number in elements of group-18 is observed.

(i) Atomic radil : As we go down in the group from above, the atomic radii increases with
increase in atomic number.

(ii) Ionisation enthalpy : Very high values of ionisation enthalpy because of stable electronic

configuration of group 18 is observed. As we go down in the group the value of ionisation enthalpy
decreases with increase in atomic number.

(iii) Electron gain enthalpy : Because of the stable electronic configuration of the elements
of this group, they have no tendency to accept the electrons. Hence, the values of the electron gain
enthalpy of these clements is more positive.
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§.13 Xenon-Fluorine Compounds

Xenon element forms three compounds with fluorine viz. XeF,, XeF, and XeF,. To obtain
these compounds, xenon is to be reacted with fluorine under definite conditions.

Xe(g) + Fyp) —SBEIbE,  xep (5)

CXCCa8
Xe(g) + 2F,(gy -ERKTbar, xR (s)

1:5 proportion

120 proportion
By reaction of XeF, and O,F, at 143 K temperature, XeF, is obtained.
XeF,(s) + O,F,(g) —> XeF(s) + O,(g)

XeF,, XeF,, XeF, are colourless crystalline solid substances. They sublime easily at 298 K
temperature. They are strong fluorinating agents. In very small amount of water they get hydrolysed e.g.

2XeF,(s) + 2H,0()) — 2Xe(g) + 4HF(aq) + O,(g)

The structures of some important xenon fluorine compounds are shown below :

XeF,
{Linear) (Square planar)

(Distorted octahedral)
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5.14 Xenon-Oxygen Compounds
Xenon trioxide XeQO, is formed by hydrolysis of XeF, and XeF, with water.
6XeF,(s) + 12H,0(l) > 4Xe(g) + 2XeO,(s) + 24HF(aq) + 30,(g)
XeF (s) + 3H,0()) & XeO,(s) + 6HF(aq)

Because of partial hydrolysis of XeF, oxyfluoride compounds of Xenon XeOF, and XeO,F,
are formed.

XeFy(s) + H,0() = XeOF,(l) + 2HF(aq)
XeF(s) + 2H,0()) = XeO,F,(I) + 4HF(aq)

XeO, is a colourless explosive solid substance. It possesses trigonal pyramidal structure.
XeOF, is a colourless volatile liquid. It possesses square pyramidal structure. The structure of XeO,
and XeOF, are shown bellow :

SUMMARY
The elements of groups 13 to 18 in the periodic table are known as p-block elementes.
The general electronic configuration of these elements is ns?np'~S. We have studied about the
elements of groups 15, 16 ,17 and 18 in this unit.
Geperal infroduction of eclements of groups 15, 16, 17, 18
group 15 group 16 group 17 group 18
Common name/ Nitrogen | Chalogens or | Halogen Group | Noble Gas
Identification group Oxygen group Group
Electronic configuration ns?np’ ns?np* ns2np’ nsZnp®
of valence shell
N o F Ne
-3, to+5 | -2, -1, +1, +2 -1 -
Oxidation state P, As S, Se, Te Cl, Br, I Xe
_3’ +3, +5 _21 +2) "'4, +6 _1’ +1’ +3, +5, +7 +2| +4, "'6, +8
Sb, Bi Po = -
+3, 45 +2, +4 — —
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The periodicity in properties of elements of groups 15,16,17,18.

8 | 4 The first element of group 15, differs

E 15 16 7 He § in many aspects from the other elements in
g g the group. The reason for which is its smaller
#| N Y l N‘ g size, the capacity of formation of pr—pn

§ ap P s a Ar B  triple bond between, nitrogen atoms and the
E  nonavailability of d-orbitals. As we go down

:a | So L L &  from above in the group, variations are found
B 5 | s» ™ I Xe ‘E in properties. Dinitrogen (N,) can be
E 6 o = t iy g prepared in the laboratory as well as on
< E commercial level. The oxides of nitrogen
v B  element are N,0, NO, N,0,, N,0, and

N,O; which possess resonance forms.

Atomic radivs, metallic character Ammonia and nitric acid are compounds of
nitrogen. Phosphorus element exists as P, molecule. It has many allotropes. It forms hydrides,
halides and oxoacid compounds.

Polonium element of group 16 is radioactive. Oxygen forms metal oxides with metals.
Ozone is a strong oxidising agent. Sulphur element possessess different allotropes. Out of these
o and P allotropes are very important. Sulphur element combines with oxygen and forms oxide
compounds like SO, and SO,. Out of the different oxoacids of sulphur, sulphuric acid is very
important. It is called 'King of Chemicals.'

Astatine element of group 17 is radioactaive. As these elements require one electron to
have stable electronic configuration, they are very reactive. As a result of this, the elements of
this group are not available in free state, but are availalbe in the combined state as negative
ions. The elements of this group form oxides, hydrogen halides, interhalogen compounds and
oxoacid compounds.

Radon element of group 18 is radiocactive. As the octet structure is complete in all the
elements of this group they are chemically inert. Xenon element of this group, under specific
reaction conditions combine with fluorine and oxygen elements and form fluoride and oxide
compounds.

F 3

EXERCISE
Select the proper choice from the given multiple choices :
(1) How many groups are there in p-block element ?
(A) 3 B) 4 © S D) 6
(2) What is the molecular formula of chilie salt petre ?
(A) KNO, (B) NaNO, (C) Ca(NO,), (D) Ba(NO,),
(3) Foar the presence of which of the following ions, ring test is useful ?

(A) NO~ (B) NO; (C) NO, @) N,0
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Which of the following groups of four elements is called chalcogens ?
(A) Nitrogen, phosphorus, argenic and antimony

(B) Oxygen, sulphur, selenium and tellurium

{C) Fluorine, chlorine, bromine, iodine

(D) Helium, neon, argon, krypton.

Which of the following electronic configurations is the general electronic configuration of
elements of group 16 ?

(A) ns’np? (B) ns’np* (C) ns?npS (D) ns’np®
Which of the following oxoacids of chlorine is most stable ?

(A) HCIO, (B) HCIO (©) HCIO, (D) HCIO,
Which of the following orders with reference to stability is correct ?

(A) HF > HBr > HCI > HI (B) HI < HCl < HBr < HF
(C) HF > HCIl > HBr > HI (D) HF > HI > HCI > HBr
Which of the following is the interhalogen compound ?

(A) XeF, (B) IF, (C) NaCl (D) CaF,
What is the molecular formmla of oleum ?

(A) H,S0, (®) H,SO; © H;S,0, @) H,8,04
In which of the following oxides of nitrogen, the oxidation state of nitrogen element is (+4) ?

(A) N,0, (B) N,0, (©) N,0, @) N,0

Write the answers of following guestions in short :

1)
@

3)
C)
o)
)

Mention the important allotropes of phosphorus.

Mention the oxidation state of underlined elements in the following compounds.
(i CLO (i) Clo, (iii) KBrO, (iv) NaClO,
Draw resonance formulas of NO,.

Write molecular formula of four oxoacids of sulphur element.

Mention the name and molecular formula of the oxoacid of fluorine element.

Write reaction for preparation of phosphorus trichloride.
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Mention two uses of sulphur dioxide gas.

Which allotrope of phosphorus is stored in water ?

Mention the transistion temperature for the two allotropes of sulphur-rhombic and monocline.
Write molecular formmla of polymetaphosphoricacid.

Write answers of the following :

1)

2
3)
“)
&)

()
Q)
®
©)
(10

3

Give

)

)
3)
“)
&)
(6)
Q)
®)
)
(10)

The values of ionisation enthalpy of clements of group 15 are more than the values of
ionisation enthalpy of the group 14 in the same period, why ?

Write two chemical properties of ammonia gas.
Write ring test for the detection of nitrate ion.
Mention the interconversion of sulphur allotropes.

What is meant by interhalogen compounds ? Mention its types and give one example of
each.

Write reaction of chlorine gas with ammonia gas.

Write two examples of oxide compounds of phosphorus with water.

Write two examples of each of xenon-fluarine and xenon-oxygen compounds.
Mention oxidation states of elementes of group 16.

Write two reactions of preparation of dioxygen gas.

answers of the following in detail :

Discuss the reactions of clements in group 15 with hydrdogen element, oxygen element,
halogen elements and metallic elements.

Explain the anomalous behaviour of nitrogen element from other elements of group 15.
Discuss preparation, properties and uses of nitric acid.

Write a short note on ‘oxides of nitrogen’.

Discuss preparation, properties and uses of dioxygen gas.

Discuss the industrial production of sulphuric acid by contact process.

Write names, molecular formulas and structural formulas of four oxoacids of sulphur.
Discuss chemical properties of hydrogen chloride.

Write preparation and properties of phosphorus.

Discuss preparation, properties and uses of ozone gas.
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Unit

6

Haloalkane and Haloarene
Compounds

6.1 Introduction

Amongst the elements included in the periodic table, maximum number of compounds are of
carbon, If tetravalency of carbon element is satisfied by hydrogen then the compounds formed are
called hyrdocarbons. If the hydrogen in the compounds of hydrocarbons is substituted by one or more
halogen functional group (X = F, Cl, Br, I), then the compounds obtained are called halogen containing
organic compounds. These compounds are also called organic halides.

By substitution of hydrogen atom in hydrocarbons of alkane series (inethane, ethane, propane)
by halogen atom, the compounds obtained are called haloalkanes (alkyl halides); while substitution
of hydrogen atom by halogen atoms in the hydrocarbons of arene series are called haloaremes (aryl
halide). In haloalkane and haloarene compounds covalent bond (C-X) is formed between carbon and
halogen. These compounds are not available in free form in nature, but are chemically synthesised.
These compounds are useful for introducing alkyl or aryl group in other organic compounds.
These compounds have unique importance as initial reactant or as initial raw material to obtain organic
compounds in the form of product. In addition, haloalkane and haloarene compounds are good
solvents. These compounds are useful in obtaining immunity against diseases in human body, physical
growth and as enzyme secretion in biochemical reactions in hormone (iodine in thyroxine), substance
used as anesthesia in surgery of the body (chloroform), in drugs for the remedy of discases like
typhoid, malaria. Haloalkane and haloarene compounds are very important in everyday life and in industries.
We will study about preparation, physical and chemical properties and uses of haloalkane and haloarene
compounds. In addition, we will have information about the effect of polyhalogen compounds on
enviornment.
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6.2 Classification
The classification of haloalkanes and haloarenes is carried out as follows :

(1) Classification on the basis of number of halogen atoms : On the basis of the number
of same halogen element one, two, three or four or more combined with alkyl or aryl group, they are
classified respectively as mono, di, tri, tetra or polyhalogen form. e.g., For haloalkane,

(i) R—X mono haloalkane —> As only one halogen atom is present.

e.g., CH,CH,Cl monochloroethane —> as only one chlorine atom is present.
(i) R-X, Dihaloalkane —> As there are two halogen atoms.
e.g., CH;y—CH, 1,2-dibromo cthanc —> as there are two brominc atoms.
Br Br
@) R-X, Trihaloalkane —> As there are three halogen atoms.

e.g., THr TH—TH; 1, 2, 3-trichloropropane — As there are three chlorine atoms.

Cl Cl cl

In aromatic compounds, the classification can be carried out as follows on the basis of halogen
atoms.

For haloarenes,

6 & -9 ¢

Monohalobenzene Dihalobenzene Trihalobenzene
e.E.,
Br a
or
Br cl
Chlorobenzene 1,2-Dibromobenzene 1,4-Dibromobenzene 1,2,4-Trichlorobenzene
(o-Dibromobenzene) (p-Dibromobenzenc)
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(2) Halogen attached to carbon possessing sp® hybridisation, in halogen containing
organic compounds : In halogen containing organic compounds, halogen (X = F, Cl, Br, I) containing
carbon is possessing sp? hybridisation, the compounds can be classified in three types as follows :

(a) Haloalkane or Alkyl halide : Halogen containing carbon which is sp® hybridised when
attached to only onc other carbon atom it is called primary (1%) alkyl halides.

i |
R—C—X CH,—C—Cl
! !
Primary (1°) haloalkane Primary (1% chloroethane.

(Primary alkyl halide)
Halogen containing carbon atom which is sp® hybridised when combine with other two carbon
atoms, it is called secondary (2°) alkyl halide.

R, CH;3
Rz—(li —X H3C—(|J —ci
} h
Secondary (2% haloalkane Secondary (2% 2-chloro propane

(Secondary alkyl halide)

Halogen atom baving carbon which is sp® hybridised when combine with other three carbon
atoms, it is called tertiary (3°) alkyl halide.

Ry CH;
Rz—(l',' —R, H3C—C|‘, —CH;,
)|( Cl
Tertiary (3% haloalkane 2-chloro-2-methyl propane
(Tertiary alkyl halide) (Tertiary butyl chloride)

(b) Allylic halides : Halogen containing carbon atom which is sp’ hybridised when combine
with other carbon having double bond (—-C=C-) then such compounds are called allylic halides.

e.g. (1) CH,=CH-CH,-X Allylic halide (3-haloprop-1-ene)

(2) CH,~CH=CH—CH,—C1 1-Chlorobut-2-ene
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6
3-Halocyclohex-1-ene 3-Chlorocyclohex-1-ene

(c) Benzylic halide : Halogen containing carbon which is sp> hybridised when combine with
carbon of benzene ring, then the compounds are called benzylic halides.

CH3
CH;—X C—X
Y SN
1 2" 3
CH,
CH;,—Cl (IZ— Cl
I |
CH,
Benzyl chloride (1-Chloroethyl)benzene (1-Chloro-1-methylethyl)benzene

(3) Halogen attached to carbon possessing sp? hybridisation in halogen containing
organic compounds : In halide compounds, carbon atom containing halogen (X = F, Cl, Br, I)
possesses sp” hybridisation then the compounds can be classified in two types as follows :

(a) Vinyl halide : In this type of halide compounds halogen atom is combined with carbon
atoms having (—-C=C-) double bond carbon atom possessing sp> hybridisation.

(1) CH,—CH—X or = _
X

€. 8. CH,—CH—Cl
1-Chloro ethene (Vinyl chloride)
X 1 Cl

SO AN

1-Chlorocyclo hex-1-ene

Haloalkane and Haloarene Compounds 175



(b) Aryl halide : In this type of halide compounds halogen atoms are combined with sp?
hybridised carbon atom of aromatic ring.

Halobenzene Chlorobenzene

6.3 Common and IUPAC Nomendlature of Haloalkane and Haloarene Compounds

For TUPAC nomenclature of haloalkane and haloarene compounds, the longest carbon chain
is decided to which halolgen atom is attached and the prefix halo is attached to the name of
hydrocarbon. viz. for fluorine, chlorine, bromine, iodine; fluoro, chloro, bromo, iodo prefix are used
respectively. For haloalkane containing three or more than three carbon atoms the least number
showing the position of halogen is shown as prefix viz. 1-chloropropane (CH,—CH,—CH,—Cl),
2-chloropropane (CH,—CHCI-CHy,), etc.

If two, three, four or more same halogen atoms are present then the number showing the
prefix di, tri, tetra etc. are used respectively viz 1,2-dichloro ethane CH,— CH,.

Cl Cl

The common name of haloarene is aryl halide. For JUPAC nomenclature of haloarenes, after
the corresponding halogen elements, the name of aromatic mucleus is joined after the name of cor-
responding prefix. e.g. chlorobenzene Cl

For dihalogen derivatives, o, m and p prefix are used in common nomenclature, but in JTUPAC
nomenclature, 1, 2; 1, 3 and 1, 4 are used. The classification of dihalo compounds containing only one
type of halogen atoms, is made as geminal halide and vicinal halide. Geminal halide means both the
halogen atoms are on one carbon only and in vicinal halide both the halogen atoms are combined with
adjacent carbon atoms. In common nomenclature method, geminal dihalide is called alkylidine halide
and vicinal halide is called alkylene dihalides; while in IUPAC nomenclature method, they are called
dibaloalkanes.

e.g. (1) The common name of H,C—CHCI, is ethylidine chloride while IUPAC name is
1,1-dichloro ethane,

(2) CH,— CH, Common name is Ethylene dichloride and IUPAC name is

Cl Cl
1, 2-dichloro ethane.
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Structural Formula ITUPAC name Common name
CH,Cl Chloromethane Methyl chloride
CH,CH,C1 Chloroethane Ethyl chloride
CH,CH,CH,C1 1-Chloropropane n-Propyl chloride
CH,—-CH-CH, Iso propyl chloride

| 2-Chloropropane or secondary(2°)

Cl propylchloride
CH,—CH,-CH,-CH,-Br 1-Bromobutane n-butyl bromide
CH,—-CH-CH,-Br 1-Bromo 2-methylpropane Iso butyl bromide

I
CH,
CH,—CH-CH,—CH, 2-Bromobutane Secondary (2°) butyl
I bramide
Br
CH,
I
CH,-C-Br 2-Bromo-2-methylpropane Tert-butyl bromide
I
CH,
CH,
I
H,C-C—CH,—Br 1-Bromo-2, 2-dimethyl Neopentyl bromide
| propane
CH,
H,C=CH-C1 Chloroethene Vinyl chloride
H,C-CH=CH-CH-CH, 4-Bromopent-2-ene -
I
Br
H,C=CH-CH,-Br 3-Bromopropene Allyl bromide

Haloalkane and Haloarene Compounds

177




T ——————————

i
“|: O‘“| Chlorobenzene Phenyl chloride

CH,CI
A
fPO“] (Chloromethyl)benzene Benzyl chloride

6.4 Nature of C-X Bond

As the clectronegativity of halogen atom is more than that of carbon atom, the bond between

& s
carbon and halogen (C—X) becomes polar, —C—X

attracted towards halogen nucleus having more electronegativity, partial negative electric charge
(8-) on halogen atom and partial positive electric charge (8+) on the carbon atom is created.

as the electron pair of covalent bond is more

The atomic sizes of halogens F, Cl, Br, and I present in haloalkane increases respectively, so the
bond length of C—X increases successively and the bond enthalpy decreases successively.

CH,—F > CH,Cl > CH,;-Br > CH,-1

The changes in the values of bond length, bond enthalpy and bond polarity as we move from
C—F to C-I are given in table 6.2.

| Sp— | -- i B B e ;
bomd enthalpy and

bond molarity of some alkvl halide compounds
o polarity of some alkyl Dalide CcOmMpounas

Bond Bond length Bond enthalpy Polarity of bond
(pm) (kJ mol™) (Debye)
CH,-F 139 452 1.847
CH,-Cl1 178 351 1.860
CH,-Br 193 293 1.830
CH,-I 214 234 1.636

6.5 Preparation of Haloalkene and Haloarene Compounds
(1) From Alcohol : The method of formation of haloalkane from alcohol is simple. Haloalkane
is obtained by substitution of hydroxyl group —OH of alcohol by halolgen. Some reactions of preparation
of haloalkane from alcohol are as follows :
(a) Haloalkane is obtained by passing dry hydrogen halide gas from alcohol in presence of
anhydrous zinc chloride or by heating alcohol and concentrated hydrogen halide at high temperature.
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Auhydrous ZaCl,
A

R-OH + H-X > R—-X + H,0

Alcohol  Hydrogen halide Haloalkane
eg, CH,—CH,—OH + HCI 2%, . cy —cH,-Cl+H,0

Ethanol Hydrochloric acid 1 - Chloroethane

By reaction of ethanol with hydrochloric acid in presence of anhydrous zinc chloride at high
temperature, molecule of water is liberated and chloroethane is obtained. Haloalkane is obtained by the
above method from primary and secondary alcohols but haloalkane is obtained by mixing tertiary alcohol
with concentrated HCI in presence of anhydrous ZnCl, at room temperature. The order of reactivity of
alcohol with haloacid is 3° > 2% > 1°. On the basis of this reaction primary, secondary and tertiary alcohol
can be identified by a test known as Lucas test.

For preparation of aryl halide, this method cannot be used because oxygen of the hydroxyl
group in phenol is attached to carbon having double bond of benzene ring. Carbon-oxygen bond
possesses partial double bond characteristic, which is very strong so it is difficult to break.

(b) Haloalkane is obtained by reaction of alcohol with sodium halide and concentrated sulphuric acid.

R-OH + NaX + H,S0,—>R-X + NaHSO, + H,0
Alcohol  Sodium halide Haloalkane Sodium hydrogen sulphate

e.g., Bromoethane is obtained by reaction of ethanol with sodium bromide and concentrated

H280 4
CH,CH,OH + NaBr + H,8O, —>CH,;CH,Br + NaHSO, + H,O
Ethanol Sodium bromide 1-bromoethane
(Ethyl bromide)

(¢) Haloalkane is obtained by reaction of alcohol with halides of phosphorus. By this reaction,
high purity and more quantity of haloalkanes are obtained.

3R-OH + PX, —>3R-X + H,PO, (where, X = Cl, Br)
Alcohol  Phosphorus trihalide  Haloalkane Phosphorus acid

R-OH + PCly—R-CI + POCl; + HCl

Alcohol Phosphorns Chloroalkane Phosphorus

Pentachloride axychloride
R-OH + Xx, 24P Rp-x (where, X =Br,I)
Alcohol Dihalogen Haloalkane

(d) Haloalkane is obtained by reaction of alcohol with thionyl chloride.

R—-OH + SOCl,—/8>»R —-Cl +HCI1+S0,
Alcohol  Thionyl chloride ~ Haloalkane

CH, —CH, —CH, — OH +SOCl, — CH, —CH, —CH, —Cl + HCl + SO,
Propan-1-ol 1-Chloropropane
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(e) To prepare haloarenc from phenol; phenol is reacted with reactants like PBr, or SOCL,.

OH Br
3@ + PBr, —> 3@ + H,PO,
Phenol  Phosphorus Bromo Phosphorus acid
tribromide benzene
OH Cl
@ + socl, —>© + HCl + SO,
Chlorobenzene

The products bromobenzene and chlorobenzene obtained by above two reactions are in very less
proportion.
(2) From Hydrocarbon :
(a) Free radical halogenation : Haloalkane is obtained by substitution reaction of alkane
compound with free radical X obtained by homolytic fission of dihalogen e.g.,
(i) Chloromethane is obtained by doing reaction of methane with dichlorine gas in presence of
ultraviolet light.

CH, +Cl, -5 CH,Cl + HC

Methane Chloramethane
(ii) Mixture of isomers of chloropropane is obtained by halogenation reaction of propane with
dichlorine gas in presence of ultraviolet light.

CH,CH,CH, +Cl,—¥5 CH, - CH, -CH, —Cl + CH, ~-CH-CH,
I
Propane 1-Chloropropans (45 %) c
2-Chloropropane (55 %)

(b) By electrophilic substitution : In the chlorination or bromination reaction of benzene
and toluene, first of all dibalogen gas (Cl, or Br,) react with catalyst Fe or FeX,; and gives
electrophilic ion X* (Lewis acid). It is called electrophilic reagent. H' attached to carbon having 7
electron cloud of benzene is removed and X' enters in its place so electrophilic substitution reaction
takes place.

Bromobenzene is obtained by bromination reaction of benzene with Br, at 303 to 313 K
temperature in presence of FeBr, catalyst.

Br
Br.

3
_>[F Bty + HBr

Benzene Bromobenzene
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CH, CH, CH,

Cl
208 K
@*2"12 TTReay @ ¥

—-2HC

Cl
Toluene 1-Chloro-2-methylbenzene 1-Chloro4-methylbenzene
(o-Chlorotoluene) (p-Chlorotoluene)
CH, CH, CH,
Br
303 K
+ 2Br2 —>[F eBr,] +
— 2HBr
Br
Toluene 1-Bromo-2-methylbenzene 1-Bromo-4-methylbenzene
(o-Bromotoluene) (p-Bromotoluene)

The ortho and para products obtained can be easily separated because of large difference
between their boiling points. Since reactivity of difluorine is very high, fluoroarenes are not produced by
this reaction.

(c) Sandmeyer reaction : Benzenediazoniumchloride is obtained by dissolving primary
amine like aniline at low temperature (273 K to 278 K) in hydrochloric acid in presence of sodium
nitrite (NaNO,).

NH, NaNO4 + N =N-Cl
2HC1
EE—
2713 K-278K
- NaCl, - 2H,0
Aniline Benzenediazonimmchloride

Benzene diazonium chloride obtained is an unstable product at room temperature. Hence,
chlorobenzene is obtained by heating freshly prepared benzenediazoniumchloride with solution of cuprous
chloride prepared in hydrochloric acid. This reaction is called Sandmeyer reaction.

N=N-C1 A Cl
Sandmeyer reaction
> + N2
Cu,Cly+ HC1

Benzenediazoninmchloride Chlororbenzene
In the solution of freshly prepared benzenediazoniumchloride if cuprous bromide is mixed in
place of cuprous chloride, diazonium group is substituted by bromine.

N =N-Cl Br
A
Sandmeyer reaction
CusBry+ HBr @ + N, + HCl
Benzenediazoninmchloride Bromobenzene
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Iodobenzene is obtained by reaction of freshly prepared benzenediazoniumchloride with potas-

sium iodide at higher temperature.
1
K1
B, Q) +xasn

Benzenediazoninmchloride
(d) From Alkenes :

N =N-Cl

Iodobenzene

(i) Addition reaction with hydrogen halide : In the reaction of alkene with hydrogen halide
(HX) the m—bond between carbon-carbon atoms breaks and addition reaction takes place such that
H is attached to one carbon and X to the other carbon. This reaction is called hydrohalogenation.

xc=cZ + HxX —>>(|:—(I:< (Where, X = CL, Br, I)

H X

Alkene Hydrogen Haloalkane
halide

e.g., Chlorocthane is obtained by reaction of ethane with hydrochloric acid.

Ethene Hydrochloric acid Chlorocthane

Two isomers of bromo propane are obtained by addition reaction of propene with hydrobromic
acid.

According to Markonikov's rule, the product 2-bromopropane is obtained in maximum proportion
(see Std-11, Semester II, Unit 6 Hydrocarbons)

CH3_CH=CH2 + I']Br g CH3_CH2_CH2_BI‘ +
Propene 1-Bromopropane
(minimum)
Br
2-Bromopropane
(maximum)
(ii) Addition reaction with dihalogen gas : Dihalogen containing alkane is obtained by
addition of both the atoms of dihalogen molecule to an alkene and addition reaction occurs by breaking
of Tt bond of ethylenic double bond. This reaction is called halogenation reaction e.g. 1,2-dibromoethane

is obtained by addition reaction of ethene with solution of bromine prepared in CCl,.

ccl
CH,—CH, + Br, —*> CH,—CH,

Br Br
Ethene Dibromine 1,2-Dibromoethane
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(4) By halogen exchange : Iodoalkane is obtained by the reaction of bromoalkane or

chloroalkane with solution of sodium iodide prepared in dry acetone. This reaction is known as
Finkelstein reaction.

e.g.,

Acetone

R-X + Nal _Aom€. R_I+ NaX (where,X=Cl, Br)
Haloalkane  Sodium jodide Todoalkane
CH,-Cl + Nal _Ac®® .,  CH, _14+NaCl
Chloromethane Sodium iodide Iodomethane

CH, —CH, - Br + Nal —2%%°%°_, CH, - CH, —I + NaBr
Bromoethane Sodium iodide Iodoethane

By reaction of bromomethane or chloromethane with metallic fluorides like AgF, Hg,F,, CoF,

or SbF, fluoromethane is obtained. This reaction is called Swartz reaction.

6 06.

CH,-Br + AgF———>CH,-F + AgBr
Bromomethane  Silver fluoride Fhuoromethane Silver bromide

Physical Properties

® Pure haloalkane compounds are colourless.

® Bromide and iodide compounds are coloured in presence of light.
@ Volatile halide compounds possess sweet smell

@ Halides baving one, two or three carbon atoms are in gaseous state at normal temperature
while halides having more than three carbon atoms are in liquid or solid state.

5+ 3
@ In haloalkane and haloarene compounds %C—X being polar, inter-moloecular forces
(van der Waals) increases. As a result, the boiling points of haloalkanes are higher than
their corresponding alkanes.

eg. CH,Cl (249 K) > CH, (109 K)

@ As the number of carbon atoms increases in monohaloalkanes, there is increase in their
boiling points. e.g.,
CH,Cl1 (249 K) < CH,CH,Cl (285 K) < CH,CH,CH,CI (320 K)

® There is decrease in boiling points of isomeric haloalkanes having equal number of carbon

atoms and equal halogen atom, as we move from primary (1°) to secondary (2°) and
secondary (2% to tertiary (39). eg.,
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CH,CH, CH, CH,C] (351K) > CH,CH,CH CH, (341 K) >CH,C CH, (324 K)
a a
@ The boiling points decrease in the following order as the halogen atoms change in haloalkane
containing similar alkyl group.
CH,I > CH,Br > CH,Cl > CH,F

® The boiling points of haloarene compounds are high because of the presence of strong
bond because of short C—X bond length in haloarene compounds than haloalkane
compounds.

® In dihaloarene compounds, there is much less difference in the boiling points of (1,2)
ortho, (1,3) meta and (1,4) para isomers.

cl T £l
of @)
Cl1 Cl
453 K 448 K 446 K
1,2-Dichloro benzene 1,4-Dichloro benzene 1,3-Dichloro benzene

® The densities of polychloroalkane, bromoalkane and iodoalkane are more than density of
water and the density increases as the number of carbon atoms or halogen atoms or the
atomic mass of halogen atom increascs.

Table 6.3 Densities of some Haloalkanes (298 K)

Compound Density gml™! Compound Density gml™!
n-C,H,Cl 0.89 CH,CI, 1.336
n—C,H,Br 1.335 CHCl, 1.489
n—C,H,I 1.747 cal, 1.595

Haloalkane compounds are sparingly soluble in water, while they are soluble in organic sol-
vents like acetone, ethanol.

To understand chemical properties of haloalkanes, some concepts of stereochemistry should be
understood.

6.7 D, L (Relative configuration) and R,S (Absolute configuration) Nomenclature

The branch of organic chemistry in which the study of three dimensional structure is carried out
is called stereochemistry. Isomerism is the basic property in stereochemistry. Mainly two types of
isomerism are there : (1) Structural isomerism and (2) Stercoisomerism
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You have studied about structural isomerism in standard 11, Semester-I. The classification of
stereoisomerism is as follows :

Sterecisomerism
v v
Conformational Configurational
isomerism (Conformer) isomeliism
Optical Geometrical
isomerism isomerism

To understand optical isomerism, it is necessary to study the terms like plane polarised light,
optical activity, chirality connected with it.

(1) Plane polarised light : There are seven colours in a white light. The light consisting the
different wavelengths is vibrating in each possible plane. When such a light is passed through Nichol
prism or polaroid, then the clectromagnetic vibrations in the emerging light are found to be in the same
plane. Such a light is called polarised Hght.

k-0

(2) Optical activity : The substance which has the capacity to rotate the plane of polarised
light, is called optically active substance. Certain optically active substances which rotate the plane
of polarised light towards left hand side are called levo rotatory. They are expressed by ! or (-)
symbol, The substances which rotate the plane of polarised light towards right hand side are called
dextro rotatory substance. They are expressed by d or (+) symbol

Plane polarized light

(3) Chirality : The main reason for optical activity is molecular asymmetry. There must be
minimum one chiral carbon in each optically active compound. The carbon whose all the four valencies
are satisfied by four different groups, is called asymmetric carbon. The substances whose images can
not be superimsposed are called chiral substances. This property is called chirality e.g., the hand or
foot, and English alphabets like B, C, D, E etc.

The substances which can be superimposed on their images, are called achiral substances.
e.g., spoon, and English alphabets like A, H, I, M etc.

If one chiral carbon is present in a compound, then the following enantiomers are obtained which
cannot be superimposed on one another.

¢.g. 2-Bromobutane is a chiral molecule. It gives following two enantiomers which can not be
superimposed on each other.
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CH,

|
C gy
qzs%/ \Br

Q,

CHr

2-bromobutane

D and L configuration (Relative configuration) :

RZAN

%

D and L terms are generally used to explain configuration of carbohydrates and amino acids.
In the Fischer structure, if the —OH group is attached to the right hand side of the chiral carbon
present at the end of the chain, then D-configuration and if attached on the left hand side, it is called
L-configuration. In amino acids, D and L configurations are determined from the position of —-NH,

group ¢.g.,
CllHO (|3H0
H—C—OH HO—C—H
CHO CHO
HO—C—H H—C—OH
H—C—OH HO—C—H | |
| I H—C—OH OH—C—H
CH,OH CH,OH | |
H—C—OH OH—C—H
CH,OH CH,OH
D-Glyceraldehyde L-Glyceraldehyde D-Glucose L-Glucose

Here, it i8 necessary to note that there is no direct relation of D with d and of L with /; that
is compound having D-configuration can be of d or ! type. Similarly compound having L-configuration
can be of d or I type. e.g., D-Glyceraldehyde and D-Lactic acid are found experimentally to be d(+)

and I().
ICHo
H—(lz —OH
D<+)-Glyceraldehyde

(l‘,OOH

H—(|3 —OH
CH,

D-(—)-Lactic acid

D- or L-configuration of the compound are determined theoretically; while d or / configuration
is determined experimentally with the help of polarimeter. D- and Lconfigurations of one substance are

enantiomers.

R-S Nomenclatore (Absolute configuration) : For the identifications of chiral compounds
having asymmetric carbon R, S nomenclature method is well-known.

This R, S nomenclature method was proposed by Cahn, Ingold and Prelog. In this method the
configurations are expressed as R (Latin word Rectus = right) and § (Latin word Sinister = left).
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For this nomenclature, all the four groups attached with asymmetric carbon are given sequence
order (1,2,3,4). For this methods two steps are used.

Step-1 : To determine sequence order of group attached with asymmetric carbon :

(1) To determine sequence order, the atomic number of first atom or group attached to an
asymmetric carbon is taken into consideration. The atom whose atomic number is the highest will
receive first sequence e.g., —H, -NH,, -CH,, —Br are attached then sequence order is given as
follows.

—Br — 1, -NH, - 2, -CH, — 3, -H — 4
Z=35 Z=17 Z=6 (Z=1

(2) If two isotopes are combined with asymmetric carbon atom, then the sequence number
is given to isotope having more atomic mass in comparison to isotope having less atomic mass. e.g.,
H, Br, C, D (deuterium) atoms are attached with asymmetric carbon atom, then sequence order is
given as 1,2,3, and 4 respectively to Br, C, D and H.

(3) If the first atom of two groups attached to asymmetric carbon atom, is same, then the
atomic number of the second atom of the group is taken into consideration. e.g. If -CH,NH,, -CH,,
—CH,0H, -CH,CH; groups are attached to asymmetric carbon atom, then the sequence number
1,2,3,4 are given to -CH,OH, -CH,NH,, -CH,CH; and —CH, respectively.

(4) In giving sequence number to groups having double bond or triple bond, imaganary atoms
are assumed to be attached to each m bond after breaking them.
‘|I }|‘ © ©
—CH— CH— — —Cll—(ll—
© © & &
H H
| I
C

On the basis of the above sequence rules, the order of some important groups can be shown
as follows : -1 > -Br > —Cl > -SO;H > -SH > -F > -OCOR > -OR > -OH > -NO, > -NR,
> -NHR > -COOR > — COOH > -COR > -CHO> -CH,0H > -CN > CH, > -D > -H

Step-2 To determine R and § configuration : After determination of selection of sequence
number according to step 1, in the three dimensional structure, the group having lowest sequence,
number i.e. group number 4 is placed away from the observer. Then, the molecule is observed such
that, the group having minimum sequence goes on opposite gide. Then the increasing order of the
remaining three groups (1, 2 and 3) is in clockwise direction (right hand side), then configuration of
isomer is considered as R but if this sequence is in anticlockwise direction (left side) then it is
considered as S-configuration.
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@
Clockwise | Anti clockwise
C
®/\/ @ Q
R - configuration S - configuration

According to the rules discussed above, the three dimensional, structure is to be assumed,
which is difficult. Generally, showing chiral compounds in two dimension Fischer structure is more
convenient. In the Fischer structure, the group showing lowest sequence mumber (4) is placed in
vertical line and 1—52—3 are in clockwise direction then it is R and if it is anticlockwise direction
it is considered as S-configuration.

/;M H(4)

&-'_\
3) HgCH2C CHZCHZCI'I3 2) (€)) H3C / CI-IZCH3 Q)
H{#) Br(1)
R-Configuration S-Configuration

In Fischer structure if group showing sequence number (4) is in horizontial line, then the
configuration of the compound is determined as above is opposite to that configuration. i.e. in such
cages if 1 —» 2 — 3 is in clockwise direction then S and if in anticlockwise direction then
R-configuration is considered. This explanation was given by Epling in 1982. e.g.,

@ SO,H (3)

(4) H—C—D (3) 4 H—C Cl (2)
S-Configuration R-Configuration

6.8. Chemical Properties (Chemical Reactions)
6.8.1 Reactions of haloalkane compounds :

(1) Nucleophilic substitution reactions : As polar bond C**-X% is present in haloalkane
compounds, nucleophilic reagents ($Nu™) are attracted by partially positively charged carbon atoms
and substitutes halogen. Nucleophilic ions which are Lewis bases are called nucleophilic reagents.
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The substitution reactions that take place through them are called mucleophilic substitufion reac-
tions. In short it is called SN reaction.

Nt 3 S X

:Nu + /C X—>/C Nu + X

Some of the nucleophilic reagents are as follows :

:OH™, :OR~, :X~, :CN-, RCOO™:, $SH™, :NH,", "O—N=0 etc. Which are Lewis
bases also.

Nucleophilic reagents like cyanide and nitrite possess two nucleophilic centres. The structure
of cyanide group is expressed in two ways. Cyanide group reacts as nucleophilic reagent in two
different methods, In one of them carbon acts as anucleophilic reagent. So that (—C=N) becomes
nucleophilic ion and alkyl cynide product is obtained; while in second structures, nitrogen acts as a
nucleophilic reagent; so isocyanide product is obtained by (:C=N") nucleophilic ion.

In the same way, in the nucleophilic ion nitrite (O~ —N=0) alkyl nitrite product is
obtained but when nitrogen atom combines nitroalkane compound is obtained.

The reaction mechanism of nucleophilic substitution is classified in two ways as follows :

(a) Bimolecular Nucleophillic Substitution (SN?) reaction : The reaction of chloromethane
(CHaCI) with hydroxide ion (:OH™) is second order nucleophilic substitution reaction. According to
the principle of chemical kinetics, the order of reaction depends on the concentrations of both the
reactants and so it is second order reaction.

We will understand by following example.

H
H | o
“oH + H% 125 |on FA a| 25 OH—éH +
5} H H

H

For Information only )

In the above reaction the bond shown by dark shading is outside the plane. Bond shown
by light shading is on the rear side of plane. While bond shown by straight line is in the plane
of paper.

---------

Fig. 6.2
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Green dots indicate the entering hydroxyl group.

Blue sphere is the removing halide iom.

In 1937, scientist Edward Davies Hughes and Sir Christopher Ingold proposed the reaction
mechanism of SN? reaction which can be studied from below :

Bimolecular Nucleophilic substitution reaction is called SN? reaction.

SN? reaction is the bimolecular reaction occurring between substrate (S) and nucleophilic
reagent (2Nu~). SN2 reaction occurs in only one step without formation of intermediate product. In
this reaction the substrate (reactant) does not undergo heterolytic fission. Carbon taking part in this
reaction possesses sp> hybridisation; but at transition state it possesses sp? hybridisation. In transition
state, the bonds are partially formed and broken. During the first step in the presence of realeased
group CIT, nucleophilic reagent OH™ reacts with substrate and transition state is obtained. Thus,
in transition state, both reagent and substrate combine.

At the transition state, the bond with CI” becomes weak and the formation of bond of
nucleophilic OH™ starts. At this time, all the three hydrogen atoms with carbon are arranged in one
plane only. As both the nucleophile OH™ and the group that is released, being negative, the nucleophile
always combines in the direction totally opposite to the releasing group. The spatial arrangement of the
obtained product is totally in opposite direction of the spatial arrangement of reactant. This means that,
inverted product from substrate as a result of SN2 reaction, is observed which is shown in fig 6.2.

The rate of SN? reaction depends on concentrations of both substrate and nucleophilic re-
agent.

Rate of reaction = K [S]' [Nu7]'! where S = substrate
Nu~ = Nucleophilic reagent.

Hence, SN? reaction is a second order reaction. Thus, in rate determining step, when
nucleophile reacts on carbon having less electron density, the rate controlling is done by both reacting
agent and reagent in transition state; such substitution reactions are called bimolecular nucleophilic
substitution (SN?) reaction..

(b) Unimolecular Nucleophilic Substitution (SN') Reaction : SN! (unimolecular nucleophilic
substitution) reaction takes place in two steps. In SN! reaction, firstly heterolytic fission of substrate
takes place and carbocation (carbonium ion) is formed. The energy required to break C-X bond in
the formation of carbocation is obtained from polar solvents like water, alcohol, acetic acid. In second
step, nucleophile is attached to carbocation.

Tertiary butyl alcohol is obtained as product by reaction of tertiary butyl bromide with hydroxide ion.
This reaction is first order reaction from chemical kinctics point of view.
(CH,4),C—Br + OH —>(CH,4);, —C—OH + Br~
Tertiarybutyl bromide Tertiarybutylalcohol

The order of this reaction depends only on the concentration of substrate and so it is a first
order reaction.
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. Rate of reaction o [(CH,),C-Br]

= K [C(CH,),C-Br]

The reaction mechanism of this reaction is in two steps as shown below :

Step-1
CH,
Stcp-
o G D
Hac CH
Carbocation
(Carbonium ion)

The polar C—Br bond breaks slowly and carbocation and bromide ion are formed. As this step
is slow, it is rate determining step.

Step-2 :

Nucleophilic reagent completes the substitution reaction by attacking the carbocation.

CH,
H3C CH3
Carbocation Tertiary butyl alcohol
CH, CH,

+ OH™ _ + —  Faat
_ > - - OH —>
./C \. Fast step o /C \ Step

HC CH, HL CH,

OH™ ./ cJ'\ /ch\' OH™

e Om  BE CH,

Mirror imege
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As shown above, the nucleophilic reagent (OH™) can attack carbocation from both the sides,
they will be mirror image of eachother. In the above example substrate tertiary butylbromide is not
optically active, hence the obtained product is optically inactive. If haloalkane substrate is optically
active (e.g., secondarybutyl bromide) then product obtained will be optically active. As nucleophilic
reagent OH™ can attack carbocation from both the sides, equal proportion of dextro and levorotatory
optically active isomer which forms a racemic mixture.

In this second step of reaction carbocation readily combines with nucleophilic reagent
(OH™) and gives the product. Hence, the rate of reaction of SN! reaction does not depend at all
on the concentration of nucleophilic reagent but it depends on the concentration of substrate.

Rate of reaction = K[S]' where S = substrate. Thus, SN! reaction is a first order reaction.

The rate of SN! reaction depends on concentration of substrate, easy formation of carbocation
and stability of carbocation. In SN! reaction weak nucleophilic reagent also reacts easily. As the
stability of carbocation is more, the rate of SN! reaction will be fast. As stable carbocation is formed
on tertiary carbon SN! reaction becomes easy; while SN2 reaction is difficult.

The order of case of SN! and SN? reactions in alkyl halides is as follows :

SN2 reactions

-
Tertiary halide, Secondary halide, Primary halide, CH;X
-

SN! reactions

Stability of carbocation : 3%butyl carbocation is obtained as intermediate by heterolytic fission of
C—Cl bond during nucleophilic substitution of 3%-butylchloride as follows :

(I:H3 (|:H3
HC—C—c) Heehe , pe co o+ il
CH3 CH3
3% butyl chloride 3% butyl carbocation

The stability of carbocation increases because of distribution of positive charge on carbon, any
factor which tends to distribute the positive charge of carbon having deficiency of electron and the positive
charge is equally distributed on the remaining part of ion must increase the stability of carbocation. Hence,
if electron donating group is attached with carbocation, the stability increases. As contrast to this if
electron aftracting group combines with carbo cation, the stability decreases.

R-NNNAA~CO > " N—CO > G AN AN~—CO

R = electron donating group G = electron accepting group
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The alkyl group attached with carbon atom having positive charge possesses electron releasing
inductive effect (I). Hence, the carbon to which alkyl group is attached the effect of positive charge
of carbon will be less. Hence, alkyl group will be partially positively charged. The stability of carbocation
will increase because of distribution of this positive charge.

e.g.,
| | I’ I

H—(lz ® Rl—clz ® Rl—clz ® Rl—(IZ ®
H H H R,

Methylcation 1° (primary) carbocation 20 (Secondary carbocation) 30 (Tertiary carbocation)
Tertiary carbocation possesses maximum stability because three alkyl groups are attached to it;

while two alkyl groups are attached with secondary carbocation. It possesses more stability than primary
carbocation. The stability of the carbocation with which no alkyl group is attached has minimum stability.

Thus, the order of stability of carbocation can be shown as below :
30¢c®>20¢®51°C® > C®H;, o

Tertiary C® > Secondary C® > Primary C® > CQHT The rate of reaction depends on the
stability of the carbocation obtained.

The stability of carbocation decreases if electron attracting atom or group is attached with
carbocation having electron deficiency.

Resonance is also an important factor in deciding the stability of carbocation. The resonance
structure can be drawn if electron pair deficient carbon is attached with unsaturated system in which
positive charge is delocalized on the whole molecules.

The carbocation having possibility of resonance structure, is more than the carbocation having
simple alkyl group; which can be made clear by the following example.
& @
HC =’/CI-I\—"CH2 «—> HZC‘KEH\\= CH,
(2) Elimination Reactions : Alkene is formed by reaction of ethanolic solution of potassium
hydroxide with haloalkanes containing hydrogen on B—carbon. Alkene compound is formed by forma-
tion of double bond betwen ¢ and B—carbon atoms by releasing halogen atom of o—carbon atom and

hydrogen atom of B—carbon atom of haloalkane. This reaction is called [i—elimination reaction. This
reaction is also called dehydrohalogenation.

Ben, — “CH, —C1+ KOH —2828l 5 ¢y =CH, +KCl+H,0
Chloroethane BEthene
When there are more than one B—hydrogen in haloalkane, then more than one alkenes are
obtained as product. Generally one product of alkene whose proportion is more is called major product
and whose proportion is less called minor product.

Haloalkane and Haloarene Compounds 193



_————V\

In 1875, Russian scientist Alexander Zaitsev (it is also pronounced as Saytzeff) gave one
formula. In dehydrohalogenation reaction, the alkene product having more number of alkylgroups
attached to carbon atom containing double bond is obtained in higher proportion e.g.

—>» CH,—CH — CH — CH,
But-2-ene
(higher propartion)
Ethanol >
- Hzo, — KBr

CH,— CH,— CH — CH, + KOH

Br

2-Bromobutane

— CH,—CH,— CH —CH,
But-1-ene
(lower proportion)
(3) Reactions with metals : By reaction of haloalkane with metals, chemical bond between
carbon and metal are formed and the compounds obtained are known as organometallic compounds.

(a) Grignard reaction : In 1900, Victor Grignard discovered one important compound amongst
organometallic compounds called alkyl magnesium halide. It became well known as Grignard reagent
RMgX., Alkane is obtained by reaction of Grignard reagent with haloalkane.

R—X+Mg —D¥elr L R _Mg—X

Halo alkane Alkyl magnesium halide
(Grignard reagent)
Aqueous
R-Mg-X ———> R-H + MgX,
Grignard reagent Alkane hydrocarbon Magnesium dihalide
ether Aquecus HCl
CH, —CH, —Cl+ Mg —2¥ " , cH, —CH, -Mg—Cl e, > CHa—CH,
Chloroethane Ethyl magnesium chloride Ethane
(Grignard regent)

Hydrolysis H,0
_ Dry Ether _ _ N
CH, —[+Mg —2—= CH; ~Mg—1 ———x s CH, +Mg(OH)

Iodomethane Methyl magnesium iodide Methane
(Grignard reagent)

(b) Wurtz Reaction : Alkane having double the number of carbon atoms compared to initial
haloalkane is obtained by reaction of haloalkane with sodium metal in dry ether. This reaction is called
Wurtz reaction

2R —X +2Na _DVeher & R _R +2NaX
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e.g ICH,Cl+2Na Y8 o cH, —CH, +2NaCl

Chloromethane Ethane

2CH,CH,Cl+2Na DY, CH,CH,CH,CH, +2NaCl
Chloroethane n - Butane

6.8.2 Reaction of Haloarene Compounds :

(1) Nucleophilic substitution reaction : The nucleophilic substitution reactions in haloarenes
are not so easy as in haloalkanes. The reasons for nucleophilic substitution reactions in haloarene
compounds being difficult are as under :

(i) Resonance effect : Halocation is formed because of electron pair on halogen atom in
haloarene compound. The following resomance structures are possible for this cation.

X +X +X: +59
y -
—> il > —>

C—X bond becomes shorter due to resonance structures. As a result, carbon-halogen bond is
stronger in haloarenes as compared to haloalkanes. Hence, strong reaction conditions are essential for
nucleophilic substitution reaction in haloarenes e.g., The bond length of C—Cl in chlorobenzene is
169 pm which is less than the C—Cl bond length in chloromethane which is 177 pm. Hence, nucleo-
philic substitution reactions in chlorobenzene are difficult.

(ii) Difference in hybridisation of carbon atom in C-X bond : Carbon atom attached with
halogen in haloarene compounds possesses sp> hybridisation while carbon atom attached with halogen
in haloalkane compounds possesses sp> hybridisation.

X SP2 hybridisati H sp3 hybridisation
e P< hy aton |‘/
R—C—X
H

The carbon atom of haloarene, having sp? hybridisation possesses more electroncgativity as
compared to sp> hybridisation containing carbon atom in haloalkane; hence it attracts electron pair of
C-X bond towards it. As a result the C—X bond length becomes shorter (169 pm). More energy will
be required to break C—X bond which is shorter than C-X bond length in haloalkanes. As a result
the reactivity of nucleophilic substitution of haloarene compounds is less in comparison to reactivity of
haloalkane compounds.
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(fif) Unstable phenyl cation : As phenyl cation is formed in haloarene compounds, generally
self ionisation is not possible under general conditons. The resonance form of phenyl cation decreases
the stability of self-ionisation reaction. Hence, SN! reaction is not possible in haloarene compounds.

CH,—Cl+:Nu —>»CH,; —Nu+:Cl"
1-Chloromethane

@—Cl + !:Nu ——> Product is not obtained

Chlorobenzene
Reactions : The nucleophilic substitution reactions in haloarenes under, strong conditions are as
follows :
(i) Substitution by OH™ group : Phenol is formed by reaction of chlorobenzene with 6 to
8% aqueous NaOH at 633 K temperature and 300 bar pressure. This process called Dow process.

H
¢ (i) 6to8 % 0
aqueous NaOH
—_— + NaCl
633 K, 300 bar
2 +
Chlorobenzene 0 H Phenol
(i) Substitution of Cl atomby OH™ group in presence of electron attracting group (-NO,) :
H
(i) aqueous NaOH
443 K
+ NaCl
(11) Ht
NO,
1-Chloro-4-nitrobenzene 4-Nitro phenol
(55 % product)
1 ) H
NO, (i) aqueous NaOH NO,
368K
+ NaCl
@ HY
N02 N02
1-Chloro-2, 4-Dinitrobenzene 2, 4-Dinitrophenol
(76 % product)
1 H
NO, NO, NO, NO,
+ H,O0 ﬂ) + HCl1
NO, NO,
1-Chloro-2,4,6-trinitrobenzene 2,4,6-trinitrophenol
(93 % product)
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If the electron attracting group (-NO,) is attached in ortho or para position of chlorobenzene,
then in strong reaction conditions like high temperature about 443 K chloride (Cl™) is substituted by
(:OH™) group and 55% product is obtained. If the electron attracting group (—NOZ) are in both ortho
and para positions, then substitution of (CI") by (:OH™) group takes place at high temperature like
368 K and 76 % product is obtained. But, when electron attracting group (-NO,) attached to two
ortho and one para positions i.e. at all the three places, then by heating at 333 K temperature, chloride
(CI) is substituted easily by (:OH~) group and about 93 % 2,4,6 trinitrophenol (TNP) product is
obtained.

(ili) Substitution by :CN~ group : Phenyl cyanide is formed by reaction of chlorobenzene
with NaCN in presence of Cu,(CN), at 473 K temperature.

Cl CN
NaCN + Cuy(CN),
+ o —BK +Cl”
High pressure
Chlorobenzene Phenyl cyanide
{Cyanobenzene)

(2) Electrophilic substitution reactions : In haloarene compounds inspite of halogen group
producing ortho-para directing effect, it decreases reactivity of benzene nucleus. Hence, halogen
groups differ from other ortho-para directing group.

Negative inductive effect (-I effect) is produced in chlorobenzene because of eletronegative
chlorine in chlorobenzene. The possibility of resonance structures increase because of non-bonding

electron pairs on chlorine atom; which can be seen from the following structures :

Because of resonance, the electron demsity of ortho and para positions, increases more
than meta position. Because of negative inductive effect (—I) of chlorine, attracts electron from
phenyl nucleus. As a result the negative inductive effect (—I) increases more than the resonance.
Because of this benzene ring tries to be inert. Hence eclectrophilic substitution in haloarene
compounds by chlorine are slow. In relation to benzene, in chlorobenzene, strong reaction conditoins
are necessary.

Certain electrophilic substitution reactions found in chlorobenzene such as halogenation, nitration,
sulphonation and Friedel-Crafts reaction are shown below :
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(a) Chlorination :
Cl Cl Cl
303K-313K 1
@ + 2C12 _—> N @/C
[FeCl3]
—2HC1 Cl
Chlorobenzene 1, 4-dichlorobenzene 1,2-dichlorobenzene
(p-dichlorobenzenc) (o-dichlorobenzenc)
(b) Nitration :
Cl Con. HNO, Cl Cl
@ [Con. HySO4] @ @/NO;
ﬁ +
323K-333K
Chlorobenzene 1-Chloro4-nitorbenzene 1-Chloro-2-nitorbenzene
(p-nitrochlorobenzene) ({o-nitrochlorobenzene)
(c) Sulphonation :
Cl [Con. H,SO, ] Cl cl
@ 353K-363K @ ©/503H
ﬁ +
SO3;H
Chlorobenzene 4-Chlororbenzene sulphonic acid  2-Chlororbenzene sulphonic acid

(p-Chlorobenzene sulphonic acid) (o-Chlorobenzene sulphonic acid)

(d) Friedel-Crafts Alkylation :

cl Friedel-Crafts, Cl ¢l
alkylation CH,
+ CHCl ———> +
[Anhydrous AICl4]
384K - 394 K
—2HC1 CH,
Chlorobenzene 1-Chloro4-methylbenzene  1-Chloro-2-methylbenzene
(p-Chlorotolucne) {o-Chlorotoluene)
(e) Friedel-Crafts Acylation :
Cl Friedel.Crafts, Cl Cl
acylation COCH,
+ CH,COCl ————> N
[Anhydrous AICly]
384K-394K
—2HCl COCH,
Chlorobenzene 1-(4-Chlorophenyl) 1-(2-Chlorophenyl)
ethan-1-one ethan-1-one

(p-Chloroacetophenone) (o-Chloroacetophenone)
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(3) Reaction with metal :

(i) Wurtz-Fittig reaction : Toluene is obtained by reaction of mixture of chlorobenzne and
methyl chloride with sodium metal in dry ether. This reaction is called Wurtz-Fittig reaction.

Cl CH,
Na metal
@ +CH,Cl — = + NaCl
Chlorobenzene Toluene

Similarly ethyl benzene is obtained by the reaction of chlorobenzene with ethyl chloride.

ol CH,CH,
Na metal
@ + CH,CH,Cl1 W + NaCl
Chlorobenzene 1- Chloroethane ethylbenzene
(ethyl chloride)

(ii) Fittig reaction : When aryl halide is reacted with sodium metal in dry ether, two aryl
groups combine and give the product. This reaction is called Fittig reaction.

X

Dry ethex
2O + v 2225, ({0 + awex

Chlorobenzene Diphenyl

6.9 Polyhalogen Compounds

(1) Dichloromethane -CH,Cl, (Methylene chloride) :
Preparation :
(i) Dichloromethane is formed by reduction of chloroform (CHCL,) in presence of Zn + HCL

cHcl, + 21 —22, cn,cL, +Ha

Dichloromethane
(methylene chloride)
(ii) In recent time dichloromethane is prepared by chlorination of methane.
Chlorination hv Chlorination hy

CH4 > CH3C1 > CH2C12
Cl, -HCl1 Cl, -HCl1
Methane Chloromethane Dichloromethane
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(iii) Dichloromethane is obtained by reduction of chloroform.

Reduction H,
CHCL_, T) CH,(Cl, + HCI
Chloroform Dichloromethane

Properties and Uses :
® Dichloromethane is a colourless liquid.

e Tts boiling point is 313 K.

@ It is useful as solvent in industries. Mostly it is used as solvent in the production of
chemicals used in removal of colour. It is harmful to nervous system. If it comes in direct
contact of eye it damages the cornea.

® In addition, if it comes in direct contact of skin, red rashes are formed.

(2) Trichloromethane CHCl, (Chloroform)

Preparation :

(i) Chloroform is obtained by reaction of ethanol with dichlorine gas in presence of bleaching

[0] s 3Cl, s
CH,CH,OH +Cl, —grr g CH,CHO —grr 2o — CCLCHO
—2HC1 —2HCl
Ethanol Ethanal Chloral
(Acetaldehyde)

2CC13CHO + Ca(OH)2 _—> 2CHCla + (HCOO)2Ca
Chloral Calcium Trichloromethane  Calcium formate
hydroxide (Chloroform)

(ii) Chloroform is formed by partial reduction of carbon tetrachloride with the help of water

in the presence of iron.

cCcl, + H, T[Fi])’ CHCI, + HCl1
2
Tetrachloro methane Trichloromethane
(Carbon tetrachloride) (Chloroform)

(iii) Pure chloroform is obtained by reaction of chloral hydrate with concentrated alkali.

CCL,CH(OH), + NaOH =——> CHC], + HCOONa + H,0
Chloral hydrate Concentrated Chloroform Sodium formate

Sodium hydroxide
Properties and uses :

® Chloroform is a colourless liquid.

® Its boiling point is 334 K.
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Its vapour is combustible.
It possesses sweet smell.
It is soluble in alcohol and ether.

If kept open in air, poisonous substance carbonyl chloride (COCL,) is formed which is
known as phosgene.

® Chloroform used as anesthetic should not be converted to phosgene and so alcohol is
added to it.

@ Chloroform is used as solvent. In addition, it is used as anesthetic for making patient
unconcious during operation.

(3) Tetrachloromethane : CCl, (Carbon tetrachloride) :
(i) Tetrachloromethane is formed by reaction of carbon disulphide with dichlorine gas in

presence of anhydorous AICl, as catalyst.

AnhydrousAIC

CS, + 3Cl, [ 5! > CCl, + S,Cl,

Carbon disulphide Tetrachloromethane Sulphur
(Carbon tetra chloride) dichloride

(ii) Tetrachloro methane is formed by chlorination of methane.

CH, + 4cL, — 5 cCl, + 4HCI
Tetrachloro
methane

Properties and uses :
® Carbon tetrachloride is a colourless, fragrant liquid heavier than water.
@ It is insoluble in water; but is soluble in ethanol and ether.

e Iis boiling point is 350 K.

® CCl, is used under the name of pyrene for extinguishing the fire in substances like oil,
fat and petrol because its vapour is not combustible.

It is stable at higher temperature (about 773 K). When it comes in contact with water at high

temperature, poisonous substance phosgene is formed. Hence, care is to be taken while extinguishing
the fire. It 15 useful as solvent in industry and drycleaning,

(4) Triiodomethane CHI; (Iodoform) :
Preparation : Jodoform is formed by the reaction of alcohol containing CH,CHOH-group or

acetone with iodine and solution of sodium carbonate or dilute NaOH solution.

CH,CH,OH + 3Na,CO,+4l,—>CHI; + S5Nal+HCOONa +3CO, +2H,0
Triiodomethane
(Iodoforms)
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CH,COCH, + 4NaOH +3L,—>CHI, + 3Nal+CH,COONa +3H,0

Triiodomethane Sodium acetate
(lodoform)

Properties and Uses :
® JTodoform is light yellow coloured crystalline, smell prosessing substance.

® Tis melting point is 392 K. It is insoluble in water but dissolves in organic liquids like
cthanol, ether etc.

® As jodine is liberated from iodoform, it is useful as antiseptic in medicines.
(5) Dichlorodifiuore methane (CClez) Freon (Chlorofluorocarbon) :

Preparation : Chlorofluoro carbon is prepared by reaction between carbon tetrachloride and
antimony trifluoride at high pressure in presence of antimony pentachloride.

3CCl, + 2SbE; High pressure > 3CCLE + 28bCl,
Carbon tetra Freon (CFC)
Chloride Dichlorodifluoromethane

These compounds have got a long series in which CCLF, is known as freon 12.
Properties and Uses :

® Freon is a colourless, odourless gas.

@ [Iits boiling point is 243 K.

® Metal does not corrode because of its effect.

It is more used in refrigerator and air conditioner. Freons CCLF, and C,CL,F, series are used
in them. Fragrant substances are used in aerosol mixtures of insecticide substances. In this, Freon-
22, CCIF,, CCLF,, CCLF etc. arc also uscful.

CFC is proved harmful to ozone layer.
(6) p—p' Dichlorodiphenyl trichloro ethane (DDT) :

Structural formula :

L
Ccdl,
p—p' Dichlorodiphenyl trichloroethane (DDT)




T ———————————

Preparation : DDT is formed by reaction of chloral and chlorobenzene in presence of
concentrated sulphuric acid.

Cl
L Concentrated

T 7 W
H—C—CCl, + 2 | \j 2504 c1—{/ \é—CH—f N
| ~F S | S
o) CClL,
Chloral Chlaro p—p' Dichlorodiphenyl trichloroethane (DDT)
benzene

Properties and Uses :
@® DDT is a white solid substance.

® It gives pungent smell of chlorine and the eyes get irritated, there is a possibility of
cancer, if it enters the body.

-

It is useful as household insecticides.

SUMMARY

The classification of haloalkane and haloarene compounds is made on the basis of one, two,
three or more halogen atoms, respectively as mono, di,tri and polyform. They are classified into
primary, secondary, and tertiary halides according to their characteristics combined with carbon
with functional group halogen. In addition, the classification of halo compounds, halogen having carbon
possessing sp> or sp? hybridisation as alkyl, allylic, benzylic, vinyl and aryl halide is also made.

Prefix halo is used for IUPAC nomenclature of alkyl halide and aryl halide viz. for E, Cl,
Br, I as fluoro, chloro, bromo, iodo respectively.

In these compounds, the eclectronegativity of halogen is more than that of carbon.
C¥_X5 bond becomes polar and partial positive charge on carbon and partial netagive
charge on halogen are produced.

Preparation of haloalkane compounds can be made by substitution of hydroxyl-OH group
by halogen —X. Alkyl halides, or aryl halides can be prepared in the same way by halogenation
from hydrocarbon, by electrophilic substitution in cyclic hydrocarbon, by addition reaction in
alkene, by exchange of halogen etc.

In halocarbon compounds C%*-X%~ bond being polar, intermolecular attraction forces are
more and so their boiling points are found to be higher in comparison to their corresponding
hydrocarbons. As C—X bond length is shorter in haloarene than in haloalkane, their boiling points
are higher. Halocarbon compounds are sparingly soluble in water but becomes soluble in organic

solvents.
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In alkyl halide because of the polarity of C*-X% bond in alkyl halide, nucleophilic
reagents (:Nu~) are attracted by carbon having partial positive charge, they give nucleophilic
substitution reactions. The reaction mechanism of these substitution reactions are classified in
two parts in the form of SN! and SN2.

|
g m —Co + X |

3 | LNy Ny c—
g Fast |
7

o [N \ / | _
Zl— {Nu—C—Xp—>Nu—C— + X

According to chemical kinetics principle, SN! is a first order reaction, while SN2 is a
second order reaction. The stability of carbocation depends on electron donating group, inductive
effect (I) and resonance factor.

From stereochemistry point of view, because of the optical activity of chiral carbon
produced from halocarbon componds, racemic mixture is obtained in the form of product.

On the basis of chemical characteristics of haloalkane compounds, elimination reaction,
Grignard reaction with metals, Wurtz reaction, different products can be obtained.

The reactions carried out by haloarene compounds viz. in nucleophilic substitution
reactions, resonance effect, difference in hybridisation of C—X bond, effect of unstable phenyl
cation, different products can be obtained.

Haloarene compounds give electrophilic substitution reactions. In addition, under strong

reaction conditions gives nucleophililic reactions also.

Phenol can be obtained by substitution of functional group —X of haloarene by —OH
group. Similarly arylcyanide can be obtained by substimtion of —X by —CN. Electrophilic
substitution reactions occurring in phenyl nucleus of haloarene, are more stable because of their
resonance structures. In these reactions the ortho-para products of halogenation, nitration,
sulphonation, Friedel-Crafts explains ortho-para directing effect of halogen functional group.

Haloarene with sodium metal gives different reactions like Wurtz, Fiftig reaction.

In certain important halocarbon compounds dichloromethane (CHZCIZ), trichloromethane
(cHCL,), Chloral (CCL,CHO), tetrachloromethane (CCl,), iodoform (CHL,), freon, DDT etc.

are included. Most of these compounds are not easily decomposed and so they are harmful to
ozone layer; they are proved to be dangerous for environment.
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EXERCISE

1. Select the proper choice from the given multiple choices :
(1) In haloalkane ..........cocovuereeneen bond is formed between carbon and halogen.
(A) Ionic (B) van der Waals (C) Covalent (D) Hydrogen
(2) In haloarene compounds, halogen combines with carbon having which hybridisation ?
(A sp? ®) sp’ (C) sp D) dsp?
(3) In haloalkane, carbon in C—X bond possesses which partial electric charge ?
(A) Chargeless (B) Positive (C) Negative (D) Anionic

(4) Which of the following bonds is the strongest ?

(A) ;C—F (®B) ;c—m © ;c—m D) B:—I

(5) Which of the folloiwng is vinyl halide ?
(A) CH,Cl, (B) CH,=CH-Cl (C) CH=C-C1 (D) CH— CH
Cl Cl
(6) What is B in R-OH + PX; > R-X + B + HX ?
(A) HPOX, (B) H,PO, (© POX, (D) H,PO,
(7) Which catalyst is used in preparation of bromobenzene by bromination of benzene ?
(A) FeBr, (B) HBr (C) AlBr, (D) Br,
(8) By which name the reaction CH,-Br + Ag-F — CH,F + AgBr is known ?
(A) Grignard B) Wurtz (C) Fittig (D) Swartz
(9) What are mucleophilic reagents according to Lewis theory ?
(A) Acid (B) Base (C) Neutral molecules (D) Positive ions
(10) On which of the following factors the stability of carbocation depends ?

(A) Resonance (B) Temperature (C) Transitdon state (D) Reaction rate
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(11) What is called an optically active substbnee ?

(A) Which reflects polarised light
(B) Which rotates the plane of polarised light
(C) Which increases rate of polarised Light
(D) Which absorbs polarised light
(12) Arrange giving the sequence order to Br, Cl, F and H combined with asymmetric carbon.
(A)H, Cl, Br, F B) H, CL F Br C)Br,ClL F H (D) H, F, Br, Cl1

(13) 2CH,X +2Na Dether, A . 5NaX What will be the product A obtained in the
reaction ?

(A) CH,Cl (B) C,H,, (C) CHy-CHy (D) CH,Na

(14) Which is the structural formmla of DDT ?

| 5
-OQr =010~
b, |

Cl

Cl L Cl
H
-0}0~ OO0~
an -
a
(15) Which substance is inflamable ?
(A) DDT (B) Freon (C) CHI, (D) CHCI,
2. Answer the following questions in short :
(1) Write TUPAC names of the following substances.
(i) (CH,),~CH-CH(CI)-CH, (i) CH,—~CH(CH,)-CH(CH,)-Cl
(iii) CH,~C(C,H,),~CH,—Cl (iv) CH,—C(CIC,H,}-CH,—Br

(v) CCH,-C=C—CH,—Cl
(2) Classify the following compounds in the form as alkyl, allylic, benzylic, vinyl or aryl halide.

(i) C,H,CH,Br (ii) CH,~CH=CH-C1
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3)

“)

)

(6)

)

(®)

€)

(10)

1)

(12)

(13)

(iii) CI-IS—CH:(F—CHZ—CH3 (iv) CH,—CH,—CH,—Br
Br

4%) (CH3 )3 C —CH2— C|H—C6 H 5
Br

Write the structural formulas of the following :

(i) 2-bromo-3 methyl pentane

(ii) 1-chloro4-methyl cyclohexane

(iii) 1, 4-dichlorobut-2-ene

(iv) 1-chloro4-secondary butyl-2-methyl benzene

Give examples of 1%, 29, 30 haloalkanes.

Give reason for polarity of C-X bond in haloalkane.

Give examples of 1°, 29, 3° benzyl halide.

What is meant by chirality ?

In haloalkanes intermolecular attraction forces are more than those in alkanes ? Why ?
What is called SN! reaction ?

Why SNZ? reaction is called bimolecular substitution reaction ?

Which poisonous substance is formed by keeping chloroform open in air ?
On which factor, the stability of carbocation depends ?

Mention D or L configurations in following compounds :

CHO
CH; COOH |
| | H—C—OH
(1) H—C —OH ) HO—C —H 3) |
| | H—C—OH
CHO Cl |
CH,OH

Haloalkane and Haloarene Compounds 207



m

Write answers of the following questions :

1)

2)
3
C)
C))
©)
)
®)
®)
(10)
Give

1)

)
3)
@

®
()
@)
®)
©)

(10)

Mention the classification of haloalkanes on the basis of number of halogen atoms giving
suitable examples.

Explain the reaction for preparation of haloalkane from alcohol giving reaction equation.
Describe Zaitsev’s formula giving suitable example.

Give only equations of substitution reaction in haloarenes by OH™ group.

Write preparation of methylene chloride.

Mention properties of dichloromethane.

Is 2, 3-dibromobutane optically active ?

Explain the factors affecting the rate of reaction in SN! and SN? reactions.

Write physical properties and uses of chloroform.

Write a note on resonance effect in the nucleophilic substitution reaction of haloarenes.
answers of the following questions in detail :

Explain classification of haloalkane and haloarene compounds on the basis of number of
halogen atoms.

Write a note on C—X bond.

Write a note on B—elimination reaction in haloalkane.

Give following electrophilic reactions :

(i) Chlorination (ii) Nitration (iii) Sulphonation

(iv) Friedel-Crafts acylation (v) Friedel-Crafts alkylation
Explain in detail Fittig reaction of haloarene.

Explain in detail SN! reaction.

Write a note on SN? reaction.

Mention preparation, properties and uses of tetrachloromethane.

Give preparation of iodoform and its importance in medical field.

Mention types of freon and explain freon as coolant.
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(11) Explain stability of carbocation.

(12) Explain the two steps to determine R—S nomenclature.
(13) Explain D-L nomenclature.
(14) Write a note about any three polyhalogen compounds.

(15) Mention R or S configuration of following compounds :

CH,0OH Br
@ H3C+CHZCH3 ) I—}— Cl
COOH H
CH, CH,CH,
3 H Br @ H OH
CH,CH, CH,

Haloalkane and Haloarene Compounds
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Unit

Alcohol, Phenol and
Ether Compounds

7.1 Imntroduction

We have learnt earlier that when one or more hydrogen atoms of a hydrocarbon, are
substituted by another atom or a group of atoms (functional group) then new organic compounds are
formed. When the hydrogen atom attached to saturated carbon of hydrocarbon, is substituted by
hydroxyl group (— OH) then alcohol is formed.

e.g.,
Hydrocarbon Alcohol
CH, CH,OH
<§>—CH3 @—CHZOH
H,C=CHCH, H,C=CHCH,0OH
HC=C—CH, HC=C-CH,OH

Thus, the general formula of alcohol is R—OH; where R = alkyl group or alkenyl or
alkynyl or aryalkyl group. If the hydrogen atom attached to the carbon atom of an aromatic, is
substituted by hydroxyl group then phenol is formed.
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e.g.,

Hydrocarbon Phenol

@) {(O)-on
H,C@ HSC—<C:>>—OH

Thus, the general formula of phenol is Ar — OH; where Ar = aryl group. If the hydrogen
atom of hydroxyl group of alcohol or phenol, is substituted by alkyl or alkenyl or alkynyl or aryl group
then ether is formed.

e.g.,
Alcohol/Phenol Ether
CH,OH CH,OCH,
H,C=CHCH,OH H,C=CHCH,0CH,
HC=CCH,0H HC=CCH,OCH,

Oron  (Dyoen,

Thus, the gemeral formmla of ether is R /Ar, —O-R,/Ar,; where R, and R,=alkyl or
alkenyl or alkynyl group and Ar, and Ar, = aryl group.

Alcohols and ethers have same general formula C H, O but due to different functional
groups, they are called functional group isomers. For example, ethanol and methoxymethane have
same molecular formmla C,H/O but their structural forrmla CH,CH,OH and CH,OCH, possess
different functional groups.

7.2 Classification of Alcohols

The classification of alcohols is carried out in three types depending on the carbon which has
been attached to the hydroxyl group in structure of alcohol, viz (1) Primary (1°) alcohol,
(2) Secondary (2°) alcohol and (3) Tertiary (3°) alcohol.

(1) Primary (1°) alcohol : Alcohol, in which the hydroxyl group is attached to primary carbon
is called primary (1°) alcohol.
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(2) Secondary (2°) alcohol : Alcohol, in which the hydroxyl group is attached to secondary

carbon is called secondary (2°) alcohol.

(3) Tertiary (3°) alcohol : Alcohol, in which the hydroxyl group is attached to tertiary

carbon is called tertiary (3°) alcohol.

Primary (1°) alcohol.

R

I
R—(IZ—OH

H

Secondary (2%) alcohol.

Tertiary (3°) alcohol.

7.3 Nomenclature of Alcohols

i
HC—C—OH
H
Primary (1°) alcohol.

CH
I 3
I-IQC—(i",—OH

H
Secondary (2°) alcohol.

e
I-ISC—CI—OH

CH,

Tertiary (3°) alcohol.

Common name : For the common name of alcohols, the alcohol, word is added after the
name of hydrocarbon group which is attached to the —OH group.

e.g, CH,OH Methyl alcohol

CH,CH,0H Ethyl alcohol

@—C&OH Benzyl alcohol

IUPAC name :

(1) In alcohol, the longest carbon chain of hydrocarbon containing hydroxyl group is selected.
Then dropping the last letter ‘e’ from the name of hydrocarbon, the suffix ‘ol’ is added. For
example, by dropping ‘e’ from methane and adding the suffix ‘ol’, the derived name will be methan
+ ol = methanol and in that manner from ethane, ethan + ol = ethanol is derived.

e.g, CH,OH Methanol

CH,CH,OH Ethanol
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(2) In alcohols containing more than two carbon atoms the smallest number for location of
the position of hydroxyl group is placed before the suffix ‘ol’.

eg.,
3 21
CH,CH,CH,OH Propan—1-ol
1 23
CH,CHCH, Propan—2—ol
I
OH
3 2 1
H,C =CH,CH,OH Prop—2—en-1-ol
3 21
HC=CCH,0H Prop—2-yn—1—ol
4 3 21

| 4-Chlorobutan—2—ol
OH

5 4 3 21
CH,CH,CH,CHCH,O0H

2-Ethylpentan—1—ol
CH,CH,

2 3 4 5
CH,CH,CHCH,CH,CH, 2-FEthylpentan—1—ol
I
1 CH,OH
e
CH,CH,CH, —CCH,CH, 3—Methylhexan—3—ol
I

OH

(3) If more than one substituents are present in alcohol molecule then in nomenclature they
are presented in alphabetical order.

e.g.,
7 65 4 3 2 1
CH, CH CH, CH CH, CH CH, 6-Bromo—4—ethylheptan—2—ol
I I I
Br CH,CH, OH
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4 3 21

CICH,CH,CHCH,OH 4-Chloro—2—methylbutan—1—ol
CH,
5 43 21
CH,CHCH,CHCH,OH 2, 4 Dimethylpentan—1—ol
I
CH, CH,

(4) If alcohols containing more than one hydroxyl groups, the di, tri......etc. prefix for two,
three.... etc. number of hydroxyl groups respectively, are written before the suffix ‘ol’. Here last
alphabate ‘e’ is not removed from name of hydrocarbon.

e8.,
CH,CH,
(. Ethane-1,2—diol
OH OH
CH, CH CH,
| | | Propane-1,2,3—triol
OH OH OH
4 3 21
CH,CHCH,CH,OH Butane-1,3—diol
I
OH
5 4 3 2 1
HOCH,CH,CH = CHCH,OH Pent—2—ene—1,5-diol

(5) In alcohols the hydroxyl group attached to the carbon of cyclic system is given the first
number.

e.g.,

OH
Cyclopentanol

OH

Cyclohexanol
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3-Methylcyclohexanol

2-Methylcyclopentanol

3,4-Dimethylcyclopentanol

CHy
i “NOH
OH
OHQ/:HE,
CH,

X,

2-Ethyl-5—methylcyclohexanol
HC oH

The structural formula, JUPAC name, common name, their type and boiling point of some
alcohol molecules are presented in table 7.1.

Table 7.1 Alcohol compounds

Structural IUPAC Common Type Bolling

formula name name point (K)
CH,OH Methanol Methyl alcohol 1° 338
CH,CH,OH Ethanol Ethyl alcohol 1° 351
CH,CH,CH,OH Propan—1—ol n—Propyl alcohol il 370
CH,CHCH,

(l)H Propan—2—ol Isopropyl alcohol 22 355
CH,CH,CH,CH,OH | Butan-1-ol n—Butyl alcohol 10 390
CH,CHCH,OH

| 2-Methylpropan—1-ol | Isobutyl alcohol il 381

CH,

Alcohol, Phenal and Ether Compounds
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CH,CH,CHCH,
| Butan—2-—o] Secondary butyl alcohol 20 373
OH
CH,
|
Hac—(IJ—CHa 2-Methylpropan—2-ol | Tertiary butyl alcohol 30 356
OH
CH,CH,
| | Ethane—1,2—diol Ethylene glycol 1010 471
OH OH
CH, CH CH,
L Propane—1,2,3—triol Glycerol (Glycerine) 102010 563
OH OH OH Y Y
CH,0H
Phenylmethanol Benzyl alcohol 10 478

7.4 Electronic Structure of Alcohols

H
H

I
7\

(@ e ———

Methanol
C-O and O-H c—-bond
C and O sp® hybridisation
C-O-H angle 108.5°

7.5 Physical Properties of Alcohols

In alcohol compounds, the electronegativity of oxygen atom (3.5) of hydroxyl group is higher
than the electronegativity of hydrogen atom (2.1). Due to thig, it induces partial negative charge
(8-) on oxygen atom and partial positive charge (8+) on hydrogen atom. So O%*— H% bond becomes
polar and in liquid alcohols intermolecular hydrogen bond is formed, as a result intermolecular
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attraction increases. The higher energy is required to break these attraction forces. If there are
more attractive forces in the molecules of liquid alcohol, then more thermal energy is required to
break and to convert it in gaseous forms. So the values of boiling point increase. This type of
hydrogen bond is not formed in alkanes because the polar bond is absent in them Therefore the
boiling points of alcohols are higher than those of alkanes having approximately equal
molecular mass. e.g., boiling point of ethanol (molecular mass = 46 gram mole™, b.p. = 351 K)
is higher than that of propane (molecular mass = 44 gram mole ™}, b.p. = 231 K) and boiling point
of propanol (molecular mass = 60 gram mole™, b.p. = 370K) is higher than that of butane
(molecular mass = 58 gram mole™!, b.p. = 273 K).

RN e 5 e

R

Intermolecular hydrogen bond between alcohol molecmles

In linear series of primary alcohols, the boiling point increases gradually as the
mumber of carbon atoms increases; because increasing with the number of carbon, intermolecular
distance is decreased, as a result intermolecular attraction forces increase. e.g., while going from
methanol to butan-1-ol, the boiling point gradually increases (Table 7.1), as compared to primary (1°)
alcohols containing three or more than three carbon atoms and with the same molecular formula, in
secondary (2°) alcohol and as compared to secondary (2°) alcohol, in tertiary (3°) alcohols having
more branched chains. As a result it decreases the area of surface and decreases the intermolecular
attraction with increase inintermolecular distance. Therefore among alcohols containing same
molecular formula, secondary alcohol has lower beolling peoint than primary alcohol and
tertiary alcohol has lower boiling point than secondary alcohol. This is due to decrease in the
intermolecular attraction. e.g., boiling point of propan-2-ol (secondary) (b.p. 355 K) is lower than that
of propan-1-ol (primary) (b.p. 370 K) and alcohols having molecular formula C,H,OH have three
isomers butan-1-ol (primary) (b.p. 390 K), butan-2-ol (secondary) (b.p. 373 K) and 2-methyl
propan-2-ol (tertiary) (b.p. 356 K) whose boiling points are decreasing respectively.

In aqueous solution of alcohols, the intermolecular attraction between them increases due to
the formation of hydrogen bond between polar molecule water and polar molecule alcohol. Therefore,
lower molecular mass containing methanol and ethanol are more soluble in water. As the number of
carbon atoms of hydrocarbon group in alcohol increases, the molecular masses also increase; as a
result solubility in water decreases, because of formation of hydrogen bond cannot be possible with

an increrase in length of chain.

........... (o B — . [PRRSE H e H we O H:--
Intermolecular hydrogen bond between alcohol and water molecules

R H

As we studied carlier, there is formation of hydrogen bond between two molecules of
alcohol and the alcohol and water molecules. This results in the increase in the boiling point and
solubility in water with increase in number of hydroxyl groups in alcohols. For example,
boiling points and solubilities in water of ethanol (b.p. 351 K), ethane-1,2-diol (b.p. 471 K) and
propane-1,2,3-triol (b.p. 563 K) increase gradually.
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Acidity of Aleohols : Aqueous solution of alcohols possess slight acidic property due to polar
O-H bond present in them. Alcohols have acidic property similar to that of water. Most of alcohols
(except methanol) are less acidic than water.

-
L]

R—O—H + H,0 = R—O0: + HO

Alcohol Alkoxide ion

In alcohol compounds, an electron releasing group—R(—CH,, —C,H,) increases the electron
density of O-H bond, so results in decrease of the polarity of O—H bond. As a result the acidic
property decreases. Thus, the order of acidic strength of alcohol compounds is,

R R
R——CH,0H > CHOH > R——C—OH
R R
Primary alcohol Secondary alcchol Tertiary alcohol

7.6 Preparation of Alcohols
Alcohols can be prepared by different methods,
(1) Alcohol from alkene compounds :

(i) By acid catalysed hydration : Alkene compounds form alcohols by reaction with
water in presence of acid catalyst.

+

~N 7~ H ~ 7~
c=C + H,O — C—C
7~ ~ - ~ | | ~
H OH
Alkene Alcohol

If unsymmetrical alkene is used as a starting material then the addition reaction follows the
Markonikov’s rule and give alcohols.

H‘i‘
CH,CH=CH, + H,0 = CH,— CH — CH,
|
OH

Propene Propan-2-ol
Mechanism :

3 mo. accepts a ton {rom aqueous acl orms carbocation.
Step-1 : Alkene molecule accep proton from aq id H;O" and f bocati

H,0: + H —>H,0:

218 Chemistry 12



/_v'—'_\

H
~ Slow ~N + .I
_c=c__ +Hn'o H — /clz c_ +:0—H

Step-2 : Nucleophilic reagent (water) attacks on carbocation and forms protonated alcchol.

H
N I Fast P
— O—H — —
/cl: < O S /cf ~
H H 0—H

Step-3 : Proton is removed and an alcohol is formed

H H
~ . RN - |
/(I: cl:\+.g Hﬁ/cI cI:\+Hg*H
H:(&—H :OH
Alcohol

Note : Concept about drawing of Curved Arrow (™) : It is easy to understand
the transfer of electrons by curved arrow (,~y or y~\) in the mechanism of reaction. This
curved arrow is always drawn away from more electron containing (gencrally negatively charged)
species towards a less electron containing (generally positively charged) species. The arrow
starts from the electron source (electron pair or bond). It does not start from an atom. This
curved arrow does not indicate the transfer of an atom.

(ii) By hydroboration-oxidation : For the preparation of alcohol in laboratory, the indirect
addition of water in alkene compounds can be achieved in presence of diborane (BHa)z- Diborane
reacts with alkenes to give trialkylborane as addition product, which is called hydroboration reaction.
Trialkylborane is oxidised to alcohol by hydrogen peroxide in the presence of aqueous sodium hydroxide.

3(CH3CH=CH2)T%%)3&K’(CH3CH20H2)3 B % 3CH,CH,CH,0H

Propene Tripropylborane Propan-1-ol
Mechanism :

Step-1 : Alk-1-ene like propene reacts with diborane and forms trialkyborane. It is the result
of addition of boron hydride to double bond of three molecules of alk-1-ene. This hydroboration
reaction follows the amti-Markonikov rule. So, boron atom gets attached to the carbon atom
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involved in double bond in alkene with more hydrogen atoms and hydrogen gets attached to the carbon

atom with fewer hydrogen atoms.

CH, - CH=CH, + (H - BH,),—>CH, —CH—-CH, - BH,
I

Propene
H

e., CH,~CH,~CH, BH-H
SO, CH, - CH-CH, —BH- CH, —CH, —CH,
|
H
ie., (CH,CH,CH,),B-H
SHy CH=Cs . CH,, - CH—CH, — B — (CH,CH,CH,),
|
H
e., (CH,CH,CH,),B
(Tripropylborane)

Step-2 : Tripropyl borane is oxidised to tripropyl borate by of hydrogen peroxide.

CH»CH,CH3

CH,CH,CH,

B“//_\ —0—H —— | HCH,CHLC—B—0—0=—

I LA L]

CH,CH,CH,
Tripropylborane Unstable intermediate
|CH2CH2CH3
— B + :0—H
/ \ ., M
=
> o
g %
o G,
Rkl %0,
%
Two times repetition of this reaction forms
@'0,9 CH,CH,CH,
90& - l L]
\)O - I L ]
\ [ B
/B —O—CH,CH,CH; and &7 \d° respectively
s AN
e & <,
o) * 2
3 O v C:(
S ol 56
o Q5 )
Q5 5
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Step-3 : The hydrolysis of tripropylborate forms three molecules of propan-1-ol and borate ion
in basic medium.

:OH
L CH,CH,CH,

I L I pe—
C:_?: :c|>:
B — B + 3CH,CH,CH,0OH
Q"‘o’ \0-97 _aa ¥ N 2
e . \O e =7 Propan-1-ol
& ey
¢ %
< A
:OH OH

Thus, during the preparation of alcohols by acid catalysed hydration, the —OH group
gets attached to the carbon atom involved in double bond of alkene, with fewer hydrogen
atoms,. In contrast to this, during the preparation of alcohols by hydroboration-oxidation, the
—OH group gets attached to the carbon atom involved in double bond of alkene with more

hydrogen atoms.
e.g.,
M' CH 3CH2CH2CH2(|:HCH3
OH
_ Hexan-2-0l
CHCHCHCHCH=CH,
Hex-1-ene
(1) (BHy,
—>——=2» CH,CH,CHCH,CH,CH,0H
(2) J,0,,
OH Hexan-1-ol

(2) Alcohols from carbonyl compoumds :

(i} By reduction of aldehydes and ketomes : Alchols can be obtained by reduction of
aldehydes and ketones with sodium borohydride (NaBH,) or lithium aluminium hydride (LiAlH,).
Reduction of aldehyde gives 1° alcohol and reduction of ketone gives 2° alcohol.

(i) NaBH

4
4RCHO W) 4RCH20H

Aldehyde 1° Alcohol
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4R,COR, g:;‘%—)ml —CH-R,
Ketone (I)H
2° alcohol
Mechanism :
Step-1 : Hydride jon (:H™) of sodium borohydride reagent combines with carbonyl carbon
and forms alkoxide ion.

NaBH, == Na* + BH,~

@: H 0%

Step-2 : Alkoxide ion reacts with water and forms alcohol.

H
I
I

R—CH—R, + H—Ot, —> R, —CH—R, +:0—H
| 1 |

508 H OH
20 alcohol

If the reaction is repeated three times more then as a result four moles of ketone form four
moles of 2° alcohols. For this 1 mole of sodium borohydride is consumed.

In this mechanism, putting the H instead of R, the mechanism of formation of alcohols by
reduction of aldehyde can be understood.

NaBH
4CH3CHZCH2CHOTO4> 4CH,CH,CH,CH,OH

Butanal Butan-1-ol

2

(0] OH
Butanone Butan-2-ol

NaBH,
4CH,CH,CCH, ——"> 4CH,CH,CHCH,
I |

(ii) By reduction of carboxylic acids or esters : Reduction of carboxylic acids and esters
is achieved by use of strong reducing agent like lithium aluminium hydride and primary alcohols can
be obtained.
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RCOOH — gz 5> RCH,0H

Carboxylic acid 1°-Alcchol

R,COOR, —3-2004 5, R CH,0H + R,OH
Ester 1° Alcohol 1° Alcohol

e.L.,

CH,COOH (?J)L’"Hz“’o[ CH,CH,OH

Acetic acid or Ethancl
Ethanoic acid
() LiAlH,
COOH ———» CH,OH
(i) H,0
Benzoic acid Phenylmethanol
(Benzyl alcohol)
@) LiAlH,
CH,COOCH,CH, ————— CH,CH,OH + CH,CH,OH
(i) H,0
Ethylethanocate Ethanol Ethanol
(Ethyl acetate)
() LiAIH 4
COOCH, CH, )H—O. CH,0OH + CH,CH,0H
n P
Ethylbenzoate Phenylmethanol Ethanol

(3) Alcohols by Grignard reagents :

If Grignard reagents are added to carbonyl compounds then 19, 2° and 3° alcohols are
formed.

lysis |
c O +RMgX —>|E—C—OM§| &» R— cI:—OH + Mg(OH)X

Carbonyl Intermediate product Alcohol
compounds Reagent

Alcobol, Phenaol and Ether Compounds 223



(i) Grignard reagent reacts with formaldehyde and gives 1° alcohol.

HCHO + RMgX —— [RCH,OMgX] —H%‘i&ma{zon +Mg(OH)X

Formaldehyde  Grignard Intermediate 1% Alcohal
or Reagent product
Methanal

(i) Grignard reagent reacts with aldehyde compounds except formaldehyde and forms 2°
alcohols.

R

R'CHO + RMgX (R’ CH OM%—%‘—’O&)R —CH - OH + Mg(OH)X

Aldehyde Grignard 2° Alcohol
reagent Intermediate product

(iii) Grignard reagent reacts with ketone compounds and forms 3° alcohols.

R R
| |

R'COR” + RMgX —|R’—C-OMgX —‘Il%“g&)k'—c—OH+Mg(omx
Ketone | |
R” R”
Intermediate product 3% Alcohol

Mechanism ¢

Step-1 : Grignard reagent is added to carbonyl compound and it forms intermediate compound.
In Grignard reagent RMgX, the electronegativity (2.5) of carbon atom in R is higher than electrtonegativity
(1.2) of magnesium atom and as a result the common electron pair of bond R—Mg is more attracted
towards R, due to this partial negative charge on R and partial positive charge on Mg atom are induced.

8+ L 1] | .o — 1+ —
R—:I\/ng\+-) /OD —>|E—|c O3 MgE|

Intermediate compound
Halomagnesinm alkoxide

Step-2 : Inmtermediate product reacts with water and forms alcohol.
| e — —_ I | [ X
R—(lz—g: Mg X +H D‘o —>R—(|3—,Q—H + Mg(OH)X
Aleohol

Examples of alcohols formed by Grignard reagent
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Hydrolysis
C¢H;MgBr + HCHO—5[C H,CH,OMgBr] o C¢H,CH,OH

Mg(OH)Br
thylmagnenum Formaldehyde OR Phenylmethanol
Methanal

e
CH, CH, MgB + CH, CHO ——>|CH,CH, — C— OMgBr I*”dﬂ’:&» CH3CH2CHCH3

H —Mg(OH)Br OH
Ethyl magnesium Acetaldehyde OR Butan-2-ol
‘bromide Ethanal
o,
CH,CH,CH,CH,MgBr + CH,COCH, CH,CHCHLCH,— (Il— OMgBr
Butyl magnesium Propanone CH,
bromide (Acetane)
i
— o CHCHCHCH,— C—o
— Mg(OH)Br CH;4

2-methylhexan-2-ol
(4) Preparation of alcohol by fermentation method :

Fermentation method is most useful for preparation of ethanol. This method is extensively used
for industrial production of ethanol. Sugar present in molasses is fermented by enzyme invertase, as
a result glucose and fructose are formed.

Invertase

Sugar Glucose Fructose

Glucose and fructose are fermented by enzyme zymase found in yeast; due to this ethanol
and carbon dioxide gas are formed.

Zymase

Enzyme
Glucose OR Ethanol
Fructose

Distillation of final solution produces an azetropic mixture of 95% ethanol and 5% water i.e.
only one component C,H;OH<H,O is produced. Pure ehanol is obtained by membrance technology.

Pure ethanol is a colourless liquid. Its boiling point is 351 K. It is used as a solvent in paint
industry. It is also used in preparation of a number of organic compounds.
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7.7 Chemical Reactions of Alcohols

There are two types of reactions in alcohols. Looking to the structure R-O-H in some
reactions O-H bond is broken and in others R—O bond is broken. These reactions form different

types of compounds.
(1) Reactions involving clevage of O-H bond :

(i) Reaction of alcohol with active metals : Like water, alcohols react with Li, Na, K, Mg,
Al and other active metals to liberate dihydrogen gas and form metal alkoxides. These metal alkoxides
act as stronger base than sodium hydroxide.

e.g.,
2H,0 + 2Na —> 2NaOH + H,(g)
Water Sodium metal Sodium hydroxide  Dihydrogen gas
2CH,OH + 2Na —» 2CH;ONa + H,(g)

Methanol Sodiummethoxide

2CH,CH,0H + Mg ——» (CH,CH,0),Mg + H, ()
Ethanol Magnesium metal Magnesium ethoxide
(ii) Reaction of alcohol with acids : Alcohols react with carboxylic acids in presence of
acid catalyst to form esters through a condensation reaction. It is called esterification.

H*

R-OH + R'-COOH=——= R'COOR + H,O
Alcohol Acid Ester
. CH,OH +C¢H;COOH - N CsH,COOCH, +H,0
B Methanol  Benzoic acid Methylbenzoate
CH,CH,OH + CH,COOH . : LN CH,COOCH,CH, +H,0
Ethanol Acetic acid Ethyl ethanoate
(Ethylacetate)

When benzoic acid reacts with methanol that has been labelled with radioactive O'8, the
labelled O'® appears in the ester product. It is indicated that during the esterification the aggregate
water molecule is removed as OH™ is removed from acid molecule and H™ is removed from alcohol
molecule.

[ |
[ |
C,H,CO'OH + CH,0"™H = ¢ H,C00"CH, +H,0
Benzoic : Methanol Methylbenzoate

acid

(iii) Oxidation of alcohols : During the oxidation of alcohols, one or more hydrogen atoms are
lost from the carbon bearing the -OH group. The products obtained by oxidation of alcohols depend upon
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the type of alcohols and reagents. The reagents most commonly used as oxidiging agents for the oxidation
of alcohols are chromic acid (H,CrO,) or potassium permaganate (KMnO,) or pyridinium
chlorochromate (PCC).

O
Sodinm Potassium _ Kﬁ) Chromic acid
dichromate dichromate 4
((On:+ cogena — () N-Hcro,cl
Pyridine Chromium pyridinium chlorochromate
oxid

The primary alcobol is oxidised by KMnO, or H,CrO, initially to an aldehyde. However, this
aldehyde is very difficult to obtain as product because this aldachyde is more easily oxidised than the
alcohol and so is converted rapidly to the caboxylic acid. Thus, the normal product of oxidation
of 1° alcohol with a strong oxidizing agent like KMnO, or H,CrO, is a carboxylic acid.

O (@)
R -CH,0H [o1 » R-CHO o1 » R —COOH
NaZCrzO.’/HzSO 4 NaZC:207/H SO

274
H,0

1" Alcohol Aldehyde Carboxylic acid

(§)
e.s. CH,CH,CH,CH,OH = > CH,CH,CH,COOH

Na 2C1‘207/I-IZS 0,

Butan -1-o0l Butanoic acid

[O]
CH,CHC H —— > CH,CHCOOH
I-IS I Hp Nﬂ.zcrz 07/ I-IS I
CH, H, SO, CH,

2-Methylpropan-1-ol 2-Methylpropanoic acid
1° alcohol is oxidised by mild oxidizing agent like pyridinkum chloro-chromate (PCC) and
aldehyde is formed. Then after oxidation of aldehyde does not occur. This reaction is carried out in an
anhydrous solvent such as dichloromethane (CH,CL,).

PCC[O
R- cnonCH—”> R —CHO
1° Alcohol 2 Aldehyde
PCC[O]
CH,CH,CH,CH,0H———» CH,CH,CH,CHO
Butan -1-0l CH2C12 Butanal
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PCC[O]

CH3CHCH20H—>C]_12C12 CH3CHCHO
| |

CH3 CH3
2-Methylpropan-1-ol 2-Methylpropanal

2" Alcohols are oxidised by H,CrO, or KMnO, and form ketones.

’ [0] ’
R-CH-R » R—-C-R
| NaZCr207/HZSO A I
OH 0]
2%Alcohol Ketone
[O] R
| Na,Cr,0,/H,50, I
OH o)
Propan-2-ol Propancne (Acetone)
OH (0]
[0] .
Na,Cr,0,/H,SO,
Cyclohexanol Cyclohexancne

In 3% alcohols, the carbon bearing the -OH group has no hydrogen, so they are not
oxidized by strong oxidizing agents.

R’
R—C—OH [0] > No oxidation reaction
Na2CI207IH2804
R”
30 Alcohol

(2) Reactions involving cleavage of C-O bond :

(i) Reaction of alcobol with halogen acid : Alcohol when heated with concentrated hydro-
chloric acid in presence of anhydrous zinc chloride gives chloro alkane. Thig reaction is fast with
tertiary alcohols, slow with secondary alcohols and difficult with primary alcohols.

Anhydrous Zthl2

R -O0OH + HC1 A > R-C + H,O
Alcahol Concentrated Chloroalkane
Hydrochloric acid

In laboratory primary, secondary and tertiary alcohols can be detected by this reaction and the
method to do so is called Lucas fest. In thig test, a given sample of alcohol is mixed, shaken and
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warmed slightly with anhydrous zinc chloride and concentrated hydrochloric acid and kept for some-
time. If an oily drop appears in short time on the upper layer of the mixture, it must be 3° alcohol,
if it takes about five minutes to become milky, it must be 20 alcohol; if mixture remains clear without
any reaction, it must be 1° alcohol. We will understand mechanism of reaction of tertiary alcohol with
concentrated hydrochloric acid.

Mechanism :

Step-1 : Tertiary alcohol is converted into an oxXonium jon through protonation by H* of acid.

This step is fast.
l* i
e Fast v H
R—C—OH+H ——= R—C—O
lil e |K' \H
30 Alcohol Oxonium ion

Step-2 : 30 carbocation is formed by the loss of a water molecule from the oxonium ion. This
step is slow so it is called the rate determining step.

i i
H
+./ Slow - = -
R_ftg\ﬂ T ———— R: <If* + .(I) H
R R H

30 Carbocation

Step-3 : 30 carbocation reacts with CI~ rapidly and forms chloroalkane.

i i
R—C+ + 01_ —= > R—C—Clt
l|{u 1|i'
Chlororalkane

(i) Reaction of alcohol with phosphorus tribromide : 1° and 2° alcohols react with
phosphorus tribromide to form bromoalkane.

3R-OH) + PBr, ——> 3(R-Br) + H,PO,

10 OR 20 Phosphorus Bromoalkane Phosphoruys acid
Alcochol tribromide
PBry
3CH,CH,0H ————> 3CH,CH,Br
— H,PO,
Ethanol Bromoethane
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3CH3CH2CHCH20H _I:B;ao 3CH3CH2CHCH2B1'
33
| I
CH, CH,
2-Methylbutan-1-ol 1-Bromo-2-methylbutane
PBrg
3 CH—CH, ——— 3 CH—CH,
I —H;PO, I
OH Br
1-Phenylethanol (1-Bromoethyl)benzeme
Mechanism

Step-1 : Alcohol reacts with phosphorus tribromide and as a result intermediate compound
alkyldibromophosphite is formed.

RCH, OH +:1:3:r—f'—13:r: ——— RCH,0"—PBr, + :Br:

B H
Protonated alkyl
dibromophosphite

Step-2 : Bromide ion attacks on carbon atom and forms haloalkane.

(X

W — -.+
*Br{ + RCH;—O— PBr,—> RCH, Br + HOPBr,
H

This HOPBr, reacts with other molecules of alcohol. Thus, at the end of the reaction three
moles of haloalkancs are formed from three moles of alcohols. For this 1 mole of phosphorus
tribromide is consumed.

(iii) Dehydration of alcohols : An alkene is formed by elimination of a molecule of water
from adjacent carbon atoms of an alcohol. Elimination of a molecule of water is called
dehydration. In the laboratory, dehydration of alcohol is carried out by heating it in presence of 85 %
phosphoric acid or concentrated sulphuric acid at 373 K to 473 K.

o B5 % H,PO, /

Con. HSO, <~ P
—C—C— ————» ~Cc=C] + H,0
[ | 373-413K -~ N 2

H OH

Alcohol Alkene

EBthanol (primary alcohol) is converted into ethene by heating it at 473 K.




H H
|| Con. HSO, H{_  _H

H—-_—C—H ——> c=
473 K H -~ \H
H OH -H,0
Ethanol Ethene

20 and 3° alcohols give dehydration reaction under milder conditions.

H
| 85 % H,3PO
CH;—CH— C—H———2""5 CH,— CH =CH,
| 440K
OH H _Hgo Propene
Propan-2-ol
clzﬁ3 IiI CH,
20 % H, PO,
CH,—C — C— CH,— C=—CH,
| 358 K 2 2
OH H -H,0 2-Methylpropene

2-Methylpropan-2-ol

Thus, the order of ease of dehydration reaction of alcohols is 3° alcohol > 2° alcohol > 1°
alcohol. Here we will understand mechanism of dehydration reaction of ethanol

Mechanism :

Step-1 : Ethanol is converted into ethyl oxonium ion through protonation by H of acid

10 T 1]
on Fast
H—(lz—(lz—__—H + H —— H—(IJ —(I:—_qu
H H H H
Alcohol Protonated alcohol
(Ethanol) (Ethyloxonium ion)

Step-2 : Carbocation is formed by the loss of a water molecule from the ethyloxonium ion.
This step is slow so it is called rate determining step.

H H H H H
H—(l‘,—(‘!—_cl)"'—H \Slé H—cl:— c|:+ + :.clg—H
hoon Bk
Px:tbznhzlﬁed Carbocation

Step-3 : Ethene is formed by elimination of a proton from carbocation.
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H H
I~ | AN ~H
+ —
H—? (IJ = o P C\H + H
H H Bthene

(iv) Reduction of alcohols : Reduction of alcohols by heating with red phosphorus and
concentrated hydroiodic acid in a closed vessel give alkanes. By this reduction reaction, methanol
gives methane and ethanol gives ethane.

CH,0H + 2H] —Refphomwhoms, cy 4 1, + H0

Methanol Concentrated Mecthane
Hydroiodic acid

CH,CH,OH + 2HI —Cdphtphoni, cpcH, + I, + H,0

Ethanol Concentrated Ethane
Hydroiodic acid

7.8 Nomenclature of Phenols

Phenol and some of its derivatives are known by their common names. e.g., Phenol, ortho-
cresol, meta-crecol, para-cresol, catechol, resarcinol, hydroquinone, picric acid etc. The common names
of phenol are also accepted as IUPAC names. For IUPAC nomenclature of phenol derivatives, to
consider the phenol as parent hydrocarbon and mention the position of substituted other groups in
aromatic ring. For this -OH group is attached to which carbon, the first number is given to it. Ortho
(1, 2-disubstituted), meta (1,3-disubstituted), para (1,4-disubstituted) words are used to mention the
position of substituted groups in common name. Substituted groups are written in alphabetical order.
The structural formmla, TUPAC name, common name of some phenol compounds are presented in

table 7.2.
Table 7.2 Phenol compounds
Structural formula IUPAC name Common name
OH
Phenol Phenol
OH
CH;
2-Methylphenol o-Cresol




e ————— e ——

(I)H

O 3-Methylphenol m-Crecol

O” 4-Methylphenol p-Cresol

O Benzene -1, 2-diol Catechol

O Benzene -1, 3-diol Resorcinol

O Benzene -1, 4-diol Hydroquinone (Quinol)

O 2,4,6,- Trinitrophenol Picric acid

| O 5-Chloro -2-methylphenol _
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7.9 Electronic Structure of Phenol

C-O and O-H c-bond

C sp? hybridisation O sp’ hybridisation 0

C-O-H angle 109° \
H

7.10 Physical Properties of Phenols

Phenol contains hydroxyl group, therefore in liquid state it forms intermolecular hydrogen bond
with other molecule of phenol and with water mwolecule just like alcchols. Hence intermolecular
attraction is increased. Due to this, phenol has higher boiling point and more solubility in water than
toluene (arene compounds) and fluorobenzene (halo arene compounds) having approximately same
molecular mass (table 7.3).

Table 7.3 Comparison of physical properties of phenol,
arene and haloarene compounds (298 K)

Physical property Compounds
Phenol Toluene Fluorobenzene
Molecular mass (gram mole™) 4 7] 96
Bailing point (K) 455 384 358
Solubility in water 82 0.05 02
(Gran/100 ml)

Intermolecnlar hydrogen bond between phenol and water molecules

Some ortho substituted phenols like o-nitrophenol has lower melting point and less solubility in
water than its m-and p- isomers (table 7.4), because m- and p- nitrophenol form intermolecular hydrogen
bond with their other molecules and water molecule. But in o-nitrophenol the intramolecular hydrogen
bond is formed. The hydrogen atom of hydroxyl group engaged in this bond cannot form intermoloecular
hydrogen bond with other molecule of o-nitrophenol and water molecule.
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Table 7.4 Physical properties of isomers of nitrophenols (298 K)

Physical properties
Compound
Melting point (K) Solubility in water (gram/100 ml)
o-Nitrophenol 45 02
m-—Nitrophenol 96 1.4
p—Nitrophenol 114 1.7
.6. .d:_ .. .d._ H
] \ -+ LI -.5...... e .. l. + . ..“.. I
Ny H—O: NN g o
0%
H
~ ge—
H—O: //Ij\ H—O?3 H ‘:IJ g
* 37 O-— e £ -
Q e H Q
Intermolecular hydrogen bond Intermolecular hydrogen bond between Intramolecular hydrogen
among the p-nitrophenol molecules p-nitrophenol and water molecules bond in o-nitrophenol

Acidity of phenol : Aqueous solution of phenol changes blue litmus paper into red. Moreover
it is neutralised with solution of sodium hydroxide, but not with a solution of sodium carbonate. It
indicates that phenol possesses weak acidic nature. Polar O-H bond present in phenol is responsible

for acidity.
:0—H 08
+ HP ,\ﬁ @ + Hg(')"
Phenol Phenoxide ion

Here naturally a question will arise that which of the two from alcohol and phenol will have more
acidity ? We will think about this. As we discussed previously the alkoxide ion is formed from alcohol.

R— OH + H,0=—=R—0: + HO'
Alcohol Alkoxide ion

In alkoxide the negative charge is localised on oxygen atom, that is its resonance forms are
not possible. In phenoxide ion the negative charge on an oxygen atom becomes delocalised. Due to
this more than one resonance forms of phenoxide ion are possible. Therefore stability of phenoxide
ion is higher than that of alkoxide ion.
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Due to higher stability of phenoxide ion, its reaction with H;O" to form phenol means reverse
reaction is less easy as compared to alkoxide ion. So, concentration of H,O" is higher in aqueous
solution of phenol than in aqueous solution of alcohol. Therefore agueous soultion of phenol is
more acidic than alcohol.

7.11 Preparation of Phenol

Phenol is most important chemical for industries. It is being used in manufacture of some
dyes, drugs and polymer compounds. Phenol can be produced by different processes.

(1) Dow process : This processs is used for industrial production of phenol. In this process
a mixture of chlorobenzene and 6-8 % aqueous solution of sodium hydroxide is heated in a closed
vessel at 300 bar pressure and 633 K as a result the sodium salt of phenol (sodium phenoxide) is

produced as an intermediate product. Excess of chlorobenzene is removed from reaction mixture and
acid i3 added into remaining solution to obtain phenol.

Cl ONa

633K .
300 bar

+ 2NaOH +NaCl + H)0

Chlorobenzene Sodium phenoxide

OH

ONa
@L +NaCl

Sodium phenoxide Phenol
During this reaction sodium phenoxide and remaining chlorobenzene react with each other and
produce phenoxybenzene (diphenyl ether) as a by-product. It decreases production of phenol. To
overcome this difficulty, phenoxybenzene (diphenylether) is added into reaction mixture before carrying
out reaction. Therefore according to principle of Le Chatelier the proportion of by-product is
decreased, because following reaction occurs in reverse direction.

©_0Na ra~0) = (O)—-~0O)

Chlorobenzene Phenoxyhenzene
phenomdc (Diphenyl cther)
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(2) Cumene Process : In this process a mixture of benzene and propenc is heated at 523 K
in a closed vessel in presence of phosphoric acid (H3P04) catalyst to form cumene (isopropylbenzene).
On passing air in a mixture of cumene and 5% aqueous sodium carbonate solution, cumene hydroperoxide
is formed by oxidation. It is reacted with dilute sulphuric acid to form phenol and propanone (acetone).
In this process propanone is obtained as a by-product. It is a useful solvent.

By this process highly pure phenol can be produced with less cost. Therefore most commonly
this method is used for industrial production of phenol.

Hj

HC—C—H

_ [HyPO,]
+ CHSCH—CH2 W’

Benzene Propene Cumene
(Isopropyl benzenc)

CH,
HLC—C—0—0—H OH
dilute aqueous

Air Oy H,80,
5% aqueons > + CH,CO CH,

Na,C

%2 03 Propanone
Cumene hydroperoxide Phenol (Acetone)

(3) Phenol from sodimm benzene sulphonate : Benzene is reacted with fuming H,SO, and
then with NaOH gradually to form sodium benzene sulphonate.

SO, H SO, Na
Q = Q. Q
Sodium benzene

quphcmm acid sulphonate

Sodium benzene sulphonate is melted with sodium hydroxide at 623 K temperature to obtain
sodium phenoxide. It is reacted with acid and phenol is formed.

Sodium phenoxide

803 Na

In 1890 this method was developed first of all in Germany for production of phenol.
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(4) Phenol from diazonium salt : Aniline reacts with nitrous acid-HNO, (NaNO2 + HC1)
at lower temperature to form benzene diazonmium chloride and heated it with water to form phenol.

NH,
I’NOZ(NHN02+ ZHCQ H20
273278 K
—NaCl, - 2H,0 —Na. —HCl
Aniline Benzene diazonium Phenol
or chloride
Benzenamine

7.12 Chemical Reactions of Phenol
Two types of reactions are possible in phenol :
(1) Reactions due to—OH group (2) Reaction occurring in aromatic ring
(1) Reactions due to—-OH group :

(i) Formation of salt : Reaction of phenol with aqueous sodium hydroxide forms salt and

+ NaOH \— @

Phenol Sodium phenoxide

water.

OH

Phenol is weak acid so it does not give reaction with sodium carbonate and sodium hydrogen

carbonate.

OH

+ Na,CO;— No reaction occurs

OH

+ NaHCO 3—> No reaction occurs

(ii) Formation of phenyl ester : Phenol forms phenyl ester through reaction with acid
anhydride or acid chloride in alkaline medium,
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OH OCOR

+ (RCO),0 _NaOH | + RCOONa + H,0

Acid anhydride Phenyl ester

OH OCOR

+ RCOC] —» + NaCl + H,0

OH OCOCH,4

+ CH;COCl1 Na_OH) + NaCl + H,O

Ethanoyl chlaride Phenyl acetate
(Acetyl chloride)

OH OCOCH,

+ (CH,C0),0—9H + CH3COONa+H,0

Ethanoyl anhydride Phenyl acetate
(Acetic anhydride)

—NaCl

Benzoyl chloride Phenyl benzoate

(iii) Formation of aryl ether : Heating the solution of phenol prepared in aqueous solution
of sodium hydroxide, after addition of haloalkane it forms ether. This formation reaction of ether is
called Williamson synthesis.

ArOH —N20H , A0~ Na* —RZX—)ArOR +NaX

-H,0
eg.,
OH ONa OCH,4
NaOH CH;1 + Nal
“H,0 A
Phenol Sodium Phenoxide Anisole OR
Methoxybenzene
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OH
_NaOH _ 21{51
~H,0 ~

Phenol Sodium Phenoxide Ethoxybenzene
(Phenetole)
(iv) Formation of benzene : The mixture of aqueous phenol and zinc powder is heated. As
a result benzene and zinc oxide are formed. In this reaction hydroxyl group aitached to aromatic

nucleus is eliminated.
O ==

enzene Zinc oxide
(2) Reactions occurring in aromatic ring :

(i) Electrophilic substitution reaction: The hydroxyl group of phenol being ortho-para
directing, electrophilic substitution reaction like nitration and bromination of phenol give ortho-para
derivatives.

(A) Nitration of phenol : The chemical reaction between phenol and dilute nitric acid forms
mixture of 2-nitrophenol (ortho-nitrophenol) and 4-nitrophenol (para-nitrophenol). It is called first nitra-
tion reaction. Second nitration of it occurs by heating with mixture of concentrated HNO, and
concentrated H,SO,to form 2,4-dinitrophenol and by third nitration 2,4,6-trinitrophenol (picric acid) is
formed. Reaction of phenol with concentrated nitric acid also forms picric acid but product of this

reaction is less.

OH OH OH Con. HNO,
0, +
dilute HN Con. H, SO,
e, R it
Nitration Nitration
—H0 A
Phenol NO -H0
2-Nitrophenol 4-Nitrophenol
om (o-Nitrophenol) (p-Nitrophenol)
é v % - - v
2|28 OH Con. HNO,4 OH
R Con. H,S0,
- Nitration
A
NO, -H,0 NO,
2,4,6-Trinitrophenol 2,4-Dinitrophenol
(Picric acid)
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(B) Bromination of phenol : When bromine water is added to phenol at room temperature
then white precipitates of 2,4,6-tribromophenol are formed. When the solution of bromine in carbon
disulphide is added to phenol at 273 to 278 K temperature as a result 4-bromophenol is formed.

OH OH OH
B r Bromination
‘Bromination 3]31'2 Br,/ CS,
-3HBr 273-278 K, —HBr
Br Br
2,4,6-Tribromophenol Phenol 4-bromophenol
(p-bromophenol)

(ii) Fries Rearrangement : For preparation of phenolic ketone from phenol, phenol is
reacted with acid chloride or acid anhydride and it forms phenylester. Reaction of this ester with
anhydrous aluminium chloride is the resulting acylgroup (—COR) attached with phenolic oxygen is
transferred at its ortho and para position in aromatic nucleus. This reaction is called Fries rearrangement.

OCOR OH OH
Anhydrous COR
NaOH AlCl1
+ RCOCl ——> —3 5
—NaCl
Phenol Acifi Phenyl COR
chloride ester 1-(2-Hydroxyphenyl)
alkan-1-one 1-(4-Hydroxyphenyl)
(o-Hydroxyphenyl alkan-1-one
alkyl ketone) (p-Hydroxyphenyl
alkyl ketone)
OH OCOCH, OH OH
Anhydrous COCH;,
H AIC1
+ CH,COCI NaOH, — 3 5
—NaCl
-H,0
Phenol  Ethanoyl chloride Phenyl 1-(2-Hydroxyphenyl) COCH,4
(Acetyl chloride) acetate ethan-1-one 1-(4-Hydroxyphenyl)
ethan-1-one
OH OCOC,Hy OH
Anhydrous
NaOH _AlCl,
—
+ C,H;COCl “NaCl
Phenol Phenyl 1-(2-Hydroxyphenyl) COC,Hy
Propanoyl chloride propionate Propan-1-one
R . 1-(4-Hydroxyphenyl)
(propionyl chloride) Lomo
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(i) Kolbe-Schmitt Reaction : Phenol dissolved in 10% aqueous solution of sodium hydroxide,
heated with carbon dioxide at 398 K temperature and 4 to 7 bar pressure in a closed vessel; unstable
phenoxy sodium formate is formed in the first step which is converted to sodium-2-hydroxy benzoate
(sodium salicylate) by rearrangement. After completion of reaction, acidification of the solution by
concentrated hydrochloric acid gives white precipitate of 2-hydroxybenzoic acid (salicylic acid).
2-Hydroxybenzoic acid is used in the preparation of analgesic drugs like 2-Acetyloxybenzoic acid (Aspirin)
and Methyl-2-hydroxy benzoate (Methyl salicylate).

OCOONa

OH
CO, gas
10% NaOE‘ 398 K
-H,0 4—7 bar pressure

Sodium phenoxide Phenoxy sodium formate

(unstable)
OH
COONa COOH
Rean‘angemcnt Con. HCl1
—NaCl
Sodium-2-hydroxybenzoate 2-hydroxyhenzoic acid
(Sodium salicylate) (Salicylic acid)

(iv) Reimer-Tiemann Reaction : Phenol is heated with trichloromethane (chloroform) in
presence of aqueous sodium hydroxide solution, aldehyde group enters into aromatic ring. This reaction
is called Reimer-Tiemann reaction. Substituted dichlorophenylmethane (benzal chloride) produced as an
intermediate compound is hydrolysed in alkaline medium to produce 2-hydroxybenzaldehyde

(salicyladehyde).
OH B =]
CHCl,+ ONa CHEI,
Aqueous NaOH_ _2N2OH H+
-HCl, -H,0 —2NaC1
— ] — Sodlum-z-hydmxy 2-hydroxybenzaldehyde
Phenol Intermediate compound benzaldehyde (Salicylaldehyde)

(v) Oxidation of Phenol : Phenol is oxidized by chromic acid (Na2&207 + Concentrated
H,SO,) to produce 1, 4-benzoquinone.

OH 0]
Oxidation
Na Cr,0 ,+ ConH, SO,
0
Phenol Cyclohexa-2,5-diene-1,4-dione
(1,4-Benzoquinone)
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7.13 Nomenclature of Ether Compounds

As we have studied in the beginning of this unit, general formula of ether is R, /Ar —O-R/Ar,
where R, and R, = alkyl or alkenyl or alkynyl group; Ar, and Ar, = aryl group. If both hydrocarbon
groups attached to oxygen of ether compounds are same, then it is called : 2 OF &

ether. e.g,, CH,OCH,, C;H;0C,H,, V_O-O- O etc. If both hydrocarbon groups attached to oxygen
of ether compounds are different then it is called mixed er. e.g., CH;OCH,CH,,

CH,0CH,CH,CH,, (O-OCH,etc.

For common name of ethers, the names of two hydrocarbon groups are cited in alphabetical
order and the word, ‘ether’ is added at the end. If both the hydrocarbon groups are the same, the
prefix ‘di’ is added before the name of hydrocarbon group and word ‘ether’ added at the cnd
(see table 7. 5) I er is me i

A].koxy or phenoxy groups are named

by removing the yl’ from the end of name of alkyl or phenyl group and adding suffix ‘oxy’. e.g.,
CH,0—~methoxy), C2H50—(ethoxy), phenoxy). Thus, TUPAC name of ether is written by
adding the name of substituent alkoxy or phenoxy group as prefix before the name of
hydrocarbon containing long chain of carbons attached to the oxygen of ether (see table 7.5).

Structural formula IUPAC name Common name Type
CH,;-O-CH, Methoxymethane Dimethyl ether Symmetrical
CH,—O-CH,CH, Methoxyethane Ethylmethyl ether Unsymmetrical
CH,CH,-O-CH,CH, | Ethoxyethane Diethyl ether Symmetrical
CH30 Methoxybenzene or Anisole | Methyl phenyl ether Unsymmetrical

(Anisole)
CH;CH, O Ethoxybenzene Ethylphenyl ether Unsymmetrical
(Phenetole)
0 Phenoxybenzene Diphenyl ether Symmetrical
H,C=CHCH,0CH, 3-Methoxy prop-1-ene Methyl propenyl ether | Unsymmetrical
HC=CCH,OCH, 3-Mecthoxy prop-1-yne Methyl propynyl ether | Symmetrical
CH,=CH-O-CH=CH, | Ethenoxyethene Divinyl ether Symmetrical
CH,CH, 0 CH CH,
(I',‘H 2-Ethoxypropane Ethyl isopropyl ether Unsymmetrical
3
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7.14 Electronic Structure of Ether

c-O0 o-bond
H . O , H
C and O sp” hybridisation / \
\C CI
C—O-C angle 111.7°
R /.,
7.15 Physical Properties of Ether H H

For equal molecular mass containing alcohols and ethers, ethers have lower boiling points
than alcohols, because in ethers, intermolecular hydrogen bonds are not present. e.g., Boiling point
of methoxy-methane (molecular mass = 46 gram mole™!, b.p.= 248 K) is lower than that of ethanol
(molecular mass = 46 gram mole™!, b.p =351 K) and boiling point of ethoxyethane (molecular
mass = 74 gram mole~!, b.p. = 308 K) is lower than that of butan-1-ol (molecular mass = 74
gram mole™!, b.p. = 390 K). Like alcohol, ether forms intermolecular hydrogen bond with molecule
of water. Therefore, solubilities of ethers in water are similar to those of alcohols with the same
molecular mass. e.g., same molecular mass containing butan-1-ol and ethoxyethane have solubility
in 100 g water is approximately 8 gram,

H

Intermolecular hydrogen bond
Infermwlecular hydrogen bond between ether and water mwolecules

7.16 Preparation of Ethers
Mainly two methods are famous for preparation of ethers :

(1) By dehydration of alcohols ;: Dehydration of alcohols can be possible in presence of acid.
Product of this reaction will be either alkene or cther. It depends on the reaction conditions. e.g.,
Dehydration of ethanol in presence of sulphuric acid gives ethene at 443 K temperature and ethoxyethane
at 413 K temperature as a main product.

Excess
Con. H, SO,
CH, CH, OH W H.C —CH,
Ethanol Eihene
Con. H,SOy
2CH,; CH, OH a3k > C2H;0C,H;
Ethoxyethane
Ethanol (Diethyl ether)




m

2 moles of ethanol and concentrated sulphuric acid are reacted at 413 K temperature; as a result
obtained product ethoxyethane is in vapour form at temperature of reaction due to its lower boiling point
308 K. This vapour when cooled by passing through a water condenser gives liquid ether. In this
reaction, if conditions are set in such a way that if ethanol is continuously added from one end so that
liquid ethoxyethane is obtained continuously at the other end, the method is known as continuocus
ctherification. Ether is produced industrially by this method.

Mechanism :
Step-1

Alcohol accepts proton from the sulphuric acid to form protonated alcohol
H

CH,CH,— O H + H—> CH, CH, — O*— H

Ethanol Protonated
ethanol

Step-2 : Second mwlecule of alcohol acts as nucleophilic reagent to attack on protonated
alcohol.

H H

H
CH; CH,— OH + CH,CH, r%*‘ H—> CH;CH,— O*— CH,CH, + :0

H

Protonated ether

Step-3 : Ether is formed by climination of proton from the protonated ether.

H H H
aﬁaﬁ—c.!q’r—?cwslz—ﬂﬁ CH, CH,— § — CH, CH, +H—s|>.+—H

Ethoxyethane

(2) By Willinmson synthesis : English Chemist Alexander William Williamson discovered
the nucleophilic substitution reaction for synthesis of unsymmetrical cthers. This reaction is called
Williamson synthesis. This synthesis is bimolecular nucleophilic substitution (SN2?) reaction of sodium
alkoxides and haloalkanes.

R—ONa + F—X——>R—0—F + NaX

Sodium alkoxide Haloalkane Unsymmetrical
ether
If -R is a secondary or tertiary alkyl group in sodium alkoxide then ether is also syhthesised

by this reaction,
™\ ™

CH;—C— ONa + CH;—Br— CH;—0 — C—CH, + NaBr

CH, CH,
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Only primary haloalkane can synthesise ether easily. If secondary or tertiary haloalkane is
used then elimination reaction occurs to form alkene. Therefore ether can be prepared also from

phenol.

+sOH

:0iNa N 0—R
R—X
+NaOH—>© —>© + NaX

Phenol Alkoxy benzene
7.17 Chemical Reactions of Ether
Ether compounds having less chemical reactivity, they do not undergo oxidation and reduction.

Moreover they do not react with active metals and base. However it gives some reactiong with strong
acids. Generally two types of reactions occur in ethers :

(1) Reactions involving cleavage of C—O bond.
(2) Electrophilic substitution reaction occurring in aromatic ring.
(1) Reactions involving cleavage of C-O bond :

(i) Reaction with dilute acid : A mixture of ethoxyethane (diethyl ether) and dilute sulphuric
acid is heated in closed vessel under pressure; as a result two moles of ethanol are produced by
hydrolysis.

Hydrolysis, dil. H,SO,,
CH, -CH, -O-CH, —CH; +H,0 N — » 2CH,CH,0OH
Ethoxyethane Ethanol

(ii) Reaction with hydrogen halide : If a mixture of ethoxyethane and two moles of
concentrated hydro bromide is heated at high temperature, two moles of bromoethane are produced.

CH,CH,OCH,CH,; + 2HBr 4, 2CH,CH,Br +H,0
Ethoxyethane Hydrogen bromide Bromoethane
Mechanism :

Step-1 : Ethoxyethane is converted to protonated ether by accepting H* from hydrogen

bromide.
CI—Iﬁc\ m [}o HSCH2C\ + ae
o O. _ 1‘. F ‘0 H .B. .
HCH,C” HSCHQC/
Protonated ether

Step-2 : Bromide ion acts as nuncleophilic reagent to attack on carbon of protonated ether.
During this step one mole bromoethane (ethylbromide) and one mole of ethanol are formed.
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HSCI-IQC\ [ L e am
0—H + :Br: —°¥ , CH,CH,Br: + CH,CH,—O—H

HSCI-IZC)&\/. [ N ] LN} LR ]
Bromoethane Ethanol

Step-3 : Ethanol is converted to protonated ethanol by accepting proton from hydrogen

bromide.
Fast /H [ b
CH;CH,OH + H—Br: =——> CH,CH,— b:\ + 2B
H

Protonated ethanol

Step-4 : Bromide ion acts as nucleophilic reagent to attack on carbon of protonated ethanol
During this step bromoethane and water are formed.

vl H Slow e
CHacmTJQ:\H 'Br. —>°% 5 CH,CH,Br: +:0—H
H
Bromoethane

(2) Electrophilic substifution reaction occurring in aromatic ring : The —OR group of
alkoxyarene (alkyl aryl ether) compounds being ortho-para directing, their electrophilic substitution
reactions give mixture of ortho-para producis. These reactions will be understood by following example
of anisole.

(i} Nitration : Nitration reaction of anisole with mixture of concentrated nitric acid and
concentrated sulphuric acid gives mixture of 1-methoxy-2-nitrobenzene (o-nitroanisole) and 1-methoxy-

4-nitrobenzene (p-nitroanisole).

OCH,
Nitration
Con. HNO3 + Con. 1-12804
Anisale N02
1-Methoxy-2-nitrobenzene 1-Methoxy-4-nitrobenzene
(o-Nifroanisole) (p-Nitroanisole)

(il) Bromination : Bromination reaction of anisole with bromine in acetic acid gives 1-bromo-
2-methoxybenzene (o-bromoanisole) and 1-bromo-4-methoxybenzene (p-bromoanisole).

OCH, OCH, OCH,
r
Bromination
Br,/ CHyCOOH *
Anisole

—-HBr

1-Bromo-2-methoxybenzene 1-Bromo-4-methoxybenzene
(o-Bromoanisole) (p-Bromoanisole)
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(iii) Friedel-Crafts alkylation : Friedel-Crafts alkylation reaction of anisole with chloromethane
(Methyl chloride) in presence of anhydrous aluminium chloride gives 1-methoxy-2-methylbenzene (o-
methoxytoluene) and 1-methoxy-4-methylbenzene (p-methoxytoluene).

OCH,4 OCHS
Friedel-Crafts a]kylal:lon
CH,Cl, -HCl
Anhydrous AICl,

1-methoxy-2-methylbenzene )
(o-methoxytoluene) 1 me(t:_oxy.4 meﬂ:h{g::)zen;

Anisole

(iv) Friedel-Crafts acylation : Friedel-Crafts acylation reaction of anisole with ethanoyl
chloride (acetyl chloride) in presence of anhydrous aluminium chloride gives 1-(2-methoxy phenyl)
ethan-1-one (o—methoxy acetophenone) and 1-(4-methoxy phenyl) ethan-l-one (p-methoxy

acetophenone).
OCH, OCH, OCH,
Fridel-Crafts acylation OCHS
CH,COCL
> +
Anhydrous AICl,
-HCl1
CoC
Anisole t
1-(2-methoxyphenyl)ethan-1-one 1-(4-methoxyphenyl)ethan-1-one
(o-methoxy acetophenone) (p-methoxy acetophenone)

Some organic conversions :

(1) 1-Methoxy-2-nitrobenzene and 1-methoxy-4-nitrobenzene from sodivm phenoxide

OCH; OCH,
Niu'atlon
Con. I-1N03 +
Con. H,SO,
—Hzo
Sodium Anisole
phenoxide 1-methoxy-2-nitrobenzene  1-methoxy-4-nitrobenzene
(o-nitroanisole) (p-nitroanisole)

(2) Ethanal (acetaldchyde) from acetic acid

@) LiAlH Pyridinium chlorochromate (PCC)
CH3COOH _— CH3CH20H > CH3CH0
(i) H20 CI—I2C12
Acetic acid Ethanol Ethanal
(Acetadehyde)
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(3) Bromoethane from ethanol

H280 4 2HBr
Ethanol Ethoxyethane Bromoethane

(4) Propan-2-ol from ethanal

CH,
| Hydrolysis
CH— C—H +CH,;MgBr —> CH,—C—OMgBr ———» CH3—(|:I-I—CH3
HO0
o CH, ~Mg(OH)Br OH
Ethanal  Methyl magnesium Propan-2-ol
bromide
(5) Nitrobenzene from phenol
NO,
ZnPowder Nitration
Con. HNO, +
Con. H2$04
-H,0
Phenol Benzene Nitrobenzene
SUMMARY

@ Alcohol is formed when the hydrogen atom attached to saturated carbon of hydrocarbon
is substituted by hydroxyl group (-OH). The general formula of alcohol is R—OH, where

R = alkyl or alkenyl or alkynyl or arylalkyl.

= If the hydrogen atom attached to the carbon atom of an aromatic nucleus, is substituted
by hydroxyl group then phenol is formed. The general formmla of phenol is Ar—OH, where
Ar = aryl group.

& If the hydrogen atom of hydroxyl group of alcohol or phenol, is substituted by alkyl or
alkenyl or alkynyl or aryl group then ether is formed. The general formula of ether is
R, /A1 —~O-R,/Ar,, where R, and R, alkyl or alkenyl or alkynyl group and Ar, and
Ar, = aryl group.

@ Alcohol, in which the hydroxyl group is attached to primary carbon is called primary
alcohol, attached to secondary carbon is called secondary alcohol and attached to tertiary
carbon is called tertiary alcohol.
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R—(IZ—OH R—(i.‘—OI-I R—(II—OH
H H R

Primary (1°) alcohol Secondary (2°) alcohol  Tertiary (3°) alcohol

Physical Properties of Alcohols : The boiling points of alcohols are higher than those
of alkanes having approximately equal molecular mass. In linear series of primary alcohols, the
boiling point increases gradually as the number of carbon atoms increases. Among alcohols
containing same molecular formula, secondary alcohol has lower boiling point than primary
alcohol and tertiary alcohol has lower boiling point than secondary alcohol. In alcohol molecules,
increase in the boiling point and solubility in water will increase with increase in number of

hydroxyl groups.
Preparation of Alcohols :
(1) Alcohol from alkene compounds

(I} By acid catalysed hydration

~._ .~ HAPN ~ e
e » Wl i— /(I: (I:\
H OH

Alkene Alcohol

(il) By hydroboration-oxidation

(BH;), H,0,/0H
3(CH,CH=CH,) === (CH,CH,CH,); B —_—2——> 3CH,CH,CH,OH
Propene Tripropylborane Propan-1-ol

(2) Alcohols from carbonyl compounds

(i) By reduction of aldehydes and ketones

())NaBH
4RCHO W—) 4RCH2 OH

Aldehyde 1° Aleohol

i)NaBH
4R,COR, %Tzo'i—nkl = (l:H ~R,

Ketone OH
29 alehol
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(ii) By reduction of carboxylic acids or esters

RCOOH ()—>RCH20H

(i) H,0
Carboxylic acid 1°-Alcohol

@) LiAlH,
R,COOR, ————>R,CH,0H + R,OH
(i) H,0

Ester 1° Alcohol 2° Alcohol

(3) Alcohols by Grignard reagents

Hydrolysis I
c=0 +Rng —>|E—C—OM:| — y“ R—(I:—OH + Mg(OH)X

Carbonyl Intermediate product Alcohol
compounds
(4) By fermentation method

Invertase
CpH0y; +H,0 —’E CeHy 204 + C4H;,04

Sugar Glucose Fructose
Zymase
CH,,O B —— 2C,HOH + 2CO
6-*12~6 E 2+45 2
Glucose OR Ethanol
Fructose

Chemical Reactions of Alcohols :
(1) Reactions involving cleavage of O-H group

() Reaction of alcohol with active metals

2CH,O0H + 2Na——32CH,ONa + H,(g)
Methanol Sodium metal Sodium methoxide

Ethanol Magnesium metal Magnesinm ethoxide

(ii) Reaction with acids

-
R-OH + R'-COOH=2= R'COOR + H,0
Alcohol Acid Ester
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(iif) Oxidation of alcohols

() o)
R - CH,OH i s R—CHO [o1 > R —COOH
Na,Cr,0./H, SO, Na,Cr,0./H SO,

H,0
1° Alcohal Aldehyde Carboxylic acid
PCCI[O]
R —CH,OH ———> R —CHO
1° Aleahol Aldehyde
o)
R -CH-R’ Bl » R—C—-R’
: Na,Cr.0./H,80, .
OH O
2%Alcohol Ketone

(2) Reactions involving cleavage of C—0 bond

(i) Reaction with halogen acid (Lucas test)

Anhydrous Zn
R -0OH + HC1 A £ > R-Cl1 + H,0
Alcohol Concentrated Chloroalkane
Hydrochloric acid

(ii) Reaction with phosphorus tribromide

3R-OH) + PB, —> 3(R-B) +  H,PO,
10 OR 20 Phosphorus Bromoalkane Phosphorus acid

Alcohal tribromide
(iii) Dehydration of alcohols

85 % HyPO,/
Con. HSO, <~ S
—C—C— ————» c=c{ + H,0
| | 3713-43K -~ N g
OH

Alcohol Alkene
The order of case of dehydration reaction of alcohols is
3% alcohol > 2° alcohol > 19 alcahol
(iv) Reduction of alcohol

Red phosphorus
R-CH + 2HI ph > R-H + I, + H,O

Aleohol  Con. Hydroiodic A alkane
acid
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Physical Properties of Phenol : Phenol has higher boiling point and solubility in water
than toluene (arene compounds) and fluorobenzene (halo arene compounds) having approximately
same molecular mass. Some ortho substituted phenols like o-nitrophenol has lower melting point

and less solubility in water than its m- and p- isomers. Aqueous solution of phenol shows acidic
nature.

Preparation of phenol :

(1) Dow process

+2NaOH—33K 5 633 L
— NaCl

—NaCl —H20

Chlorobenzene Sodium phenoxide Phenol

Cl

(2) Cumene process

I-Ia
—C—H

PO
(@TT

Benzene Propene
(Isopropyl benzene)
‘fHa
HL—C—O0—O0—H OH
dilute aqueous
Air 02 R H2804
5 % aqueous > + CH,CO CH,
Na, CO
% 3 Propanone
(Acetone)
Cumene hydroperoxide Fhenol

(3) From sodium benzene sulphonate

SO3 Na

Sodium benzene
sulphonate
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(4) From diazonium salt

NH,
HNO,(NaNOy+ 2HCY) Hzo
273278 K
- Ny, —1-1c1

NzCl, — Hy0
Aniline Benzene diazoninm
or chloride
Benzenamine

Chemical Reactions of phenol :
(1) Reactions due to —OH group

(i) Formation of salt

OH
+ NaOH \— @
Phenol Sodium phenoxide
OH
+ Na,CO, —> No reaction occurs
OH

+ NaHCO;—/> No reaction occurs

Thus, the nature of phenol is like weak acid.

(ii) Formation of phenyl ester

OH OCOR
+ (RCO),0 R NaOH S + RCOONa + H,0
phenol Acid anhydride Phenyl ester
OH OCOR
+ RCOCI&)» + NaCl +H,0
phenol  Acid chloride Phenyl ester




(iii) Formation of aryl ether

NaOH

R-X
ArOHT())ArO Na* _A) ArOR + NaX

Arylether

(iv) Formation of benzene

Benzene Zinc oxide
(2) Reactions occurring in aromatic ring
(1) Electrophilic substitution reaction

(A) Nitration of phenol

OH OH OH Con. HNO;
0, £
dilute HNI Con. H,SO,
Nitration = Nitration
—H,0 A
Phenol NO, =l

2-Nitrophenol 4-Nitrophenol
Om (o-Nitrophenol) (p-Nitrophenol)
A S — v
FAEL OH Con. HNO4 =
E 02N 02 + 02

R o Con1,80,
Nitration
A
NO, -H,0 NO,
2,4,6-Trinitrophenol 2,4-Dinitrophenol
(Picric acid)
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(B) Bromination of phenol

OH

OH OH
B r Bromination
‘Bromination 31!1'2 ]31;2/(352
N —3HBr 273 - 278 K, —HBr "
Br FPhenol Br
2,4,6-Tribromophenol 4-bromophenol
(p-bromophenol)
(ii) Fries Rearrangement
OH OCOR OH OH
Anhydrous OR
NaOH AlCl1
+ RCOCl ——> 3 .
—NaCl
Acid  —HO
Phenol chloride Phenyl COR
ester

(iii) Kolbe-Schmitt Reaction

@ IO%NaO @

Sodium phenoxide

1-(2-Hydroxyphenyl) 1-(4-Hydroxyphenyl)

alkan-1-one alkan-1-one
(o-Hydroxyphenyl alkyl (p-Hydroxyphenyl alky]
ketone) ketone)
OCOONa
CO,pas
398 K
4 7 bar pressurc

Phenoxy sodmm formate
(unstable)

OH OH
COONa COOH
Con. HC1
Rearrangement -

Sodium-2-hydroxybenzoate
(Sodium salicylate)

2-hydroxybenzoic acid
(Salicylic acid)
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(lv) Reimer-Tiemann Reaction

OH [ ONa n

CHCl3+
CHCl,
Aqueous NaOH 2Na OH H +
—HCl, -H,0 —2NaC1

— ; — Sodmm-z-hydroxy 2-hydroxybenzaldehyde
Phenol Intermediate compound benzaldehyde (Salicylaldehyde)

(v) Oxidation of phenol
OH 0

Oxidation
Na,Cr, 0, +Con. HZS(')4

o)
Phenol Cyclohexa-2,5-diene-1,4-dione
(1,4-Benzoquinone)
Physical Properties of Ether Compounds : For equal molecular mass containing
alcohols and ethers, ethers have lower boiling points than alcohols., because in ethers, intermolecular
hydrogen bonds are not present.

Preparation of Ether :
(1) By dehydration of alcohols

Excess
Con. H, SO,
CH, CH, OH W HL —CH,
Ethanol Ethene

Con. H;S0,

2C1'13 CHZ OH W CzHS (0] Csz

Ethanol Ethoxyethane
(Dicthyl cther)

(2) By Williamson synthesis

R—ONa + R—X—>R—0—F + NaX

Sodium alkoxide Haloalkane Unsymmetrical
ether

Only primary haloalkanc can synthesise cther easily.
Chemical Reactions of Ethers :
(1) Reactions involving cleavage of C-O bond
(i) Reaction with dilute acid
Hydrolysis, H2S04
CH, —CH, -O0—-CH, —CH; +H,0 i > 2CH,CH,OH
Ethoxyethane Ethanol
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(ii) Reaction with hydrogen halide

CH,CH,OCH,CH, + 2HBr — 8, 9CH,CH,Br+H,0
Ethoxyethane Hydrogen bronride Bromoethane

(2) Electrophilic substitution reaction occurring in aromatic ring

The —OR group of alkyaryl ether compounds being ortho-para directing, their electrophilic
substitution reactions give mixture of ortho-para products.

OCH, OCH,
02
Nitration
—> +
Con. HNO, +
Con. H2804
OCH, —H0 e s e T NO,
(o-Nitroanisole) 1-Methoxy-4-nitrobenzene
(p-Nitroanisole)
OCH, OCH,
3r
Anisole Bromination .
Br,/ CH,COOH b
—HBr '
1-Bromo-2-methoxybenzene Br
(o-Bromoanisole) 1-Bromo-4-methoxybenzene
{p-Bromoanisole)
OCH, OCH,
H,
Fridel-Crafts Alkylation
CH,Cl, Anhydrous i +
AlCI,
OCH3 HC 1-methoxy-2-methylbenzene CH@
(o-methoxytoluene) 1-methoxy-4-methylhenzene
— (p-methoxytoluene)
oC oC
. Fridel-Crafis Acylation s OCH, s
Anisole CHyc0Cl
> +
Anhydrous
AlCly
—HCl COCH,

1-(2-methoxyphenyl)ethan-1-one
(o-methoxy acetophenone)

1-(4-methoxyphenyl)ethan-1-one
(p-methoxy acetophenone)
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EXERCISE
1. Select the proper choice from the given multiple choices :
(1) Which general formmla is that of alcohol ?
(A) R,-O-R, (B) Ar—OH (C) R-OH (D) Ar,—O-Ar,
(2) Which formula is of tertiary alcohol ?
(A) CH,0H (B) (CH,;),CHOH (C) (CH,),COH (D) CH,CH,0H
(3) Which order from the followng is true for boiling points ?
(A) Chloroethane < ethane < ethanol (B) Ethane < chlorocthane < ethanol
(C) Ethanol < ethane < chloroethane (D) Ethane > chloroethane > ethanol
(4) Which substance from the following is a reducing agent ?
(A) Potassium permanganate (B) Lithium aluminium hydride
(C) Chromic acid (D) Pyridinium chloro chromate

(5) Which substance from the following is unsymmetrical ether ?

(A) @—0—@ (B) C,H;~0-CH,CH,

(C) CH,—O-C,H; (D) CH,—O-CH,
(6) What will be formed after oxidation reaction of 2° alcohol with chromic acid ?
(A) Aldehyde (B) Ketone (C) Carboxylic acid (D) Ester
(7) In which from the following intermolecular hydrogen bond is mot present ?
(A) alcohol-alcohol (B) alcohol-water  (C) ether-ether (D) ether-water
(8) Which species from the following is nucleophilic reagent ?
(A) E ®) E* © E ®) E
(9) Which statement from the following is true ?
(A) During dehydration reaction H,O molecule is added to reactant
(B) Lucas test is used for detection of ethers
(C) During esterification OH~ from acid molecule and H* from alcohol are removed.

(D) During esterification H* from acid molecule and OH™ from alcochol are removed.
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(10) Which structural formula is of o-cresol ?

OH
CH, CHj CH, OH

A) @[ ®) © ® @
OH OH OH

2. Answer the following gquestion in short :

(A) Write IUPAC name of the following compounds :

(B)

(1) CH,OCH(CH,),

OH

Tor

OH

(5)
CH, CH,4
Cl

(7) CHs—GH—CH;—OH
CH,

OH

)

NO,
CH, CH,

(@ CH;—CH—CHy—CH=CH,
OH

(6) CH,CH,CH,CH(OCH,)CH,CH,CH,

(8 CHy—GH— CHy—CH—CH,
OH CeHs

(10) CI-13—<|:H—(I:H—c1{2—CH3
Cl OH

Mention the structures of the following IUPAC named compounds :

(1) 1-Ethoxy-3-methylpentane

(3) 3-Bromophenol

(5) Cyclohexane-1,2—diol

(7) 2,2-Dimethylpropan—1-ol

(9) 2,6-Dimethylphenol

(2) 2-Chloropentan-3-ol

(4) 2—Nitrophenol

(6) 2-Isopropoxypentane

(8) 2,4-Dimethylpentan—1—ol
(10) 1,2-Dimethoxyethane




1)

v

ONa OC,H;

2

v

3 7+ 2HBrA>2CH3CH23r

OH OH

4 >
Br

@) LiAlH,
l,
®) ? + —grpo > 2C:Hs0H

())NaBH,,

(6) 4CH3(:H2COCH3 W) ?

(7) 3CH,CH,CHCH,OH —23 4 7
|
CH,

+
(8) C,H,OH + ? ==—CH,COOCH,CH, + H,0

0, H,0
(9 CH,CH,CH,CH,CH=CH, —= "2, 4

i) LiATH
(10) @-COOCH3 2) 1,0 45 9

(11) CH, —CH-CH,OH—"» CH,—CH - COOH
| |
CH, CH,
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OH OCOCH;,

(12) ?
+CH,COCl ——» +NaCl +H,0
ONa
13) @ C+35‘, ?
OH
(1 4) Nﬂz&zo', + Con. HzSQ4; ?

?

OCH,

(16) Bry/CH3COCH > 9
OH

(17) _ZnPowder,

A

Exess Con. H,S0,

(18) CH,CH,0H e

?

@) (BH,),

(Gi) H,0,, OH—

3. Answer the following questions :
(A) Explain the following statements giving scientific reasons with example :

(1) The boiling points of alcohols are higher than those of alkanes having equal
molecular masses.

(2) While going from primary to tertiary isomeric alcohols, their boiling points are
decreasing.

(3) Phenol has higher boiling point than toluene and fluorobenzene having approximately
same molecular mass,




(4) o-Nitrophenol has lower melting point and solubility in water than m-and p-nitrophenol.

(5) Agqueous solution of phenol is more acidic than alcohol.

(6) Ethers have lower boiling point than alcohols having same molecular mass.
(B) Write equation of chemical conversions for following organic compounds :

(1) Acetone from propene

(2) Propan-1-ol from propene

(3) Hexan-2-o0l from hex-l-ene

(4) Butan-2-ol from acetaldehyde

(5) Phenol from chlorobenzenc

(6) Phenol from aniline

(7) Ethoxybenzene from phenol

(8 2, 4-Dinitro phenol from phenol

(9) 2-Hydroxy benzoic acid from phenol

(10) 2-Hydroxy benzaldehyde from phenol

(11) 1-Methoxy-2-methylbenzene and 1-methoxy-4-methylbenzene from sodium phenoxide.

(12) 1-(2-Hydroxyphenyl) propan-1-one and 1-(4-Hydroxyphenyl) propan-1-one from phenol
(C) Write chemical equations for the following reactions :

(1) Oxidation reactions of primary, secondary and tertiary alcohols.

(2) Reactions of ethanol with (i) Mg (ii) CH,COOH (iii) PBr, (iv) HIL

(3) Reactions of preparation for (i) phenyl acetate (ii) anisole (iii) benzene from phenal

(4) Nitration and bromination reactions of phenol

(5) Reactions of ethoxyethane with

(1) dilute H,SO, (ii) concentrated HBr.
(6) Nitration and bromination reactions of anisole.

(7) Friedel-Crafts alkylation and acylation reactions of anisole
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4. Answer the following questions in detail :

(A) Explain the following reactions with mechanism :

(B)

1)
)
3)
@)
(5)
)
M
(®)
)

Preparation of alcohols from alkene compounds by acid catalysed hydration.
Preparation of alcohols from alkene compounds by hydroboration-oxidation.
Preparation of alcohols by reduction of aldehydes and ketones.

Preparation of alcohols from carbonyl compounds by Grignard reagent.
Reaction of tertiary alcohol with hydrochloric acid.

Reaction of alcohol with phosphorus tribromide.

Preparation of ethene by dehydration reaction of ethanol.

Preparation of ethers by dehydration reaction of alcohols.

CH,CH,OCH,CH, + 2HBr —A 5 2CH,CH,Br + H,0

Write short notes on following :

1)
2)
3)
@
)
6)
Y
®)

Preparation of alcohols by fermentation method

Industrial production of phenol by Dow process and Cumene process
Lucas test

Fries rearrangement

Kolbe-Schmitt reaction

Reimer-Tiemann reaction

Williamson syhnthesis

Classification of alcohols and ethers




M\

LOGARITHMS
0 1 2 3 4 s 6 7 8 9 Mean Difference

1 2 3|4 5 6|7 8 9

10 || 0000 J 0043 | 0086 0128 | 0170 | 0212|0253 | (094 |0334|0374 | 4 8 12|17 21 235 |® B 37
11 0414 | 0453 | 0492 | 0531 | 0569 |0607 |0645 | O6R2|0719|0755 | 4 8 11 |15 19 23|26 330 M
12 ||0792 | 0828 | 0864 | 0899 | 0934 |0969 | 1004 | 1038| 1072|1106 | 3 7 10|14 17 21 |4 28 31
13 1139 | 1173 | 1206 | 1239 1271 | 1303|1335 | 1367|1399]|1430 | 3 6 10|13 16 9 |B 26
14 1461 | 1492 | 1523 | 1553 | 1584 | 1614 | 1644 | 1673|1703 1732 | 3 6 9|12 15 18 |21 24 27
15 1761 | 1790 | 1818 | 1847 | 1875|1903 | 1931 | 1950| 1987|2014 | 3 6 8|11 14 17 |20 22 25
16 ||2041 | 2068 | 2095 | 2122 | 2148 [2175|2201 | 2227|2253 |2279 | 3 S R |11 13 16|18 21 24
17 || 2304 | 2330 | 2355 | 2380 ] 2405|2430 | 2455 | 2480|2504 (2529 | 2 5 7|10 12 15|17 2 22
18 || 25532577 | 2601 | 2625 | 2648 |[2672 |2605 | 2718|2742 2765 | 2 S 7| 9 12 14|16 19 2
19 ||2788 | 2810 | 2833 | 2856 | 2878 [ 2000|2923 | 2945|2967|298% | 2 4 7| 9 11 13|16 18 20
20 || 3010 | 3032 | 3054 | 3075 3096|3118 | 3130 | 3160|3181|3201 | 2 4 6| 8 11 13|15 17 19
21 3222 | 3243 | 3263 | 3284 | 3304 [3324 [3345 [ 3365|3385|344 | 2 4 6| 8 10 12|14 16 18
22 || 3424 | 3444 | 3464 | 3483 | 3502|3522 3541 J3560|3579|3598 | 2 4 6| 8 10 12|14 1S 17
23 3617 | 3636 | 3655 | 3674 | 3692|3711 |37 | 3747|3766|3784 | 2 4 6| 7 9 1|13 15 17
24 |]3802 | 3820 | 3838 | 3856 3874|3892 3900 [ 3927 |345|962 | 2 4 5| 7 9 1|12 14 16
25 3979 | 3997 | 4014 | 4081 | 4048 | 4065 (4082 | 4099|4116|4133 | 2 3 5| 7 9 10|12 14 15
26 ||4150 | 4166 | 4183 | 4200 | 4216|4232 |4249 | 4265|4281 (4298 | 2 3 5| 7 8 10|11 13 15
27 ||4314 | 4330 | 4346 | 4362 | 4378|4393 |4400 | 4425|4440|4456 | 2 3 5| 6 8 9|11 13 14
28 || 4472 | 4487 | 4502 | 4518 | 4533|4548 |4564 | 4579|4594 |4609 | 2 3 5| 6 8 9|11 12 14
29 || 4624 | 4639 | 4654 | 4660 | 4683 | 408 | 4713 | 4728 |4742|4757 | 1 3 4| 6 7 9|10 12 13
30 ||4771 | 4786 | 4800 | 4814 | 4820|4843 | 4857 | 4871|4886(4900 | 1 3 4| 6 7 9|10 11 13
31 4914 | 4928 | 4942 | 4955 | 4060 | 4983|4997 | 5011 |5024|5038 | 1 3 4| 6 7 8|10 11 12
32 || 5051 | 5065 | S079| 5092 | 5105 5119|5132 | 514551951721 1 3 4| 5 7 8| 9 11 12
33 || 5185 | 5198 | 5211 | 5224 | 5237|5250 5263 | 5276|5280|5302 | 1 3 4| 5 6 8| 9 10 12
34 ||5315 5328 | S340| 5353 536653785391 | 4B |416|5428 | 1 3 4| 5 6 8|9 10 11
35 || S441 | 5453 | 5465 | 5478 | 5490 | 5502|5514 | 552755395551 | 1 2 4| 5 6 7|19 10 11
36 || 5563 | 5575 | 5587 | 5565 5611|5623 |5635 | 5647|5658|5670 | 1 2 4] 5 6 7| 8 10 11
37 ||S682 | 5694 | 5705 | 5717 | 5729 | 5740|5752 | 57163|57/15|5786 | 1 2 3| 5 6 7| 8 9 10
38 ||5798 | 5809 | 5821 | SR32 | S843 |5855 5866 | 5877|5888 |58 | 1 2 3| 5 6 7| 8 9 10
39 ||5511 | 5922 | 5933 | 5944 | 5955|5966 5977 | 988|590 |6010 § 1 2 3| 4 S 7| 8 9 10
40 || 6021 | 6031 | 6042 | 6053 | 6064 |GO7S |6GOBS | 6096|6107|6117 | 1 2 3| 4 S 6| 8 9 10
41 6128 | 6238 | 6149 | 6160 | 6170|6180 |6191 6201 |6212|622 1 2 3| 4 5 6| 7 8 9
42 ||6232 | 6243 | 6253 | 6263 | 6274|6284 |62 | 34 |6314|6325 1 1 2 3| 4 S5 6|7 8 9
43 ||6335 6345 | G355 | G365 | 6375|6385 6395 | A5 |AI5|6425 1 1 2 3| 4 5 6|7 8 9
44 ||6435]16345 | 6454 | 6464 | 6474 |6484 |64M | SB|S13|652 |11 2 3| 4 5 6|17 8 9
45 || 6532 | 6542 | 6551 | 6561 | 6571 |6580|6S90 | 652 |660|6618 | 1 2 3| 4 S 6|7 8 9
46 || 6628 | 6637 | 6646 | 6656 | 6665 |6675|6684 | 6693 |67T2|6712 | 1 2 3| 4 S 6| 7 7 8
47 || 6721 | 6730 | 6739 | 6749 | 675B |6767 |67TT6 | 6785|674 |68 | 1 2 3| 4 S 5| 6 7 8
48 || 6812 | 6821 | 6830 | 6830 6848|6857 |6866 [ 6875 6884|6803 | 1 2 3| 4 4 S| 6 7 8
49 || 692 | 6911 | 6920 | 6928 | 6937 |46 |6O55 | 6564 |6D72|6981 | 1 2 3| 4 4 5| 6 7 8
50 || 6990 | G998 | 7007 | 7016 | 7024 | 7033 | 7042 J7050|7059|7067 | 1 2 3| 3 4 5| 6 7 8
51 TO76 | 7084 | 7093 | 7101 ]| 7110|7118 | 7126 | 7135|7143|7152 | 1 2 3| 3 4 5| 6 7 8
52 ||7160 | 7168 | 7177 | 7185 | 7193 | 7202|7210 | 7218 | 726|735 | 1 2 2| 3 4 5| &6 7 7
53 || 7243 | 7251 | 29| 7267 | 7275|7284 | 7292 | 7300|7308|7316 | 1 2 2| 3 4 5|6 6 7
54 || 7324 | 7332 | 7340 | 7348 | 7356 | 7364|7372 | 7380|7388|76 | 1 2 2| 3 4 5|6 6 7
0 1 2 3 4 5 6 7 8 9 1 2 3|4 5 6|7 8 9
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M

|

LOGARITHMS

0 1 2 3 4 5 6 7 8 9 Mean Difference
1 2 3|4 5 6|7 8 9
55 ||7404 | 7412 | 7419 | 7427 | 7435 | 7443| 7451 | 7459 | 7466] 7474 1 2 2|3 4 5|5 6 17
56 ||7482 | 7490 | 7497 | 7505 | 7513 | 7520| 7528 § 7536 | 7543|5513 1 2 2|13 4 5|5 6 17
57 ||7559 | 7566 | 7574 | 7582 | 7589 | 7597| 7604 § 7612 | 7619|7627 1 2 2|3 4 5|5 6 7
S8 ||7634 | 7642 | 7649 | 7657 | 7664 | 7672| 769 | 7686 | 7Téx4| 701} 1 1 2| 3 4 4|5 6 7
59 ||7700 | 7716 | T73 | 7131 | 7738 | 7TM4S| TIS2 | 7160 | 7767|7774} 1 1 2| 3 4 4|5 6 7
60 ||7782 |7789 | 7769 | 7803 | 7810 | 7818| 7B25 § 7832 | 7839| 7846 1 1 2|3 4 4|5 6 6
61 ||7853 | 7860 | 7868 | 7875 | 78R2 | 7889| 7R96 7903 | 7910| 7917 1 1 2|3 4 4|5 6 6
62 ||7924 | 7931 | 7938 | 7945 | 7952 | 7959| 966 | 973 | 7980 7987 1 1 2|3 3 4|5 6 6
63 ||7993 | 8000 | 8007 | 8014 | 8021 | 8028| 8035 §8041 | 8048/ 8055 1 1 2|3 3 4|5 5 6
64 ||8062 | 8069 | BO75 | 8082 | BOR9 | 8096| 8102 {8105 | 8116|8121 1 2|3 3 4|5 S 6
65 ||8129 | 8136 | 8142 | 8149 § 8156 | B162| 81O | B176 | 8182|8189 ) 1 1 2| 3 3 4|5 5 6
66 |]|8195 | 8202 | 8209 | 8215 ROR| 835 841 | 848|824 1 1 2|3 3 4|5 5 6
67 ||8261 | 8267 | 8274 | 8280 | 8287 | 8293| 8290 § %306 | 8312|819 1 1 2|3 3 4|5 5 6
68 ||8325 8331 | 8338 | 8344 8351 | (7| BB B0 | W76/ BRJ1 1 2|3 3 4|4 5 6
69 ||8388 | 8395 | 8401 | 8407 | 8414 | 8420| 8426 | 8432 | 8439|8445 1 1 2| 2 3 4|4 S5 6
70 ||8451 | 8457 | B463 | B470 | 8476 | 8482| B4R8 18404 | 8S00| 85060 1 1 2| 2 3 4| 4 5 6
71 ||8513 | 8519 | 8525 | 8531 | 8537 | 8543| B840 8555 | 861|867 1 1 2|2 3 4|4 5 5
72 || 8573 | 8579 8591 | 8597 | 8603| 8609 J8&61S| 8621|8627 1 1 2|2 3 4|14 5 5
73 ||8633 | 8639 | 8645 | 8651 | 8657 | 8663| 866D 8675 | BoB1 | B686 | 1 1 2| 2 3 4|4 S5 5
74 ||8652 | 8698 | 8704 | 8710 | 8716 | 8722| 8727 | 8733 | 8739| 87451 1 1 2|2 3 4|4 5 5
75 ||8751 | 8756 | 8762 | 8768 | 8774 | 8STO| 8/BS |81 | 897|882 1 1 2|2 3 3|4 5 5
76 ||8808 | 8814 | 8820 | 8825 | 8831 | 8837| 8842 §8R4R | 8854/ 8859 | 1 1 2|2 3 3|4 S5 5
77 ||8865 | 8871 | 8876 | 8882 || 8887 | 8893| 8899 8904 | ®010| @O15) 1 1 2| 2 3 3|4 4 5
78 ||8921 8927 | 8932 | 8938 | 8943 | 8049| 8954 § 8960 | 8965|8971 1 1 2| 2 3 3|4 4 5§
79 ||8976 | 8982 | 8987 | 8993 | 8998 | 9004| 9009 §90I1S | 9020|9025 1 1 2|2 3 3|4 4 5
80 ||9031 9036 | 9042 | 9047 | 9053 | 9058| 9063 §9069 | 9074|9079 | 1 1 2|2 3 3|4 4 5
B1 ||9085 J 9080 | 9096 | 9101 § 9106 | 9112| 9117 §912 | 9128|9133 | 1 1 2|2 3 3| 4 4 5§
82 ||9138 | 9143 | 9149 | 9154 | 9159 | 9165|9170 §9175| 9180|9186 | 1 1 2| 2 3 3| 4 4 5
83 |]|9191 | 9196 | 9201 | 9206 § 9212 | 9217| 922 § 9227 | 9232|9381 1 1 2| 2 3 3|4 4 5
84 |]9243 9248 | 9253 | 9258 | 9263 | 9260| 9274 § 9279 | 9284|9280 1 1 2| 2 3 3|4 4 5§
BS ||9294 |9299 | 9304 | 9309 | 9315 | 9320| 9325 §9330| 9335|9340 1 1 2|2 3 3|4 4 5
86 ||9345 | 9350 | 9355 | 9360 | 9365 | 9370| 9375 §9380 | 9385/ 93%0| 1 1 2|2 3 3|4 4 5
87 ||9395 | 940D | 9405 | 9410 | 9415 | 9420| 9425 JHM30| M35/ 440§ 0 1 1|2 2 3|3 4 4
88 ||9445 | 9450 | 9455 | 9460 | 9465 | 9469| 9474 | 9479 | S484| M| 0 1 1| 2 2 3|3 4 4
89 ||9494 9499 | 9504 | 9509 § 9513 | 9518| 9523 §9S2R | 9533|9538 0 1 1| 2 2 3|3 4 4
90 ||9542 | 9547 | 9552 | 9557 | 9562 | 9566| 9571 §9576 | 9581|9586 0 1 1|2 2 3|3 4 4
91 |]9590 9595 | 9600 | 9605 J 9609 | 9614| 9619 9624 | 9628|9633 1 0 1 1| 2 2 3|3 4 4
92 ||9638 | 9643 | 9647 | 9652 | 9657 | 9661| 9666 | 9671 | 9675|9680 0 1 1| 2 2 3|3 4 4
03 ||9685 | 9689 | 9694 | 9699 | 9B | 9708| 9713 §9717 | 9722|9727 0 1 1|2 2 3|3 4 4
94 ||9731 | 9736 | 9741 | 9745 | 9750 | 9754| 979 | 9763 | 9768|9773 0 1 1| 2 2 3|3 4 4
95 ||9777 | 9782 | 9786 | 9791 | 9795 | 9800| 9805 J 9809 | B14| ®WI8J 0 1 1|2 2 3|3 4 4
96 |]|9823 | 9827 | 9832 | 9836 | 9841 | 984S| SBSO | 9854 | 989|863 0 1 1|2 2 3|3 4 4
97 ||9868 | 9872 | 9877 | 9881 | 9886 | 9890| 9894 9899 | 9003|908 O 1 1|2 2 3|3 4 4
98 ||9912 | 9917 | 9921 | 9926 | 9930 | 9934| 9939 §9843 | 9o48| 9952| 0 1 1|2 2 3|3 4 4
99 ||9956 | 9961 | 9965 | 9969 | 9974 | 9978| 9983 J9OB7 | 9991|9996 | 0 1 1|2 2 3|3 3 4
0 1 ]2 4 4 S 6 7 8 9 1 2 3|4 5 6|7 8 9
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M

ANTILOGARITHMS
0 1 |2 |3 4 5 |6 7|18 |o Mean Difference

1 2 3|4 5 6|7 8 o

00 || 1000 [ 1002 | 1005 | 1007 [ 1009 | 1012|1014 [ 1016 | 1019] 1021 0 0o 1|1 1 1] 2 2 2
01 ||1023 | 1026 | 1028 | 1030 | 1033 | 1035|1038 {1040 | 1042|1045 0 0 1|1 1 1|2 2 2
02 || 1047 | 1050 | 1052 | 1054 | 1057 | 1059 | 1062 | 1064 | 1067|1060 06 0o 1|1 1 1|2 2 2
03 ||1072 | 1074 | 1076 | 1079 | 1081 | 1084 | 1086 | 1089 | 1091|1094 0 o 1|1 1 1|2 2 2
04 1096 § 1099 | 1102 | 1104 §J 1107 | 1109|1112 1114 | 1117]| 11194 O 1 1 1 1 2 2 2 2
05 ||1122 [1125 | 1127 | 1130 f 1132 | 1135 | 1138 1140 | 1143|1146 0 1 1|1 1 2|2 2 2
06 || 1148 | 1151 | 1153 | 1156 | 1159 | 1161|1164 J1167 | 1169|1172 0 1 1|1 1 2] 2 2 2
.07 1175 1178 | 1180 | 1183 J 1186 | 1189|1191 | 1194 | 1197|1199 O 1 1 1 1 2 2 2 2
08 ||1202 | 1205 | 1208 | 1211 | 1213 | 1216|1219 | 1222 | 1225|1227 0 1 1|1 1 2|2 2 3
09 ||1230 | 1233 | 1236 | 1230 | 1242 | 1245|1247 | 1250 | 1253|1256 0 1 1|1 1 2|2 2 3
10 1259 1262 | 1265 | 1268 § 1271 | 1274|1276 | 1279 | 1282|1285 O 1 1 1 1 2 2 2 3
a1 || 1288 | 1201 | 1204 | 1297 L 1300 | 1303|1306 | 1300 | 1312|1355 0 1 1|1 2 2|2 3 3
12 || 1318 [ 1321 | 1324 | 1327 {1330 | 1334|1337 | 1340 | 1343|1346 0 1 1|1 2 2|2 2 3
13 |l1349 | 1352 | 1355 1358 | 1361 | 1365|1368 | 1371 | 1374|1377 0 1 1|1 2 2|2 3 3
14 || 1380 | 1384 | 1387 | 1390 | 1393 | 1396|1400 | 1403 | 1406|1409 0 1 1|1 2 2|2 3 3
15 || 1413 | 1416 | 1419 | 1422 | 1426 | 1429|1432 | 1435 | 1430|1442 0 1 1|1 2 2|2 3 3
16 1445 || 1449 | 1452 | 1455 | 1459 | 1462 | 1466 | 1469 | 1472| 1476 ] O 1 1 1 2 2 2 3 3
17 || 1479 | 1483 | 1486 | 1489 | 1493 | 1496|1500 | 1503 | 1507|1510l 0 1 1|1 2 2|2 3 3
18 || 1514 | 1517 | 1521 | 1524 | 1528 | 1531|1535 | 1538 | 1542|1545 0 1 1|1 2 2|2 3 3
19 || 1549 | 1552 | 1556 | 1560 | 1563 | 1567|1570 | 1574 | 1578|1581l 0 1 1|1 2 2|3 3 3
30 || 1585 | 1289 | 1592 | 1596 | 1600 | 1603 | 1607 | 1611 | 1614|1618 0 1 1|1 2 2|3 3 3
21 || 1622 | 1626 | 1629 | 1633 | 1637 | 1641|1644 | 1648 | 1652|1656 0 1 1] 2 2 2|3 3 3
22 || 1660 | 1663 | 1667 | 1671 | 1675 | 1679|1683 | 1687 | 1690|1694 0 1 1] 2 2 2|3 3 3
23 ||1698 1702 | 1706 | 1710 J 1714 | 1718 | 1722 1726 | 1730|1734 0 1 1| 2 2 2|3 3 4
24 || 1738 | 1742 | 1746 | 1750 | 1754 | 1758 | 1762 | 1766 | 1770|1774 0 1 1|2 2 2|3 3 4
25 || 1778 | 1782 | 1786 | 1791 | 1795 | 1799|1803 | 1807 | 1811|1816 0 1 1|2 2 2|3 3 4
26 || 1820 | 1824 | 1828 | 1832 | 1837 | 1841|1845 | 1840 | 1854|1858 0 1 1|2 2 3|3 3 4
27 || 1862 | 1866 | 1871 | 1875 | 1879 | 1884 | 1888 | 1892 | 1897|1901 0 1 1|2 2 3|3 3 4
28 || 1905 | 1910 | 1914 | 1919 | 1923 | 1928 | 1932 1936 | 1941|1945 0 1 1|2 2 3|3 4 4
29 1950 J 1954 | 1959 | 1963 | 1968 | 1972|1977 | 1982 | 1986| 1991 | O 1 1 2 2 3 3 4 4
30 || 1995 | 2000 | 2004 | 2009 | 2014 | 2018 | 2023 | 2028 | 2032|2037 0 1 1| 2 2 3|3 4 4
31 ||2042 | 2046 | 2051 | 2056 | 2061 | 2065|2070 | 2075 | 2080|2084 0 1 1|2 2 3|3 4 4
32 || 2089 | 2004 | 2009 | 2104 | 2100 | 2113|2118 J2123 | 2128|2133 0 1 1| 2 2 3|3 4 4
33 ||2138 | 2143 | 2148 | 2153 | 2158 | 2163|2168 | 2173 | 2178|2183 0 1 1|2 2 3|3 4 4
34 ||2188 [ 2193 | 2198 | 2203 | 2208 | 2213 | 2218 | 2223 | 2228|2234 1 1 2|2 3 3|4 4 5
35 2239 | 2244 | 2249 | 2254 | 2259 | 2265|2270 | 2275 | 2280|2286 1 1 2 2 3 3 4 4 5
36 ||2201 | 2296 | 2301 | 2307 | 2312 | 2317|2323 | 2328 | 2333|2330 1+ 1 2|2 3 3|4 4 5
37 || 2344 | 2350 | 2355 | 2360 | 2366 | 2371|2377 | 2380 | 2388|2393 1 1 2|2 3 3|4 4 5
38 ||2309 | 2404 | 2410 | 2415 | 2421 | 2427|2432 | 2438 | 2443|2400 1 1 2|2 3 3|4 4 s
39 || 2455 | 2460 | 2466 | 2472 | 2477 | 2483 | 2480 | 2495 | 2500|2506 1 1 2|2 3 3|4 5 s
40 ||2512 | 2518 | 2523 | 2520 | 2535 | 2541 | 2547 | 2553 | 2559|2564 1 1 2| 2 3 4| 4 5 5
41 || 2570 | 2576 | 2582 | 2588 | 2594 | 2600 | 2606 | 2612 | 2618|2624 1 1 2| 2 3 4|4 5 5
42 || 2630 | 2636 | 2642 | 2649 | 2655 | 2661 | 2667 | 2673 | 2679|2685 1 1 2|2 3 4|4 5 6
43 ||2692 | 2698 | 2704 | 2710 | 2716 | 2723 | 2729 | 2735 | 2742|2748 1 1 2|3 3 4|4 5 6
44 || 2754 | 2761 | 2767 | 2773 | 2780 | 2786 | 2793 | 2799 | 2805|2812 1 1 2|3 3 4| 4 5 6
45 || 2818 | 2825 | 2831 | 2838 | 2844 | 2851|2858 | 2864 | 2871|2877 1 1 2|3 3 4|5 5 6
46 ||2884 | 2801 | 2897 | 2004 | 2011 | 2017|2924 | 2931 | 2038|2944 1 1 2|3 3 4|5 5 6
47 ||2951 | 2958 | 2965 | 2972 | 2979 | 2985|2992 | 2999 | 3006|3013 1 1 2|3 3 4|5 5 6
48 ||3020 | 3027 | 3034 | 3041 | 3048 | 3055|3062 3069 | 3076|3083 1 1 2|3 4 4|5 6 6
49 ||3000 [ 3097 | 3105 | 3112 | 3119 | 3126|3133 | 3141 | 3148|3155 1 1 2|3 4 4|5 6 &
0 1 |2 3 4 5 |6 7|18 |9 1 2 3|4 5 6|7 8 o

Log table 267




M

ANTILOGARITHMS
0 1 |2 |3 4 5 |6 7|8 |o9 Mean Difference

1 2 4 5 6 7 8 9

.50 3162 | 3170 | 3177 | 3184 | 3192 | 3199 | 3206 | 3214 | 3221|3228} 1 1 2 3 4 4 5 6 7
51 || 3236 | 3243 | 3251 | 3258 | 3266 | 3273| 3281 | 3289 | 3296|3304 1 2 2| 3 4 5|5 6 7
52 3311 | 3319 | 3327 | 3334 | 3342 | 3350| 3357 | 3365 | 3373|3381 1 2 2 3 4 5 5 6 7
53 || 3388 | 3396 | 3404 | 3412 | 3420 | 3428|3436 | 3443 | 3451|3459 1 2 2| 3 4 5| 6 6 7
54 3467 | 3475 | 3483 | 3491 | 3499 | 3508 | 3516 | 3524 | 3532|3540 1 2 2 3 4 5 6 6 7
55 3548 | 3556 | 3565 | 3573 | 3581 | 3589 | 3597 | 3606 | 3614|3622 1 2 2 3 4 5 6 7 7
.56 3631 | 3639 | 3648 | 3656 | 3664 | 3673 | 3681 | 3650 | 3698 | 3707 1 2 3 3 4 5 6 7 8
57 3715 | 3724 | 3733 | 3741 | 3750 | 3758 | 3767 | 3776 | 3784|3793 ] 1 2 3 3 4 5 6 7 8
58 3802 | 3811 | 3819 | 3828 | 3837 | 3846 3855 | 3864 | 3873|3882 1 2 3 4 4 5 6 7 8
.59 3890 | 3899 | 3908 | 3917 | 3926 | 3936 | 3945 | 3954 | 3963|3972 1 2 3 4 5 5 6 7 8
.60 3981 | 3990 | 3999 | 4009 | 4018 | 4027 | 4036 | 4046 | 4055|4064 1 2 3 4 5 6 6 7 8
.61 4074 J4083 | 4093 | 4102 | 4111 | 4121 | 4130 | 4140 | 4150|4159 1 2 3 4 5 6 7 8 9
62 4169 | 4178 | 4188 | 4198 | 4207 | 4217 | 4227 | 4236 | 4246 | 4256 1 2 3 4 5 6 7 8 9
63 4266 | 4276 | 4285 | 4295 | 4305 | 4315|4325 | 4335 | 434514355 1 2 3 4 R 6 7 8 9
.64 4365 | 4375 | 4385 | 4395 | 4406 | 4416 | 4426 | 4436 | 4446 | 4457 1 2 3 4 5 6 7 8 9
65 || 4467 | 4477 | 4487 | 4498 | 4508 | 4519|4520 | 4539 | 4550|4560 1 2 3| 4 5 6| 7 8 9
.66 4571 | 4581 | 4592 | 4603 | 4613 | 4624 | 4634 | 4645 | 4656 | 4667 1 2 3 4 5 6 7 9 10
67 4677 | 4688 | 4699 | 4710 | 4721 | 4732| 4742 | 4753 | 4764 | 4775 1 2 3 4 5 7 8 9 10
.68 4786 | 4797 | 4808 | 4819 || 4831 | 4842 | 4853 | 4864 | 4875|4887 1 2 3 4 6 7 8 9 10
.69 4898 | 4909 | 4920 | 4932 | 4943 | 4955| 4966 | 4977 | 4989 | 5000 1 2 3 5 6 7 8 9 10
.70 5012 | 5023 | 5035 | 5047 | 5058 | 5070 5082 | 5093 | 5105|5117} 1 2 4 5 6 7 8 9 11
71 5129 | 5140 | 5152 | 5164 | 5176 | 5188 5200 | 5212 | 522415236 1 2 4 5 6 7 8 10 11
72 5248 | 5260 | 5272 | 5284 | 5297 | 5309 | 5321 | 5333 | 5346|5358} 1 2 4 5 6 7 9 10 11
73 5370 | 5383 | 5395 | 5408 | 5420 | 5433 | 5445 | 5458 | 5470|5483 1 3 4 5 6 8 9 10 11
74 5495 | 5508 | 5521 | 5534 | 5546 | 5559 | 5572 | 5585 | 5598 | 5610 1 3 4 5 6 3 9 10 12
75 5623 | 5636 | 5649 | 5662 | 5675 | 5689 | 5702 | 5715 | 5728|5741 1 3 4 5 7 8 9 10 12
.76 5754 | 5768 | 5781 | 5794 | 5808 | 5821 | 5834 | 5848 | 5861 | 5875 1 3 4 5 7 8 9 11 12
77 5888 | 5902 | 5916 | 5929 | 5943 | 5957 | 5970 | 5984 | 5998 | 012§ 1 3 4 5 7 8|10 11 12
.78 6026 | 6039 | 6053 | 6067 | 6081 | 6095| 6109 | 6124 | 6138 | 6152 1 3 4 6 7 8|10 11 13
.79 6166 | 6180 | 6194 | 6209 | 6223 | 6237 | 6252 | 6266 | 6281 | 6295 1 3 4 6 7 9110 11 13
.80 6310 | 6324 | 6339 | 6353 | 6368 | 6383 | 6397 | 6412 | 6427 | 6442 1 3 4 6 7 9110 12 13
.81 6457 | 6471 | 6486 | 6501 | 6516 | 6531 6546 | 6561 | 6577 | 6592] 2 3 5 6 8 9111 12 14
.82 6607 | 6622 | 6637 | 6653 | G568 | 6683 6699 | 6715 | 6730|6745 2 3 5 6 8 9111 12 14
.83 6761 | 6776 | 6792 | 6808 | 6823 | 6839 | 6855 | 6871 | 6887 | 6902] 2 3 5 6 8 9111 13 14
84 6918 | 6934 | 6950 | 6966 | 6982 | 6998 7015 | 7031 | 7047 | 7063 ] 2 3 5 6 8 10|11 13 15
.85 7079 | 7096 | 7112 | 7129 | 7145 | 7161 7178 | 7194 | 7211|7228} 2 3 5 7 8 10|12 13 15
.86 7244 | 7261 | 7278 | 7295 | 7311 | 7328 7345 | 7362 | 7379|7396 2 3 5 7 8§ 10|12 13 15
.87 || 7413 | 7430 | 7447 | 7464 | 7482 | 7499|7516 | 7534 | 7551|7568 2 3 s| 7 9 10|12 14 16
.88 || 7586 | 7603 | 7621 | 7638 | 7656 | 7674|7691 | 7709 | 7727|7745 2 4 5| 7 9 11|12 14 16
.89 7762 | 7780 | 7798 | 7816 | 7834 | 7852 7870 | 7880 | 7907 | 7925 2 4 5 7 9 11|12 14 16
90 7943 | 7962 | 7980 | 7998 | BO17 | 8035 8054 | 8072 | 8091 | 8110] 2 4 5 7 9 11|13 15 17
91 || 8128 | 8147 | 8166 | 8185 | 8204 | 8222| 8241 | 8260| 8279|8299 2 4 6| 8 9 11|13 15 17
92 8318 | 8337 | 8356 | 8375 | 8395 | 8414 | 8433 | 8453 | 8472|8492 2 4 6 8 10 12|14 15 17
93 8511 | 8531 | B551 | 8570 | 8590 | 8610| 8630 | 8650 | 8670 | 8690} 2 4 6 8 10 12|14 16 18
94 || 8710 | 8730 | 8750 | 8770 | 8790 | 8810| 8831 | 8851 | 8872|8892 2 4 6| B 10 12|14 16 18
95 8913 | 8933 | 8954 | B974 | B995 | 9016 | 9036 | 9057 | 9078 | 5099 2 4 6 8 10 12|15 17 19
96 9120 | 9141 | 9162 | 9183 | 9204 | 9226 9247 | 9268 | 9290|9311 2 4 6 8 11 13|15 17 19
97 9333 ] 9354 | 9376 | 9397 | 9419 | 9441 | 9462 | 9484 | 9506 | 9528 ) 2 4 7 9 11 13|15 17 2D
98 9550 | 9572 | 9594 | 9616 | 9638 | 9661 | 2683 | 9705 | 9727 | 9750 2 4 7 9 11 13|16 18 2D
99 9772 | 9795 | 9817 | 9840 | 9863 | 9886 | 9908 [ 9931 | 9954|9977 2 5 7 9 11 14|16 18 20
0 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
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